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Preface. 


This volume, which constitutes the forty-fifth in the series of annual 
TRANSACTIONS of the American Institute of Electrical Engineers, contains 
papers and discussions presented at three conventions and four regional meet- 
ings during the year 1926. The arrangement of the articles in the book is 
generally chronological and each paper or group of papers is followed directly 
by the discussion thereon. The contents are indexed both by title and author’s 
name and are cross-indexed wherever possible. In addition to the index of 
authors, the names of all those taking part in the discussions are also included. 
The full text of each paper is given in the TRANSACTIONS. All of the articles 
which are published here have also been printed in the Institute JOURNAL, 
some having appeared there in abridged form, however. Reference to all 
papers printed in the JOURNAL and not in the TRANSACTIONS has been made 
in the TRANSACTIONS Index, JOURNAL publication date and page number 
being given in each case. It was necessary, as it has been for sometime past, 
to omit some of the large amount of material available for the TRANSACTIONS; 
space does not permit the printing of many papers of more or less transitory 
interest. This book is more than two hundred pages longer than last year’s 
volume, the total number of papers presented this year greatly exceeding the 
number delivered during 1925. The volume concludes with the annual report 
of the Board of Directors for the fiscal year ending April 30, 1926, together 
with the officers, committeemen, and Section and Branch officers for the 


corresponding year. 


An Investigation of Transmission-System Power 


Limits 


fae eetACON LG KLEE 
Associate, A. I. E. E. 
Synopsis.—Resiilts of theoretical analysis, verified by miniature- 
system tests of the power limits of transmission syste ms, are dis- 
cussed, among the major conclusions being the following: 


The criterion jor stability wnder all conditions is the steady-state 
power limit. 
The charging kv-a. exercises marked detr imental effects on stability. 


The characteristics of synchronous terminal apparatus are of 
great importance. 


and F. L. LAWTON: 
Associate, A. I, E. E. 
Improvements can be made by modifying present apparatus 
design. 


Automatic voltage regulators, suitable exciters and fast relays are 
essential: 

The mercury-are rectifier, as an adjunct in excitation circuits, 
shows real advantages. 


INTRODUCTION 
4 lee subject of transmission-system power limits 
and related problems is one of utmost importance 
in present and future projects, as emphasized by 
recent papers.” 

The present paper deals with the results of careful 
theoretical analysis and calculations, verified by ex- 
tensive miniature-system tests, of the power limits of 
transmission systems. Theoretical studies have been 
checked by tests on a miniature system, equipped with 
synchronous apparatus, lines of variable constants, 
exciters, regulators, etc., and so chosen that 2300 volts 
and 180 kilowatts corresponded to 220,000 volts and 
15,000 kw. on the actual system. The work covered 
was planned and directed by Messrs. R. E. Doherty 
and H. H. Dewey, and to a large extent outlined by 
them in a recent paper before the Institute.’ 

In addition to investigations relating to a basic 
knowledge of power limits of systems, attention has 
been focused on methods of improving their stability— 
in other words, increasing the power limits. In this 
connection, careful analysis has been made of special 
types of synchronous equipment, voltage-regulation 
schemes,: induction generators, use of static condensers 
for the compensation of line inductive reactance, and 
many other devices: The work has been paralleled 
throughout by studies of actual projects. 

In the computation of power limits, a thorough know]l- 
edge of the theory of synchronous machines is essential. 
It can be shown that, for all practical purposes, it is 
unimportant whether salient-pole or: cylindrical-rotor 
theory be used in the calculation of all quantities but 
angular relationships. As steady-state power-limit 
studies made by the authors have not involved angular 


1. Both of General Electric Company, Schenectady, N. Y. 

2. Groups of papers presented at A. I. EH. E. Convention at 
Philadelphia, February, 1924; New York, February, 1925; and 
Seattle, Sept., 1925. ‘ 

3. “Fundamental Considerations of Power Limits of Trans- 
missions Systems,” R. E. Doherty and H. H. Dewey, Jour. 
A. I.E. E., Vol. XLIV, October, 1925, p. 1045. 

Presented at the Midwinter Convention of the A. I. B. E., 
New York, N. Y., February 8-11, 1926. 
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relationships, the use of either theory is justified. In 
transient problems, however, angular relationships 
are of fundamental importance and, hence, the appropri- 
ate theory must be used. 

A large amount of work has also been done on the 
power-angle characteristics of synchronous machines. 
Papers dealing with these studies and synchronous- 
machine theory will, it is hoped, be presented before 
the Institute in the near future. 

Among the important conclusions reached as a result 
of the investigations made by the authors and other 
interested engineers of the General Electric Company, 
may be mentioned: 

1. Too great importance must not be attached to 
the transmission line as it is but one link in the circuit; 
the characteristics of terminal apparatus, such as syn- 
chronous machines, and methods of voltage regulation 
are of equal, if not greater, importance. 

2. The only feature in which the stability of high- 
tension long-distance transmission and _ high-tension 
cable systems differs from that of any other type is in 
the limitation of the excitation of synchronous appara- 
tus due to the charging kv-a. of the lines. 

3. For slowly applied loads, automatic voltage regu- 
lators and suitable exciters permit stable operation up 
to the same limit which can be obtained with manual 
control. 

4. The problem of obtaining greater power limits 
offers two avenues of approach: 

(a) Modification of the characteristics of exist- 
ing synchronous apparatus and transmission lines. 

(b) The development of new methods of volt- 
age regulation. 

5. Extensive miniature-system tests indicated that 
no matter how.fast load was applied, or in what manner, 
that under similar conditions of excitation or voltage, 
the power limit was always the same as the steady- 
state limit. In view of these results and experience, 
it appears that the fundamental criterion of power- 
system stability is the steady-state power limit. 

6. Adequate speed of relaying is the vital factor 
in the maintenance of stability during system short 
circuits. 


7. Reliable methods of calculation of system power 
limits, for steady-state conditions, are available. For 
the more complicated networks, a-c. miniature systems 
give excellent results. 

8. At present there are no satisfactory methods of 
computing system power limits, under transient con- 
ditions, for any but the simplest cases. However, it is 
possible to study completely all transients ensuing 
from disturbances which do not result in instability, 
by means of the electromechanical analyzer. 


METHODS OF: CALCULATION 


It has been indicated that reliable methods of deter- 
mining system steady-state power limits are now avail- 
able. In general, it has been found that the method of 
calculation adopted by the authors gives results of 
good engineering accuracy, as shown by the computed 
and test values given in this paper. Furthermore, 
these results agree very well with those secured by 
independent investigators using other schemes of 
analysis. 

A description of this method of calculation, and its 
application, is given in an Appendix, so comparatively 
little reference will be made to it in the body of the 
paper. 

In developing methods of analysis, considerable 
attention has been devoted to a careful study of syn- 
chronous-machine theory. As previously noted, it is 
unimportant whether salient-pole or cylindrical-rotor 
theory is used in the calculation of all quantities other 
than angular relationships. Since power calculations 
made by the authors have been based on an excitation 
method, the use of either theory will be satisfactory. 
Inasmuch as in transient problems the angular relation- 
ships are of fundamental importance, it becomes neces- 
sary to use the appropriate theory. 

Calculations of system steady-state power limits are 
comparatively easy for simple systems comprising, 
say, one generating station, a line or two, and one re- 
ceiving station. Where several branches are involved, 
analysis becomes more difficult; partial solutions by 
graphical methods are combined to give a complete 
~ solution. When the system under consideration com- 
prises many branches, computation by these graphical 
methods becomes practically impossible and resort 
must be had to analysis by miniature a-c. systems. 
Steady-state stability problems can be solved with the 
aid of miniature a-c. systems of the same order of size 
as the d-c. short-circuit calculating table, which has 
been of such invaluable aid. 

For the study of system transients arising from drop- 
ping a line, suddenly adding a load, etc., there is no 
practical scheme of analysis available for any but 
the simplest cases. The unwieldiness of the step-by- 

4. “Artificial Representation of Power Systems,’ H. H. 


Spencer and H. L. Hazen, Jour. A. I. E. E., Vol. XLIV, 
January 1925, p. 24. 
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step method! increases very rapidly with the number of 
elements in the system, and it soon becomes impossible 
of application. However, by using the equivalent- 
circuit idea,* it is possible to study the electromechan- 
ical transients in any system, no matter how compli- 
cated, for loads below the power limit; that is, where 
the differential equations for the system are linear. 


DESCRIPTION OF MINIATURE SYSTEM 
AND. METHODS OF TESTING 


When the investigation was commenced, it was 
realized that means should be available for verifying 
promising leads developed in analytical studies, and 
establishing the reliability of methods of calculation. 
Inasmuch as it was not feasible to use an actual system 
for this work, a miniature system of sufficient capacity 
to give reliable test information was set up in the 
factory. The equipment included several 225-kv-a. 
synchronous motors with direct-connected d-c. genera- 
tors, units for setting up any type of line, exciters, 
standard vibrating-contact regulators, etc. By using 
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the d-c. generator of a set as a motor supplied from 
the shop bus, and the corresponding unit of another 
set as a separately-excited generator supplying a water- 
rheostat load, it was possible to study systems com- 
prising four synchronous units. The use of resistance 
loads prevented any possibility of hunting due to a 
feed back on the shop bus. For simulating an infinite 
generator, a 10,000-kv-a. alternator was available. 
Other equipment was added as required during the 
course of the investigation. Fig. 1 gives an idea of the 
test arrangement, the scale of which will be better 
realized when it is understood that the synchronous 
units were each rated at 225 kv-a., the lines being of 
sufficient range to give the desired constants and cur- 
rent-carrying capacity. Normal operating voltage was 
2300 volts, but it was possible to operate at any voltage 


from about 1100 to 2900 volts. Sufficient metering and 


_§. ‘Power System Transients,’ V. Bush and R. D. Booth, 
Jour. A. I. E. H., Vol. XLIV, March 1925, p. 229. 
6. ‘‘Oscillographic Solution of Electromechanical Systems,’ 
by C. A. Nickle, Jour. A. I. E.E., Vol. XLIV, December, 1925, — 
p. 1277. 
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oscillographic equipment were provided for observations 
at all important points. 

To correlate results obtained by miniature test with 
corresponding values for the actual system, it should 
be borne in mind that the miniature system was de- 
signed so that a voltage of 2300 corresponded to 220 kv. 
on an actual system; similarly, 180 kw. was equivalent 
to 150,000 kw. 

Inasmuch as the method of analysis was based on 
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the calculation of power-voltage or pull-out curves,’ 
with excitation as parameter, a majority of the tests 
were run so as to obtain similar curves. In other words, 
for any given system, the machines were first syn- 
chronized and the excitations adjusted to the desired 
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values. Holding both excitations and speed constant, 
the load was slowly increased by increasing the d-c. 
generator field excitation. At any desired value of 
load, observations were made of the meters indicating 
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power, voltage and current in the a-c. circuit, and 
voltage and current in the load circuit. Behavior of 
the system at the point of breakdown, when the system 
load reached the power limit and the machines broke 
out of synchronism, was carefully noted. Where 
voltage regulators were used to maintain system 
voltage, the frequency was kept constant, and the load 
was slowly increased to the power limit. 

Methods of carrying out the tests in which the load 
on some element in the system was suddenly changed 
are described in due course. 


STEADY-STATE STUDIES 


It is evident that any analysis of transmission-system 
power limits falls into two major divisions—one dealing 
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with the limits obtaining for slowly applied loads, as 
in steady-state operation, and the other with the 
limits for transient-state, suddenly applied loads. Ac- 
cordingly, the treatment of the subject in this paper 
follows more or less the above division. 

Influence of Circuit Elements on Power Limits. The 
first system studied was a simple two-machine system 
consisting of two 225-kv-a. units connected directly 
together, electrically. The characteristic curves of 
these machines, which are identical in design with the 
other 225-kv-a. units, are given by Fig. 2. 

Calculated power-voltage curves for this system, 
with excitation as parameter, are given by Figs. 8 and 4. 
Points determined by tests are also shown, giving an 
idea of the agreement between the computations and 
test results. The pull-out powers, or power limits, are 
given in Table I for equal excitations on both machines 
and in Table II for unequal excitations. The test 
values were obtained as outlined previously; that is, 
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the machines were synchronized, the excitations ad- 
justed to the desired values and maintained constant 
at those values, together with system frequency, as the 
load was slowly increased by increasing the d-c. genera- 
tor excitation. The effect of excitation on the power 


aie 


3.0 


ian 
jase : 


22 


|= 


Youtage at Receiwwer—KV 
Rake e 


ICH RONOUS 


Power AT RECEIVER — KW 


Fig. 5—Cancunatep Constant-ExcitTation Powrr-V OLTAGE 
CurVES For 500-MILE STRAIGHTAWAY SYSTEM 


Initial Conditions at 


Curve Receiver End 
A 1150 Volts 0 kw 
B M25 s Ome: 
Cc 2300 ee Os 
D 2300 od BO); 
E 2300 cs LOO yn 
F 2880 ye LOOM. 


limit is quite well emphasized by the 
discussed in detail later. 

The next step consisted in the introduction of lines 
of various constants, proportional to different lengths 
of actual 220-kv. transmission line. By computing 
the power-voltage curves for a system comprising an 
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alternator, a line, and a synchronous motor, it was 
possible to determine the effect of the added impedance 
on the power limit. No effort was made to include the 
capacity susceptance of the actual line in the first analy- 
sis; this was done later. The constants of these lines, 
designated L—R lines, were as follows: 

125-mi. Z-R line z. = 1.27 +7 9.25 ohms 

250-mi. L-R line 2. = 2.54 + 7 18.5 ohms 

500-mi. L-R line z: = 5.09 + 7 37.0 ohms 

Calculated and test results for the case of ‘500- 
mile straightway transmission” are given by Fig. 5 and 
Table ITI. 


Tests were made on the 500-mile system using 
standard regulators adjusted to hold various terminal 
voltages constant, with the results given by Table IV. 


These will be discussed under “Use of Voltage Regu- 
lators.”’ 


The 125-mi. L-R and 250-mi. L-R lines were 
substituted for the 500-mi. L - R line in the straighta- 


way system. It was found that the power limit at 
normal excitations’ was 85 kw. by calculation and 89 
kw. by test, for the 250-mi. case, while with a 125-mi. 
L-R line, the corresponding values were 99 kw. (calcu- 
lated) and 107 kw. (test). The normal regulator 
tests? for the various cases are summarized in Table V. 

By replacing the alternator in the 250-mi. straight- 
away system by a 10,000 kv-a. alternator—practically 
an infinite bus—the normal-excitation power limit was 
increased to 125 kw. 
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Investigation was also made of the effect of line 
capacity susceptance by studying the system shown in 
Fig. 6. The power-voltage curves calculated are given 
with test results in Fig. 7. A brief comparison of these 
values with those for the 250-mi. straightaway system 
with L-R line will show a decrease in the power limit 
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from 85 to 76 kw., at the excitations giving normal 
voltage at no load, due entirely to the reduction of the 
machine excitations by the line charging current. 

8. At the excitations corresponding to 2300 volts at no load, 
t. e., 4.7 amperes. 

9. Regulators set for 2300-volt operation. 
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A comprehensive idea of the relative effect of the 
various circuit elements on power limits can be gained 
by a study of Table V which summarizes representa- 
tive results for the different systems discussed. 

The values given in Table V are self- -explanatory. 
They indicate, among other things: 

1. The importance of voltage regulators if the maxi- 
mum possible operating capacity is desired. 

2. That transmission-line impedance plays a large 
part in reducing the maximum power limit but that the 
synchronous-apparatus characteristics are equally 
important. 

3. That transmission-line capacity susceptance re- 
duces the power limit considerably. 

Sufficient has been said in the preceding discussion 
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to indicate that a system with a number of machines 
operating in multiple should have a higher power limit 
than the simple straightaway transmission by virtue 
of the fact that the generating bus, or receiver bus, 
tends to become an infinite bus, a fact verified by 
investigation. Fig. 8 illustrates the effect of adding 
multiple generators while Table VI summarizes the 
power limits for a number of systems. 

Use of Voltage Regulators. A brief survey of the 
comparative power limits given in Table V will indicate 
the advantage of operating a system at normal terminal 
voltage rather than normal excitations. It is not, of 
course, intended to infer that systems are so operated 
but merely to establish bench-marks to indicate the ad- 
vantage, with respect to power limit or stability, of 
constant-voltage operation. As noted, the ratio of the 
normal-regulator power limit to the normal-excitation 
power limit varies from 2.5 to about 1.6, depending on 
the relative impedance of the circuits. 

In view of the importance of maintaining those exci- 
tations which correspond to normal terminal voltage at 
the load being carried, it, seems well to discuss at this 
point the mechanism of the operation by which the 
regulator maintains constant terminal voltage. Re- 
ferring to Fig. 9, a number of power-voltage curves, 
with excitation as parameters, are shown. Suppose the 
system to be operating with excitation (7) and load 
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(p2). An increase in load of about 20 per cent will cause 


pull-out at that power at which =) Slo carry: 


dE 
a load greater than that causing pull-out at excitation 
(74), it is necessary to increase the excitation to, say, 
(75). In this case pull-out will occur at a load (ps). 
While it is possible to manually adjust the excitations 
for slowly increasing loads, this is not feasible where 
rapid load additions may occur. Resort must ac- 
cordingly be made to some automatic device which will 
rapidly adjust the excitation to the value corresponding 
to the actual load and the desired operating volt- 


age. Such a device is the vibrating-contact type volt- 
age regulator. It will be interesting to examine its 
operation. 


As well known, the voltage regulator is designed to 
maintain constant voltage at some point on a system— 
in this case, the supply and receiver busses. This is 
accomplished by increasing the excitation of the proper 
machine when the voltage at the regulated bus drops or 
vice versa. However, at any constant load, power 
factor and voltage, there is a definite excitation required 
—namely, that given by the intersection of the co- 
ordinates corresponding to power and voltage. In 
other words, the voltage regulator adjusts conditions by 
causing a transfer of operation from one constant- 


excitation (power-voltage) curve to another. It fol- 
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lows, then, that pull-out will take place at the inter- 
section of the straight line representing the constant 
operating voltage with the locus of pull-out points, 2. e., 
power (p;) and voltage (e), corresponding to excitation 
(is). This is the maximum power which can be deliv- 
ered by the system at voltage (e). With imperfectly 
adjusted regulators, however, pull-out will take place 
at some power less than (p3). 


It must be borne in mind that system operation with 
voltage regulators consists of nothing more than a 
succession of steady-states, each with some particular 
constant value of excitation. If, for any reason, the 
regulators are unable to adjust conditions to those 
corresponding to stable operation, at any load, pull- 
out will take place along the power-voltage curve cor- 
responding to the particular excitations then obtaining. 
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The preceding discussion will emphasize the vital 
necessity for voltage regulators on systems which it 
is desired to operate at loads close to the maxium power 
at the system voltage. This point has been demon- 
strated by actual experience on systems. 

Influence of Machine Nominal Voltages on System 
Stability. Analysis of the preceding investigations 
led to the conclusion that system stability could be 
improved by increasing the machine nominal voltages 
for any particular: terminal voltage. Two simple 
methods of accomplishing this were available; namely, 
the use of static shunt reactors and synchronous re- 
actors (condensers). Accordingly, the use of such 
devices was investigated and a.number of tests made. 

Fig. 10 illustrates the results obtained by utilizing 
shunt reactors in the system of Fig. 11, while Table VII 
is a comparison of the calculated and test-power limits. 
It will be noted that, with a 26.9-ohm reactor and equal 
excitations sufficient to give a terminal voltage of 2300 
at no load, the power limit was 215 kw., compared 
with 115 kw. for similar excitations on the same system 
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without the reactor. In other words, although the 
terminal voltage has not been raised, the nominal voltage 
has been increased, with a resultant increase in power 
limit of 87 per cent. If, however, the systems are 
compared on a basis of equal excitations, 4.7 amperes, 
calculation shows that a reactor of 26.9 ohms will re- 
duce the power limit from 115 kw. to 75 kw. 

The increase in power obtained by means of a shunt 
reactor is due to the greater excitation required to 
maintain a given terminal voltage for given power con- 
ditions. This increased excitation could be obtained 
more economically by lengthening the air-gap of the 
machine. . 

Similar results were obtained using an under-ex- 
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cited synchronous condenser in place of the shunt re- 
actor,-as in Fig. 12. The characteristics of this con- 
denser were as shown by Fig. 18. In this case, the 
tests were made by adjusting the excitations of the gener- 
ator and the motor to a desired value, and then chang- 
ing the condenser excitation to give normal terminal 
voltage at no load. With constant field currents, the 
system was loaded until loss.of synchronism occurred. 
Tabulated results are given in Table VIII. It will be 
noted that the power limit for generator and motor ex- 
citations of 6.8 amperes is practically identical with 
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Fig. 13—VontTace-Kv-a. CHARACTERISTIC CURVES FOR SyNn- 
CHRONOUS CONDENSER 
the corresponding case fora shunt reactor. The current 


taken by a synchronous condenser is the difference 
between the terminal voltage and the nominal voltage 
divided by the synchronous reactance. When the 
nominal voltage is zero, the current is just the terminal 
voltage divided by the synchronous reactance, and 
the current-voltage curve is identical with that of a 
static reactor. In the case cited, the condenser excita- 
tion was so low that the synchronous condenser was 
virtually a static reactor. The effect of increasing 
the condenser excitation, and decreasing the others, to 
maintain normal voltage (at no load), is well shown by 
the values in Table VIII. This point is of especial 
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interest because it illustrates the danger, to stable 
operation, of low synchronous-generator fields, a con- 
dition which may easily arise in actual practise. 
Having shown the effect of reactors, either static or 
synchronous, in increasing machine nominal voltage, 
studies of systems with lines—Figs. 14 and 15—were 
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undertaken. 
two types: 
(a) Unsaturated iron-core reactor 
(b) Saturated iron-core reactor 

In Fig. 16 characteristic curves for the actual re- 
actors used are compared with a corresponding curve 
for the synchronous condenser. 

The advantage of using a saturated iron-core re- 
actor” lies in the fact that the rate of change of re- 
active ky-a. consumed with respect to terminal voltage 
is much greater than for the ordinary non-saturated 
reactor. In other words, at normal voltage, the kv-a. 
consumed by the two types of reactor is the same, but 
at a lower terminal voltage, the kv-a. taken by the 
saturated reactor is much less. Therefore, any dis- 
turbance in the system producing a voltage decrease 
will cause a reduction in the armature reaction of the 
synchronous equipment, due to the reactive kv-a. 
taken by the reactor, thus making an increase in 
machine excitation available for maintaining stability. 

A somewhat similar feature, in connection with the 
design of synchronous equipment, is discussed later 
under the head of “Saturated Machines.”’ 

The actual tests were made by loading the motor toa 


The static reactors considered were of 


250 Mne L-R Line 


SyYNcHRONOUS 
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desired point and then adjusting the machine excitations 
to give the required terminal voltage. With these 
excitations, and frequency, held constant, the system 
was loaded to the power limit. Computed and test re- 
sults given in Table IX, when compared with the 
corresponding results for the simple systems without 


reactors, show the advantage of raising the machine 
nominal voltages. : 


10. ‘Theory of D-C. Excited Iron-Core Reactors and 
Regulators,” by A. Boyajian, Trans. A. I. E. E., Vol. 43, 1924, 
.919. , 
x “The Application of the Saturated-Core Reactor and Regula- 
tor,‘ by D. K. Blake, Trans. A. I. E. E., Vol. 43, 1924, p. 937. 
“Losses in Iron Under the Action of Superposed A-C. and 
Dic: Excitations,” by O. C. Charlton and J. E. Jackson, Jour. 


_A.LE.E., Vol. 44, Nov. 1925, p. 1220 
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With an appreciation of the effect of shunt reactors 
on system power limits, it is quite easy to see why the 
line capacity susceptance should reduce the power limit, 
as shown in a previous discussion. Consider the system 
of Fig. 6, which simulates an actual 250-mi. straighta- 
way system in which the actual line is replaced by the 
“nominal 7’”’ line. The capacity susceptance is, so far 
as its effect on the machine nominal voltages is con- 
cerned, simply a negative shunt reactance of about 70 
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FOR VARIOUS REACTORS 


Curve A—184-ky-a. unsaturated reactor 
« B—184 “ saturated reactor 
“« C—225 “ synchronous condenser with 1.0-ampere field current 


ohms, reducing the required excitation for a given 
terminal voltage. 

In this connection, it is interesting to consider the 
effect of adding multiple lines between generating and 


receiving equipment of a given ky-a. rating. Due to 
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Fig. 17—Maximum Power WHICH CAN BE TRANSMITTED 250 
Mies av 220,000 Voutts, SHOWN As A FUNCTION OF THE CAPAC- 
ity oF SYNCHRONOUS APPARATUS, AND THE NUMBER OF TRANS- 
MISSION CIRCUITS 


the increase of charging kv-a. with numbers of lines, 
a point is soon reached where the decrease of machine 
excitations more than counterbalances the effective 
decrease in line reactance. When the number of 
parallel lines is increased beyond this point, a reduction 
in the power limit occurs. Fig. 17 illustrates this 
condition. 


It is evident that shunt reactors may be used to 
compensate for the effect of the leading kv-a. taken by 
the line capacity susceptance, and thus improve the 
power limit. Actual studies of reactors and synchro- 
nous condensers on large projects indicate that the re- 
actors may be the more advantageous, on the score of 
economy. As previously pointed out, the same result 
can be gained by lengthening the air-gap of the syn- 
chronous apparatus. 

“Saturated”? Machines. It should be evident from 
the preceding discussion that any measure by which 
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Fig. 18—OpeEen-Cirncuit CHARACTERISTIC CURVES 


Curve A—Normal generator : 
Curve B—Saturated generator 


the field current can be increased with the same terminal 
voltage will amprove the stability. Several methods of 
accomplishing this have been mentioned under the head 
of “Influence of Machine Nominal Voltages on System 
Stability.”” In addition to methods previously dis- 
cussed, there is another—that is, increasing the degree 
of saturation of the poles. 
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If the two machines be operated separately as gener- 
ators with such field currents that normal terminal 
voltage occurs at no load, identical power increments on 
each will not cause the same lowering of the terminal 
voltage. In other words, the saturated machine 1s 
stoffer. 

Such tests as were made indicate that the benefits 
obtained by the use of synchronous generators and 
motors with saturated poles are of the same order as 
could be obtained by lengthening the air-gap. 

When synchronous condensers are used for voltage 
regulation, it is desirable that the rate of change of re- 
active kv-a. with terminal voltage be as large as possible. 
The ideal condenser would be one for which this rate of 
change is infinite—essentially an infinite bus. Fig. 19 
shows how this rate of change can be increased by pole 
saturation." Although this could be accomplished by 
lengthening the air-gap, nevertheless pole saturation 
is-more effective. 

Use of Induction Generators on Transmission Systems. 
Induction generators have been suggested, from time to 
time, for use in connection with long transmission lines. 
but they have never come into practical use. During 
the course of the present investigation it was felt that 
there were certain merits in such use which should be 
carefully investigated. As known now, the power 
which can be transmitted over a line between two syn- 
chronous machines is limited by the phase relationships. 
of the system. With the induction generator, however, 
the power delivered from the prime-mover shaft to the 
generator terminals depends upon the difference in 
speed of the prime mover and the terminal-voltage 
vector. With a prime mover and a rotor capable of 
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Fig. 19—Vontaqgn-Ky-a. CHARACTERISTIC CuRVES FoR SYNCHRONOUS CONDENSERS 


——— ‘Normal’ 225-kv-a. condenser 


Consider the saturation curves of two synchronous 
machines, as shown in Fig. 18; one for a “normal” 
machine with operating range on the saturation curve 
somewhat below the knee, the other with normal volt- 
age well above the knee. Furthermore, the machines 
will be of identical design except in so far as the cross- 
sectional area of the poles is concerned. 


“Saturated’’ 225-kv-a. condenser 


transmitting any desired power from the prime-mover 
shaft to the stator circuit, the power limit will be de- 
pendent upon the angle between the rotor of the re- 
ceiver-end motor and the air-gap flux of the generator. 
That is, the power limit of synchronous-to-synchronous . 


11. Discussion by Miss E. Clarke, Trans. A. I. E. E.. V 
1924, p. 81. ee Bf 
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transmission is a function of the angle between the 
machine rotors but with induction-synchronous trans- 
mission is dependent upon the angle between induc- 
tion generator air-gap flux and synchronous motor 
rotor. 


Tests were made on the system of Fig. 20, in which 
the induction generator was rated at MT-6-200 h. Ds 


INDUCTION 
GENERATOR 


250 MiLe L-R Line 


SYNCHRONOUS 
MOTOR 


SYNCHRONOUS 
CONDENSER 


1200 rev. per. min., 2200 volts—a standard design 
of wound-rotor induction motor. Voltage regulators 
were provided for maintaining constant normal voltage 
at both ends. By running the synchronous machine at 
the supply end as an alternator carrying no load, it 
was possible to simulate condenser operation and yet 
maintain frequency. This was accomplished by load- 
ing the system, which threw load on the supply-end 
synchronous unit; then, by holding the frequency at its 
normal value and increasing the speed of the induction 
generator, it was caused to take load. 


160 180 200 Zo 260 i 
REACTIVE KVA — LEAD 


21—CaLcuLATED STABILITY CURVES 
P = Power 
Q = Quadrature kv-a. 
If = Condenser field 
The results were not striking because the power limit 
for the system of Fig. 20 was found to be 202 kw., 
whereas the limit for a 250-mi. L-R system with the 
same total kv-a. in synchronous apparatus at the supply 
end is 192 kw. ‘These results were checked by calcu- 
lations made for the actual test set -up and are summar- 
ized in Table X. In order to eliminate any possibility 
of error in method, calculations were also made utiliz- 
ing the scheme employed by Messrs. Evans and Berg- 
vall,2 and others. In this case stability is determined 
42. “Experimental Analysis of Stability and Power Limita- 
tions,” by R. D. Evans and R. C. Bergvall, Trans. A. I.E. E., 
Vol. 43, 1924, p. 39. 


ces 
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by a comparison of available and required reactive 
kv-a. at the point under consideration. Terminal 
voltage enters as a variable, and power as a parameter. 
Curves calculated by this method are given by Fig. 21 
and show a power limit of about 215 kw. at normal 
voltage, compared with 218 kw. by the method used 
by the authors. 

Although economic studies may indicate a possible 
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margin in favor of the induction generators, there is 
practically no advantage to be gained by their, use, so 
far as stability is concerned. 


“Loaded” Transmission Systems. In recent years 
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much attention has been given to the possibility of 
increasing the stability of power systems by the use of 
synchronous condensers at intermediate points. In- 
vestigations made by the authors indicate that greater 
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gains have been ascribed to such use of synchronous 
condensers“ than is actually the case. 


13. ‘Voltage Regulation and Insulation for Large Power 
Long Distance Transmission Systems,” by F.G. Baum. Trans. 
A. I.E. E., Vol. 40, 1921, p. 1017. 

14. “Some Theoretical Considerations of Power Trans- 
mission Systems,” by C. L. Fortescue and C. F. Wagner, TRANS. 
A.1. EH. E., Vol. 48, 1924, p. 16. 

“Power Limitations of Transmission Systems,’ by R. D. 
Evans and H. K. Sels, Trans. A. I. E. E., Vol. 43, 1924, p. 26. 
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The systems shown by Fig. 22 and Fig. 23 were used 
as a basis for computations, and verifying tests, of the 
effect of synchronous condensers used for “‘loading”’ 
a long time—that is, regulating for normal voltage 
at the “loading” point. Calculated and test power 
limits for the system of Fig. 22, with such constant 
excitations on the units as necessary to give equal line 
voltages simultaneously at any initial load, are given 
by Table XI, while the complete power-voltage curves 
are given in Fig. 24. With voltage regulators main- 
taining equal voltages at both ends of the line, as well as 
the midpoint, the power limits were those of Table XII. 
‘Corresponding data for the 500-mile system with a 
225-kv-a. ‘generator, a 225-kv-a. condenser at the mid- 
point and also one at the receiver end, together with a 
synchronous motor of a similar rating, are given by 
Tables XIII and XIV. 


Data for several systems have been given in Table 
XV for similar conditions of operation, so that the 
effect of “loading” long lines may be appreciated. 


It would appear, from an analysis of the values in 
Table XV, that the gain in power limit due to the 
use of synchronous condensers at intermediate points 
is quite appreciable. To illustrate —the addition of a 
synchronous condenser of the same rating as the 
terminal apparatus to the simple 500-mile Z-R straight- 
away system increases the power limit as normal 
voltage from 110 kw. to 150 kw. or about 36 per cent. 
It must- be remembered, however, that on actual 
systems, the synchronous condensers at loading points 
would ordinarily have a much smaller capacity than 
the terminal apparatus. Consequently, the percentage 
increase in power limit will be much less. Moreover, 
actual systems have lines with distributed capacitance, 
which tends to accomplish the same object as the 
loading condenser. In other words, to secure any 
appreciable increase in maximum power of actual 
systems, the condenser used for loading must have a 
kv-a. capacity much higher than indicated by early 
investigations. 

Like most problems of this type, the advantages of 
loading condensers, for any particular project, cannot 
be definitely stated without a careful economic study. 

“Resistance” Loading of Transmission Systems. All 
_ the systems discussed so far have had synchronous- 
motor loads—in other words, typical shaft loads, 
which have constant kilowatt and variable reactive 
kilovolt-ampere consumption; that is, the power is in- 
dependent of the voltage. No reference has been made 
to high power-factor admittance loads, such as lighting, 
industrial heating, ete. It will, therefore, be interesting 
to turn attention for a few moments to the question 
of such loads—‘‘resistance’”’ loads—for long trans- 
mission systems. 


Consider two synchronous machines tied together 
through an impedance. It is well known that the 
limit of stability occurs at the point at which 


Transactions A. I. EK. E. 
Os ; i 
See 0,a fact verified many times by test. The 
criterion for maximum power, 775 = 0, holds only 


where power is the independent variable, as in shaft 
loads. Suppose, however, that one of the synchronous 
machines in this combination is replaced by a dead 
impedance load. Then, instability will not occur at 


the point where = = 0, nor at any other point, since 
for a dead load there is nothing with which the generator 
can fall out of step. There will, however, be a maximum 
power point, for constant excitation on the generator, 
as illustrated by Fig. 25. If voltage is maintained at 
the load by a synchronous condenser, it can be shown 


R ’ 
that instability will occur where Wik 0, instead of 


aP. 


A Wild 0, where the resistance (R) of the dead load 


is the independent variable. 
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The importance of choosing the proper criterion can 
be better appreciated if it is understood that a pure 
resistance load with a synchronous condenser for 
voltage regulation is equivalent to an infinite bus, as 
far as maximum power under steady-state conditions 
is concerned. This statement is true only when 
there is no other load on the system. To emphasize 
the importance of choosing the proper criterion, a 
system comprising both resistance and shaft loads may 
be cited. 


In such a case, consider what happens when the 
shaft load is increased. Any increment of shaft load 
results in a decrease of terminal voltage and, hence, 


- a decrease in power consumed by the resistance load. 


A set of typical power-voltage characteristics of a 
system with both shaft and resistance load is shown 
in Fig. 26. Curve (P) represents the variation of 
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total power with voltage; (P,), the variation of re- 
sistance power with voltage; and (P.), the variation of 
shaft power with voltage. It is evident from the 
figure that the slope of the curve of total power be- 


comes infinite—that is, ee = 0 —at that point where 
an increase of shaft power is exactly equal to the re- 
sultant decrease in resistance power. However, the 
system is still stable, inasmuch as the slope of the curve 
of shaft power has not yet become infinite, and CPs 
the independent variable. Breakdown occurs where 


a P. 
dE 


and the total power is as shown by the ordinate (a a’). 
In other words, a system with such a composite load 
may be stable even though operation is on the under 
side of the total power-voltage curve. 

Compensation of Transmission-Line Inductive Re- 


=). 
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Fig. 26—Tyricat Powrr-VoLtTAGE CHARACTERISTICS FOR 
SYSTEM wiITH ComPposITE SHAFT AND Resistance Loap 


actance. Preceding discussion has shown the effect 
of the reactance of long transmission lines in limiting 
the amount of power which can be transmitted with 
stable operation. It is apparent, then, that any means 
by which this effect could be economically reduced 
would be advantageous. It is possible to reduce the 
line reactance by use of special line construction.” How- 


ever, the decreased line reactance is gained at the ex- . 


pense of an increase in charging kv-a., which may 
partially offset or even more than offset the advantage 
gained. 

However, by introducing series static condensers into 
the line,© it is possible to effectively neutralize or 
compensate for the effect of line inductive reactance 
without any increase in charging kv-a. There are 
certain difficulties attendent upon such use of static 
condensers, as protection from excess voltages during 
short circuit. Careful investigations show the feasi- 

15. 
Percy Thomas, Trans. A. I. E. E., Vol. 28, 1909, p. 615. 

16. Discussion by T. A. E. Belt on **Present State of Trans- 
mission and Distribution Developments,” Jour. A. I. E. E., 
Vol. 44, October, 1925, p. 1153. : : 


“Output and Regulation of Long-Distance Lines,” | 
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bility of series static condensers for this service hinges 
almost entirely on over-all economy. 

Influence of Methods of Voltage Regulation on Stabil- 
vty. Careful analysis of the effect of various circuit 
elements, and special types of apparatus, on trans- 
mission-system stability, as discussed elsewhere in 
this paper, will indicate that the real criterion of 
stability is the inherent slope of the power-voltage 
characteristic. In other words, instability occurs 
when the slope of the power-voltage curve is such that 
a y 
TE? 0, for shaft loads. 
power system the synchronous machines of which are 
provided with automatic voltage regulators? 

As pointed out under ‘‘Use of Voltage Regulators,”’ 
the regulator is merely a device for shifting the system 
from one constant-excitation condition to another, as 
dictated by the terminal voltage. Referring to Fig. 9, 
voltage is maintained by the regulator functioning in 
such a way that the system operates along the line 
(ee) by passing from one constant-excitation state 
to another. However, and this is the important point, 


How can this occur in a 


the inherent stability of the system is not that indicated 


E 
= 0 —but by 


bean 
by the slope of the line et: ep 


the slope of some constant-excitation curve. It may 
be any one of a number as shown, but it is always some 
one of the family of curves. It is in just this respect 
that regulated machines do not have the characteristic 
of an infinite bus with eee = (), the ideal type of volt- 
age regulation. : 

In this connection, it will be of interest to examine 
the phenomena accompanying an increase of load on a — 
piece of synchronous apparatusin a transmission system. 
Such an increase in load will result in a decrease in 
terminal voltage with a given excitation. 

Now the voltage regulator is not responsive to the 
rate of change of voltage, but only to a value of voltage 
—the function itself; hence, it increases the excitation 
in the degree necessary to compensate for the increased 
armature reaction due to load only after the lapse of 
an appreciable time. That is, the field excitation is 
increased only after the voltage has dropped. Such 
investigations as made by the authors do not indicate 
that any appreciable gain in power limit can be secured 
by reducing the time constant of the excitation system 
below that of normal equipment. Compensation for 
increased load, and, hence, armature reaction, always 
lags behind the cause. This is important during 
transients and especially near the point of intersection 
of (ee) and (mn)—the point of pull-out. It is the 
reason why a system with regulated generating stations 
cannot be considered as having infinite supply busses 
and hence a power limit equal to that of the line itself. 
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Consider what happens when load is added to a d-e. 
generator provided with a compensating field winding. 
Simultaneously with the increase in armature reaction, 
a magnetomotive force is set up in opposition to it. 
Depending on the size of the compensating field, the 
effect of increased load may be entirely counterbalanced 
or compensated for—even over-compensated. A simi- 
lar case is that of a circuit in which the inductive re- 
actance is exactly balanced by an equal series capaci- 
tive reactance. What happens when the circuit load 
is increased? The voltage drops across both inductive 
and capacitive reactances increase simultaneously but 
being of opposite phase effectively neutralize each 
other. With respect to the terminals, there is no re- 
actance drop. 

Applying the principle enunciated above—. e., the 
effective neutralization of the cause by making the 
effect take place simultaneously—to synchronous equip- 
ment, the great importance of it can be seen. The 
machines in effect would have infinite capacity, limited 
only by heating and mechanical considerations. To 
realize the significance of this, refer to Table V and 
related discussion, where it is pointed out that the 
power limit of a 250-mi. miniature L-R line by itself is 
283 kw., but with normal machines, only 168 kw. 
That is, the synchronous reactance of the machines 
reduces the power limit about 41 per cent. In actual 
systems, the effect of the generating and receiving 
equipment might even increase this value to 50 per 
cent. 

It is evident that if some device can be applied to 
synchronous apparatus which will prevent a reduction 
of the net ampere-turns tending to force flux through 
the magnetic circuit, such a device will effectively de- 
crease the effect of armature reaction, which is so 
detrimental to the stability and power limits of long 
transmission systems. That is, as load builds up, 
the armature reaction builds up, but simultaneously 
and due to exactly the same causes, the field ampere- 
turns must build up with the right magnitude and 
space phase to compensate for the armature reaction. 
The perfect simultaneity of cause and effect effectively 
neutralizes armature reaction. 

Of course, to obtain the ideal in voltage regulation, 
the inherent reactance of synchronous machines must 
also be neutralized—as by the use of series static con- 
densers of suitable capacity—in the same way that the 
effect of line reactance may be overcome. 

It is apparent that it is somewhat difficult to com- 
pletely accomplish what has been outlined above— 
for the effective compensation of armature reaction 
necessitates the application of field ampere-turns in 
the proper space phase and varying in magnitude and 
time with the armature reaction. It was realized, 
however, that any device which would increase the 
excitation in exact proportion to the armature re- 
action—or line current—and in perfect simultaneity 
with it, should be of considerable advantage. 


Accordingly, a number of devices and methods for 
accomplishing this object were carefully investigated. 
Finally, it was decided that ordinary mercury-are 
rectifiers used as adjuncts in the otherwise normal 
excitation circuits of synchronous apparatus appeared 
to offer the greatest promise. 

To determine the effectiveness of mercury-are recti- 
fiers for accomplishing the object in mind, comparative 
power-limit tests were made on a system comprising 
a 225-kv-a. synchronous generator, a 250-mi. L-R 
line and a 225-kv-a. synchronous motor. In the first 
case, the system was set up as in Fig. 27A, and equipped 
with standard automatic voltage regulators adjusted 
to maintain 2000 volts at the supply and receiver ends 
of the line. The power limit was determined in the 
usual way by slowly increasing the system load until 
pull-out occurred, at 120 kw. at the receiver end. 
Mercury-are rectifiers were then added to the excita- 
tion systems as shown in Fig. 27B, and the power 
limit of the system, with 2000 volts maintained at 
both ends, was determined. The load was first brought 
to 120 kw. at 2000 volts. The regulators were then in- 
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Fig. 27 a—Simple system 
Fig. 27 s—Simple system with addition of rectifiers as excitation-circuit 
adjuncts ‘ 


effective because the rectifiers were supplying sufficient 
excitation to maintain 2000 volts and the regulators 
had reduced the exciter terminal voltage to a negligible 
value. Consequently, the regulators were taken out 
of service although they could have been allowed to float 
on the system. The load was then slowly increased, 
voltage being held at 2000 volts by manually adjusting 
the rectifier shunts, to 154 kw. To repeat, with 2000- 
volt regulators, the system is stable up to 120 kw.; 
with mercury-arce rectifiers as adjuncts in the excitation 
circuits, the system is stable up to 154 kw., at 2000 
volts. 


Let the significance of this be realized. The power 
limit of a 250-mi. line of the miniature type used in 
these investigations, ‘with infinite supply and receiver 
busses, is about 214 kw. at 2000 volts. The addition 
of two machines, a generator and a motor, reduces this 
to 120 kw. or by 48.8 per cent. By adding mercury- 
are rectifiers to the excitation systems, the power limit 
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is increased to 154 kw., or by 28 per cent. Further- 
more, bear in mind that the rectifiers only supplied 
field excitation in rigid proportion to the line current 
In perfect simultaneity. The additional ampere-turns 
are not, however, supplied in the proper space phase. 

It will be evident that it is difficult to calculate the 
performance of a system with rectifiers used in the 
manner described. This, of course, arises from the 
difficulty of knowing just how effectively the rectifier 
neutralizes the armature reaction. Assuming perfect 
compensation, the system reduces to one with a source 
of constant flux supplying power through the leakage 
reactance of the machines. Calculations have been 
made on this basis for a number of miniature systems 
actually tested. 

The use of mercury-arc rectifiers has shown, in 
factory tests, that a very appreciable gain in stability 
and power limits can be secured. While practical 
application on power systems has not yet been made, it 
is confidently believed that, at least, a 50-per cent re- 
duction in effective armature reaction can be secured. 
Moreover, a real scheme of voltage regulation, effective 
under steady and transient conditions, is for the first 
time made available. 


TRANSIENT STUDIES 

When the question of the stability of power-trans- 
mission systems recently came to the fore, it was 
thought that the worst condition of operation likely 
to be faced would be that obtaming during transient 
conditions. Such a transient state might arise from: 

a. Sudden loss of a generating station 

b. Sudden addition of load 

c. Sudden loss of one or more multiple transmission 
lines © 

d. Major system short circuits 
In fact, it was quite generally expected that the power 
limit for such transient conditions would be less than 
the steady-state pull-out power. 

However, very complete analytical studies, verified 
by thorough tests on the miniature system used for the 
steady-state power-limit investigations previously dis- 
cussed, have largely dispelled the doubts of successful 
operation of extensive power systems under heavy 
load transients. Briefly, the following important con- 
clusions have been reached from the evidence furnished 
by analysis, miniature-system tests, and field experience. 


1. The power limit of a system, when load is 


suddenly applied to some element in that system, is the 


same as the pull-out power for slowly applied loads, 
provided conditions of excitation and voltage are the 
same for the two cases. Certain transitory phenomena, 
discussed later, so affect system stability that the funda- 
‘mental criterion of stability appears to be the steady-state 
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points on the system. With an infinite generating unit, 
or an extremely large system interconnected with a 
relatively small one, the power ‘overshoot’? may 
approach 100 per cent of the load increment. 

3. Maintenance of stability during short circuits 
is mainly a matter of adequate relaying as duration of 
the short circuit is probably the most important single 
factor entering the problem. 

During the existence of a transient state caused by 
a sudden change of load or a short circuit, a number of 
factors come into play which do not appear in steady- 
state operation. Among others, there are the kinetic 
energy of machines, the time element of electromag- 
netic circuits, as in excitation systems, and the load-time 
characteristic of prime-mover governors. For these 
reasons, the calculation of transient problems is much 
more involved than the computation of steady-state 
stability. However, rigorous mathematical methods 
and step-by-step analysis’ can be applied to the sim- 
plest cases. The analysis of systems of any degree of 
complexity becomes almost hopelessly involved so that 
resort must be had to the equivalent-circuit idea*, which 
is extremely useful for the study of transients in- 
volving loads below the steady-state power limit. 

Effect of Suddenly Applied Loads. Inasmuch as the 
basic purpose of the transient studies undertaken by the 
authors and other interested engineers was the de- 
termination of the relation between steady-state and 
transient stability, and the factors affecting the latter, 
the miniature system previously described was utilized. 
It was possible to simulate the sudden loss of a generat- 
ing station by opening the oil switch tying a generating 
unit to the system; the sudden addition of shaft load by 
closing a switch throwing a water-rheostat load on the 
d-c. generator coupled to a synchronous motor at the 
receiver end of a system, and the sudden addition 
of “resistance”’ load by switching a dead resistance load 
directly onto the system; the sudden loss of one or more 
multiple transmission lines by opening the oil switch 
in one of two 250-mi. L-—R lines connecting a 225-kv-a. 
generator to a synchronous motor of identical rating. 

The steady-state power limit of any particular 
system studied was first obtained for various constant- 
voltage or constant-excitation conditions. Then, by 
means of repeated trials, it was possible to determine 
how much load could be suddenly added to the system 
without causing loss of synchronism—instability. The 
results were tabulated for the various cases and, as 
mentioned, on analysis revealed the important fact 
that the power limit for transient state was essentially 
the same as that for steady state, under the same con- 
ditions of excitation or voltage. 

Consider the curves shown by Fig. 28. These in- 
dicate the oscillations taking place in power and speed 
on the sudden addition of shaft load to the motor. They 


power limit. 

2. Power oscillations during a transient-state in- 
duced by the sudden application of load will not be 
excessive with units of comparable rating at the various 


illustrate the relatively small overswing in power with 
units of comparable rating at either end of a trans- 
mission line. 
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When load is suddenly thrown on the motor in a 
system such as that in Fig. 28, a temporary drop in 
speed must occur before the motor can assume the new 
phase: position corresponding to the load. Conse- 
quently, part of the increased demand is supplied 
by the change in kinetic energy of the motor. Similarly, 
the initial demand for increased power from the genera- 
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tion, and by the electromechanical analyzer. It is 

particularly encouraging that the various methods 

employed should yield such a close comparison. 
Fig. 30 illustrates what happens when a generating 
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Fic. 30—Power TRANSIENT FOLLOWING THE Loss oF A 225- 
Ky-a. GENERATOR FROM A SYSTEM SUPPLIED BY A 10,000-Kv-a. 
GENERATOR 


station is dropped from a small system tied to an ex- 
tremely large one. The receiver-end units were each 
rated at 225 kv-a. and the “‘infinite-generator’” at 
10,000 kv-a. The curve shows the power supplied to 


103 


Ei 
IN 


3 


PERCENT SPEED 


© 
® 


oT 


FuuL LOAD To 2 Loap ee | im le 
a2 —}— ola ole O48 NO He 4 -} He 6 #2 24 — |} — 26 —} 4.8 —-| —-Se- aa 36 6 
& : Tiwe sdconos | Bb : 
N ° ps oad H| 4 If | 
—— @ te $|L0ap | ee ia Bey 
ile I [ =e 
[ ‘ee 
[| a 


96 


95 


EEE 


Ht | = 44 a : E 


hime 


r 


Fie. 29—Sruam-Tursine Governor Time-Loap Transtent CHARACTERISTIC CURVES 


tor is also met by a decrease in its momentum. Asa 
result, the units oscillate against each other until equilib- 
rium between input and output is re-established. As 
the governor influences the mechanical input, it will be 
of interest to study Fig. 29, a set of typical steam- 
turbine governor time-load characteristic curves.” 


The curves of Fig. 28 show close agreement for re- 
sults obtained by actual test, mathematical computa- 


17. Attention is drawn to corresponding curves for water- 
wheel governors in an article entitled ‘‘Results of Seventy-Three 
Tests Made on Hydraulic-Turbine Governors,’ Power, Vol. 
58, No. 15, Oct. 9, 1923, p. 560. 


the system by the “‘infinite generator” before and dur- 
ing the transient. In this case, the power overswing 
was quite large. As previously noted, the limit of 
the power “overshoot” when the generating station 
has infinite capacity is 100 per cent of the load 
increment. 

With units of comparable rating at either end of the 
system, as in Fig. 31, the transients are not of the same 
magnitude as with an infinite generator. In this case, 
generator No. 4 was dropped from the system, by 
opening its switch, with two complete lines in service 
and a load distribution as follows: 
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ee: N o iL 100,000 kw. be seen that it may be several seconds before the gover- 
: : 2 280,000 kw. nors of a system assume their new positions. Con- 
4 20,000 kw. sequently, in analysis of what happens during the 
Synchronous Motor No. 3 400,000 kw. 


The transients ensuing are shown by Fig. 32. 

In a case such as this, in the first instant or two, the 
phase relationship of the machinerotors does not change, 
due to the inertia of the rotating masses. Con- 
sequently, only the electrical constants determine the 
power flow and electromagnetic torque of the various 
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Syn. Motor 
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400,000 Ky-a. 
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360,000 Kv-a. Line Py (final) = 362,000 Kw. 
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Py = 720,000 
Syn, Generator 
700,000 Kv-a, 
WR “= 1,150,000 
P,= 1,000,000 Kw, 
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machines. As the transient dies away, however, 
the system assumes the state of equilibrium dictated 
by the governors of the prime movers. 

Similar transients are caused by suddenly increasing 
the line reactance, as by opening a section ofa line, or 
dropping one or more multiple lines. Fig. 33 shows 
the transients due to opening the line switch, in Fig. 31, 
under load. The load distribution ,was the same as 
before, with the exception of generator No. 4, which 
was disconnected from the system. The increase in 
line reactance causes a power oscillation during the 
time taken by the machine rotors in assuming their 
new relative positions. 
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It will be readily apparent from what has been said 
that any time delay in the various elements making up 
a system would play an important part in transient 
stability. There are two such elements: 

1. The electromagnetic circuits 

2. The prime-mover governors 
As the first is quite fully discussed later, only the second 
will be considered here. Referring to Fig. 29, and 
remembering that the governors of hydraulic turbines 
are usually more sluggish than for steam units, it can 


first moment or two, constant flow (of water, or steam) 
is commonly assumed. 

Short Circuits. Load transients apparently do not 
decrease the power limit of a system but the transient 
conditions obtaining during a major system short cir- 
cuit radically affect stability. Not only do the inertias 
of machines and the time elements of governors and 
excitation systems come into play, but also the isolat- 
ing effect of the short circuit. That is, no power flow 
can take place past the point of short circuit in the 
phases affected. For this reason, if the fault is not 
quickly cleared, a three-phase short circuit is likely to 
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Fig. 33—TRANSIENTS FOLLOWING THE SWITCHING OUT OF A 
LINE SECTION, AS INDICATED IN Fra. 31 


result in instability. Single-phase short circuits, 
whether line-to-line or line-to-neutral, are not so serious, 
inasmuch as partial flow of power is possible. 

Brief consideration of what takes place in a system 
during a short-circuit disturbance may be illuminating. 
Assume a straightaway transmission with a single- 
phase line-to-line short circuit at the midpoint. 

Just prior to the occurrence of the short circuit, 
the machine rotors will have a definite space-phase 
relationship fixed by the constants of the system, the 
load and the voltage. The instant the disturbance 
occurs the transfer of power between the machines 
changes, ceasing entirely in the faulty phase, and 
the rotors commence to assume a new relative position 
in space, depending on load and voltage conditions prior 
to the short circuit, the power flow, and the governor 
characteristics. Consider the generator. If the torque. 
exerted by the system remains at the same value as 
previously, the net effect on the generator during the 
first instant will be zero. However, as the net flux is 
reduced and, hence, the voltage, this torque is like- 
wise reduced and the machine accelerates, assuming 
no action on the part of the governor. Should the 
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governor act, this acceleration will be reduced. The 
rate of change of net flux will be rapid in the first few 
instants, gradually decreasing with increasing time. 
This, of course, assumes no action on the part of the 
regulator tending to change the field ampere-turn load- 
ing. Should the torque imposed by short-circuit con- 
ditions be initially less than the load torque, the acceler- 
ation of the generator will, necessarily, be greater. 
It is evident, then, that the speed, the space-phase 
relationship of the generator relative to the initial 
position, and the magnitude of the net flux, hence, 
terminal voltage, are a function of the duration of the 
short circuit. 

Inasmuch as similar conditions hold for the receiver- 
end synchronous apparatus, it is apparent that the 
essential factor for maintenance of system stability during 
short-circuit disturbances is adequately fast relaying. 
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Case A. System of Fig. 27a, with regulators. Load being carried at 
time of short circuit 37 kw. 

Case B. System of Fig. 27%, with rectifiers as adjuncts in the excitation 
circuits. Load being carried at time of short circuit 35 per cent greater than 
in Case A. 


Experience with actual systems has amply justified this 
statement. 

Tests made by the authors on the miniature system 
with a 225-kv-a. generator supplying power to a 
synchronous motor of similar rating at the receiver-end 
of a 250-mi. L—R line have also justified the statement 
above. Careful tests have shown that this system can 
carry any load up to the steady-state power limit 
for a dead single-phase line-to-line fault at the mid- 
point which is practically instantaneously cleared. 
Increasing the duration to one-half second, the system 
could carry only 31 per cent of the steady-state limit, 
with automatic voltage regulators on both units. This 
limit was increased to 50 per cent, using the mercury- 
are rectifier regulation scheme previously noted, and 
much less disturbance occurred, as illustrated by the 
comparative curves of Fig. 34. This, however, was 
entirely due to the fact that the armature reaction of 


the machines was effectively neutralized simultaneously 
with its occurrence. 

The effect of a single-phase short circuit on power 
flow is shown by Fig. 35, for a fault at (X) on the 
system of Fig. 836. In this case, the short circuit was 
allowed to remain on the system. The similarity of 
these oscillations with those caused by a load transient 
is notable. 

Experience on existing systems, tesis and conservative 
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Fig. 35—Powrr TRANSIENT FOLLOWING A SINGLE-PHASE 
Suort Circuit at Point X on SystEM SHOWN IN Fia. 36 


calculations vindicate that major system short circuits are 
the severest type of transient. Only by very fast relaying 
can stability be maintained for powers near the steady- 
state power limit. 

Effect of the Excitation-System Time Element on 
Transient Stability. In the discussion of system stabil- 
ity under suddenly applied loads, it has been said that 
certain factors so strengthen or stiffen the system that 


it is inherently stable for any load up to the steady- 
state power limit. What are these factors? . 
Undoubtedly, the most important element in the 
temporary stiffening of a system during a disturbance 
is the field transient. Due to the inherent relationship 
between field and armature circuits, the magnetic flux 
linked with an alternator field cannot change in the 
first moment following the sudden addition of load.'8 
The increased armature current induces a field m. m. f. 
tending to sustain a constant flux linkage. If there is 
no automatic device increasing the exciter voltage, the 
flux will gradually die down to a new steady-state con- 
dition. However, and this is the important point, 
during the transient, the machine reactance is less than 
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the synchronous reactance. Initially, following the 
sudden application of load or short circuit, the transient 
reactance” is effective, and this gradually increases 
to the steady-state synchronous value. Furthermore, 
the inherent stiffening of the system enables the 
regulator to act, causing the exciter to build up. 
Briefly, it is a race between the rate at which the system 
assumes the new load and the rate at which the excita- 
tion can build up. Now, the period of oscillation of a 
system is of the order of one second, and, hence, the 
first power peak occurs in a half-second. The field 
transient, or the transient reactance, stiffens the system 
sufficiently to meet this condition. By the time the 
power peak occurs again, the excitation system has 
had considerable time in which to build up. In this 
respect, it will be interesting to note the relationship of 


L 
the time constant ( = aN ) to the volume of the exciter. 


Values for a large number of exciters, of different 


Fig. 37—CurvE INDICATING THE RELATION BETWEEN THE 
Time CoNSTANT AND THE SPEED AND RatTING oF HE XcITERS 


types and ratings, have been plotted in Fig. 37. In 
this case, the measure of volume used has been kilowatt 
per rev. per min., as this represents volume, for given 
current and magnetic densities. The actual exciters 
used in the experimental investigations are indicated 
by the points (ba), (0’a’), and (b’a”). 

It will be apparent that any scheme by which the 
resistance of the excitation circuit—that is, alternator 
field and exciter armature—can be reduced will tend 
to maintain constant flux linkages and so give the ex- 
citer a chance to build up. One metliod of accomplish- 
ing this would be the introduction of a negative re- 
sistance in the field circuit. A series exciter does 
function as a negative resistance. Its use in such a 
case has already been described.’ 

Neither the voltage regulator nor the series exciter, 
however, accomplishes the primary object of the ideal 
regulation scheme—i. e., the effective neutralization of 


18. “A Simplified Method of Analyzing Short-Cireuit 
Problems,” by R. E. Doherty. Trans. A. I. E. E., Vol. 42, 
1923, p. 841. . 

19. The transient reactance includes both armature and field 
leakage reactance. 
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armature reaction at the time it occurs. As previously 
pointed out, the mercury-arc rectifier, as an adjunct 
in excitation systems, does accomplish, to a large 
degree, this purpose, and in so doing very materially 
stiffens any system so equipped, both in transient and 
steady states. 

The inherent field transient so stiffens the average 
system that ordinary regulators and exciters are 
sufficiently responsive to maintain stability under 
heavy load transients. Mercury-arc rectifiers, or 
other devices accomplishing the same purpose, appear 
to be the most effective of all regulation schemes in 
reducing the effect of transients. 


CONCLUSIONS 


The preceding discussion has made it evident that 
the problem of stability is not confined to long-distance 
high-tension transmission lines, where economical con- 
siderations require operation close to the power limit. 
With the growth of the nation’s power systems into 
widespread interconnected networks, and the con- 
sequent transmission of larger and larger blocks of 
power over short interstation tie lines, the problem of 
stability becomes vitally important, inasmuch as such 
short tie lines, on which depend reliability of service, 
may be operated too close to the power limit, with 
danger of instability. 

In general, the investigations discussed have been 
most gratifying because they have indicated in what 
direction engineers interested in the design and opera- 
tion of power systems should look for improvement. 
Furthermore, they have indicated that the real ad- 
vances in obtaining additional stability lie in the 
application of certain comparatively cheap types of 
apparatus—namely, devices for voltage regulation 
which fulfill the conditions of the ideal voltage-regula- 


; di 

1.0, Tp = 0. 
effected by changes in design of present synchronous 
apparatus—such as lengthening the air-gap or operat- 
ing the pole structures at high magnetic densities. 

To summarize, then, the following important con- 
clusions have been reached from the studies undertaken 
by the authors: 

1. The characteristics of synchronous terminal ap- 
paratus are of great importance in their effect on 
power-system stability. In fact, they may be of 
greater importance than the transmission-line character- 
istics. 

2. Automatic voltage regulators and suitable ex- 
citers are essential to obtain, under all conditions, the 
same power limit as could be obtained with manual 
control and slowly applied loads. 

3. The charging kv-a. of long transmission lines 
and extensive cable networks exercises more of a 
detrimental effect on stability than has been hitherto 
appreciated. 


tion scheme— Improvement may be 
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ystem Type Ohms Type Ohms erator Motor Volts Input lated Test 
1. Alternator, 500-mi. L-R line, 
co oe Saturated 29 .2* amaellh 9.9 4.8 2300 0 es 84 
2. Alternator, 250-mi. L-R line 
FIO GEE Hos Nc Oiaias: h oiek Seis sats Unsaturated 58.4 —- — eel: 4.75 sf 0 — 99 
ie Le = —- kD: 5.2 ee 50 = 1 
ae “ 7.7 6.0 “ 100 == 130 
3. Alternator, 250-mi. L-R line 
WIGUOT oa .s ate Peis tersu sss sows» 4 a Unsaturated 58.4 ae 7.35 oa 0 105 118 
4. Alternator, 250-mi. L-R line 
MOTORS Si wichste nee © soc'ws te 29.2 —— — 4.7 4.7 — 0 — 62 
ba! ee ———— — 10.1 4.7 2300 0 108 108 
‘a 4d —— —- 9.8 5.1 oa 50 = = 113 
oe S — — 10.3 5.9 ss , 100 — 132 
5. Alternator, 250-mi. L-R line 
THOGOR oo eters tastes hi el= ie alle. Saturated 29.2 — —— 2.15 2. —_ 0 — 21 
id =e — — 9.55 4.8 2300 a) 111 119 
“ “ — — 10.2 Oak cs 50 —= 135 
“= “ oad —_-— 11.0 5.9 ss 100 —— 152 
6. Alternator, 250-mi. L-R line, 
TAOUOR te werseieim ety osha eye @0 s 29.2 Unsaturated 29.2 9.9 10.0 sf 0 — 146 
Saturated 29.2 Unsaturated 29.2 9.95 10.3 2300 50 — 154 
4 a = sf ce 10.8 10.8 se 100 ——— 165 
a i a ee es 
* The saturated reactor has a reactance of 29.2 ohms at 2300 volts. 
TABLE X TABLE XIII 


POWER LIMITS FOR 500-MI. SYSTEM WITH SYNCHRONOUS 
CONDENSERS AT MIDPOINT AND AT RECEIVER END. 


CONSTANT EXCITATIONS 


ee 


Power Limits— 


Excitation—Amperes Initial Condition Kw. 
M.P R-E. Kw. 

Alter- | Con- Con- Motor | Calcu- 

nator | denser | Motor | denser Volts Input lated Test 
oer BIE? 4.7 1.3, 1725 (0) — 45 
SLD 3.25 4.7 1.6 1725 15 _ 56 
4.75 4.9 4.7 4.8 2300 0 92 93 
5.0 5.3 4.7 5.3 2300 50 — 101 
6.1 6.4 4.7 6.3 2300 100 128 120 


CES ere eee eS Cee 


TABLE XIV . 
POWER LIMITS FOR 500-MI. SYSTEM WITH SYNCHRONOUS 
CONDENSER AT MIDPOINT AND AT RECEIVER END. . 
CONSTANT VOLTAGES.* 


ee ee 2 eS Sn ee eee 
Power Limits—Kw. 


Voltages Calculated Test 
1900 92 103 
2100 115 ; 110 
2300 145 143+ 


EEE 


* Normal excitation on motor. 
+ System quite stable at 143 kw. but the power limit was not reached 


due to d-c. apparatus limitations. 
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TABLE XV 


COMPARATIVE POWER LIMITS FOR STRAIGHTAWAY AND 
“LOADED” SYSTEMS 


Power Limits— 


Kw. 
Condition of Calcu- 

System Operation lated Test 

1. 125-mi. straightaway.... normal regulators 260 

2. 250-mi. straightaway... . we = 168 155 
3. 250-mi. system with in- 

finite receiver......... ‘ a 213 — 
4. 250-mi. system with nor- 
mal condenser at mid- 

DOME! crise nates se se 190 — 
5. 250-mi. system with a 
“saturated’’ condenser 

| Av MIdPOME eee el 4 # 220 =o 

6. 500-mi. straightaway.... ze ui all 104 
7. 500-mi. system with a nor- 
"mal condenser at mid- 

1 OL ONAN Tins ORV ee oracles ¢ sd 150 136 
8. 500-mi. system with’ one 
normal condenser at 
midpoint and one at the 

receiver end*......... a — 143} 


* Regulator on receiver-end synchronous condenser. Field of motor 
constant at 4.7 amperes. 
+ System stable at 143 kw. 


apparatus limitations. 


Power limit not reached due to d-c. 


circuits of synchronous equipment in shop tests—showed 
real advantages. 

5. The criterion of stability under all methods of 
load application appears to be the steady-state power 
limit. 

6. To ensure stability during short-circuit dis- 
turbances, a well designed and adequately fast relaying 
system is essential. 

7. Results of good engineering accuracy can be 
obtained in the computation of system steady-state 
power limits by the application of available methods 
of calculation, although in the more complicated cases 


resort must be had to solution by the a-c. miniature . 


system. 


Appendix I 


DERIVATION OF CIRCLE DIAGRAMS FOR SYNCHRONOUS 
MACHINES 


(As developed by Professor J. M. Bryant) 


The characteristics of synchronous machines, when 
calculated by methods assuming constant synchronous 
reactance, are not sufficiently accurate when the 
machines possess an appreciable degree of saturation. 
In such cases the synchronous reactance may be con- 
sidered as a variable and a function of the voltage but it 
is more convenient to apply a magnetomotive force 
method than to use the synchronous reactance method. 
If we let 


P = per cent power (expressed as a fraction) 

P; = per cent reactive ky-a. 

E, = terminal voltage in per cent of normal 

F’, = the per cent field excitation to give the voltage E 


on open circuit as given by the saturation ° 


curve 


F, = the per cent field excitation to give normal 
armature current on short circuit 
F = the total field excitation 


I = the per cent armature current 
then 
ve BP; 
= ; 1 
1B bene Nts 5 (1) 


The field excitation to overcome the armature re- 
action and leakage reactance drop is: 


Bo 


rs Hella el) IS ue 
rT f alii 
= + - ft Ht —ft- i 
W 7 a LR aii | 
| 
4 + fa nn 
me fj m hot 
Lh / AV ALLS 
i oy 
/ [ fifi, / | 
| 
‘Se ° 1 1 f 2 
g hap 
O2 ‘ 
04 ~ 
Z | 
06 + { 
os 
OB 
g 
ho 
t 
2 
1A 
xy 
he 
16 | 
Fie. 38—Circre Dragram ror Syncuronous APPARATUS 


rr 2) 
and the total field excitation is: 
Fear. t5R.(= +j =) (3) 
or 
Eiger ean. | 
F, F.E, +) FE, &) 


— 
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Reducing to absolute values 


Petey (ety. 
F,E, + F,E;, ig FP? (5) 
lene fs 

Letting Fr, 7% (6) 


(1 ad Eo ) tad? ) ie 
ae A Cr ere wy 


This is the equation for a family of circles of radii 


F 
Soe having the center displaced upward unit distance 
t 


Pd H dee . 
Di eee. ~ axis. 


E These circles are given in Fig. 38. 
t 

This circle diagram in conjunction with the circle 
diagrams for the transmission lines may be used to 
obtain the power-voltage characteristics of the system. 
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teady-State Stability in Transmission Systems 


alculation by Means of Equivalent Circuits or Circle Diagrams 


BY EDITH CLARKE! 


Associate, A. I. E. E. 


Synopsis.—The maximum load on a proposed transmission 
system must be within the steady-state power limit of the system for 
stability of operation. Two methods of calculating steady-state sta- 
bility are given in detail and illustrated by examples. (1) The given 
transmission system is replaced by a simple equivalent system; then 


graphically. (2) By means of a circle diagram the system is tested 


for stability with the maximum proposed load on the system. 


All formulas from published references necessary for the calcula- 
tions are included and all calculations are given in full so that 
similar studies can readily be made by an engineer who has not 
previously made a study of the subject of stability. 


the steady-state power limit of this equivalent system is determined 

HE object of this paper is to give two methods of 
| Rees the stability of operation of a proposed 

transmission system under steady-state conditions. 
The calculations will be given in detail so that 
the engineer who has not previously made a study of 
the subject will have no difficulty in applying the tests 
for stability to his system. The first method is by 
means of an equivalent circuit and the second by means 
of a circle diagram. Both methods are based on 
theorems which are exact, but in order to fit the trans- 
mission system to the theorems certain assumptions 
must be made. The results will therefore be approxi- 
mate to the extent to which the assumptions approxi- 
mate actual conditions. 

Formerly when a transmission system was proposed, 
it was customary to make the line calculations for 
voltage regulation and losses for the maximum load 
conditions, and to select the generators, transformers 
and synchronous condensers to fit these conditions. 
There was nothing in such calculations to indicate 
that the system would be stable, but fortunately the 
length of line and maximum load have been such that 
cases of instability have been rare. At the present 
time when the tendency is for longer lines and greater 
loads, it is necessary to consider the question of stability 
both for steady-state and transient conditions. Steady- 
state stability only will be considered in this paper. 

In steady-state stability the assumption is made that 
the load comes on in infinitesimal amounts so that the 
transient caused by one increment is over before the 
next increment is added. The criterion of steady- 
state stability is this: Assuming that the system is 
operating satisfactorily under the assumed load con- 
ditions, will it continue to operate satisfactorily if an 
increment of synchronous load is added and all ex- 
citations remain constant? When load is added there 
is an increase in current and a drop in voltage before 
there is any change in excitation. The voltage regu- 
lators then increase the excitations and normal voltage 
is obtained. If the load on the system is just the 
amount which can be transmitted at excitations which 
correspond to normal voltage, any increase in synchro- 
nous load will cause instability because the voltage must 
drop before the voltage regulators can increase the 


1. Control Station Engineering Dept., General Electric Co. 
Presented at the Midwinter Convention of the A. I. E. E., 


~ New York, Feb. 8-11, 1926. 


22 


excitations and at the given excitations no more power 
can be transmitted. Therefore, when the voltage 
starts to drop it will continue to drop, for there is no 
voltage at which the load can be transmitted with those 
excitations. 

When a generator and motor are on the same bus, at 
no-load, neglecting no-load losses, their induced volt- 
ages are in phase. Keeping the excitations on motor 
and generator constant as the motor is gradually 
loaded, the phase displacement between the excitation 
voltages of motor and generator increases with load 
until the machines fall out.of step. The load at which 
the machines fall out of step is the maximum load and 
the angle is the maximum power angle. This angle and 
the. power corresponding to it can be calculated. 
Power corresponding to an angle greater than the 
maximum power angle can also be calculated although 
it cannot be delivered. 

In the simple transmission system consisting of a 
synchronous generator supplying power to a synchro- 
nous motor over a line having resistance and reactance, 
but no appreciable capacitance or leakance, the maxi- 
mum power that can be transmitted over the system, 
and the angle between the generator and motor excita- 
tion voltages corresponding to maximum power, are 
not difficult to calculate. This simple system will be 
stable under a proposed load if the phase displacement 
between the synchronous generator and synchronous 
motor excitation voltages corresponding to the proposed 
load is less than the phase displacement which corre- 
sponds to maximum power on the shaft of the motor. 
When a transmission system consisting of generators, 
lines with distributed constants, and the usual station 
load can be replaced by the simple transmission system, 
the maximum power that can be transmitted over the 
system is easily calculated. In studying steady-state 
stability by means of equivalent circuits an attempt — 
is made to replace the complicated transmission system 
by the equivalent simple system. 


EQUIVALENT LINE 
Dr. E. A. Kennelly? has shown that a line with dis- 
tributed constants can be replaced by either an equiva- 
lent 7 or T line in which the constants are lumped. The 
a line consists of a line with a shunt at each end and 


2. “Application of Hyperbolic Functions to Electric Engi- 
neering Problems.”’ 
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the T line of a line with a shunt at the center. The 
nominal 7 is formed by placing the total impedance of 
the actual line in the line or architrave of the z and one- 
half the admittance in each shunt or pillar. The nomi- 
nal T is formed by placing one-half the total impedance 
of the actual line in each arm of the T and the total 
admittance in the shunt or staff. The nominal 7 and 
T lines are not exact equivalents of the actual line, but 


1.0 
= 
0.95 fe 
< = 
= = 
—— 
ee 0.90: s 
S 23 
4 085 & 
@ 2 
B 
0.80 
075 
0 5000. ‘10,000 15,000 20,000 
FREQUENCY, CYCLES PER SECOND X LENGTH OF LINE, MILES 
25~ 0 100 200 300 400 500 600 700 800 
oo )FOOhVMVMYI 
60* 0 50 100 150 200 250 300 350 
LENGTH OF LINE - MILES 
Fig. 1—Compiex Hyperspouic FUNCTIONS 
ANE 
eosh ¥y ZY ee ire Or i Gs 
sinh ¥ Z Y 
— Z 
VZY =1+ aia = Bit Bo 
nh Zaye {2 2 
tn ae / as git! +7 Y2 
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by applying connecting factors to them the equivalent 
aw and T lines are obtained which are exact equivalents 
of the actual line. 

Correcting Factors for Converting the Nominal 7 or T 
Line Into the Equivalent or T. The correcting factors 
which must be applied to convert the nominal a or T 
sinh / Z Y 
ees —— 10 Desap+ 

Sy Awe 


@ 
plied to the architrave of the 7 and the staff of the T and 
tanh (./ Z Y/2) 
wi ZY /2 
and the arms of the 7. 
Z is the total conductor impedance and Y is the 
total dielectric admittance. For short lines the nomi- 
nal 7 or T line is the same as the equivalent z or T. 


Fig. 1 gives the real and imaginary parts of these 
correcting factors. For convenience the real and 


into the equivalent 7 or T are 


to be applied to the pillars of the 
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imaginary parts of cosh / Z Y are also given in Fig. 1. 
To Obtain the Correcting Factors from Fig. 1. 
Let cosh / ZY = a1 +7 a2 


sinh / ZY ; 
VZY = 611+) Be 
tanh («/Z Y/2) 
7s em en 2 


Calculate f land r/x, where f is frequency in cycles per 
second, J is length of line in miles and r and « are the 
resistance and reactance respectively. 

Enter the chart using the product of frequency and 
length of line (or length of line at given frequency) as 
abscissa and read off the real parts ai, 61 and yi: of 
the three vectors corresponding to the calculated value 
of r/x, using the scale on the left. The imaginary 
parts d2, 8. and ‘2 have been divided by r/x. Read 
d2/(r/x), Bo/(r/x) and 2/(r/x), using the scale to the 
right. To obtain a, 8. and y2 the values taken from 
the curves must be multiplied by r/z. 

Fig. 1 was made by replacing the hyperbolic functions 
by their equivalent series, expressing Z and Y in terms 
of resistance, capacitance and inductance (leakance 
neglected), and. giving the results in terms of r/x and 
f l, making use of the fact that the product of inductance 
and capacitance is practically constant for overhead 
lines. See Appendix B. 

Power at a Point Within the Equivalent +. The 
a—line viewed from either end is an exact equivalent 
of the line with distributed constants but the current 
and voltage at any point in the architrave of the z do 
not correspond to current and voltage on the actual 
line. Let the z-line in Fig. 2 be the equivalent 7 
of the line A B with distributed constants. Although 
the current at d is the same as the current at B, the 
eurrent at c has no counterpart in the actual line. The 
power at d is the same as the power at B, but the power 


Bd 
Z3>- Y3 Z3>- Ys 
A B ‘| i 
+ Ht 
Fig. 2—A. Linz A B wits DISTRIBUTED CONSTANTS 


B. EQUIVALENT « = LINE 


at c is the power at d plus the powerglostyin shunt”Z.. 


When the power is known at b and c it,can be calculated 
at a and d. 
SYNCHRONOUS IMPEDANCE 

It is understood that the synchronous impedance of a 
synchronous generator or motor is not constant. 
However, given the characteristics of the machine and 
the conditions of operation, it is possible to find an 
equivalent synchronous impedance which may be con- 
sidered constant for the case under consideration. In 
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the work which follows constant synchronous impedance 
refers to this equivalent synchronous impedance. 

For the synchronous condenser it is necessary to 
find an equivalent excitation as well as an equivalent 
synchronous impedance. This is discussed at greater 
length in Appendix E. 


EQUIVALENT GENERATOR 


If a system consist of a synchronous generator and 
synchronous motor, both of constant synchronous 
impedance, connected by a line with a shunt at the 
generator end, this system can be replaced for all 
points beyond the shunt by a system unchanged 
beyond the shunt, but having a new generator whose 
impedance is the impedance of the generator and shunt 
in parallel and whose excitation voltage 
E,’ E 44, WA E BSD 

a 2 aT 21 1 Ze, 
actual generator excitation voltage, Z, is the generator 
impedance and Z, is the shunt impedance. 

This will be an exact equivalent, for the power at 
breakdown on the two systems will be same. The 
proof is given in Appendix C (0). 


where E, is the 


EQUIVALENT MoToR 

If a system consist of a synchronous generator and 
synchronous motor, both of constant synchronous 
impedance, connected by a line with a shunt at the 
motor end, this system can be replaced for all points in 
front of the shunt by a system unchanged up to the 
shunt, but having a new motor whose impedance is 
the impedance of the motor and shunt in parallel 


Z2 Z, 
/42 


5 are: a 
one whose excitation voltage E, B, TAT, 


Z; eA: 
= 1, Boas’ where EF, is the actual motor excitation 


voltage, Z, is the motor impedance and Z, is the shunt 
impedance; but power on the fictitious system corre- 
sponding to breakdown power on the actual system 
occurs when the phase displacement between the 
generator and equivalent motor excitation voltages is 
the total impedance angle of the fictitious system plus a 
constant angle, 2 (62 — 6.2’), where 6, is the impedance 
angle of the actual motor and 6,’ is the impedance angle 
of the equivalent motor. The proof is given in Ap- 
pendix C (6). 


EQUIVALENT SYSTEM AND VOLTAGE REGULATORS 


If a system consists of a synchronous generator and 
synchronous motor, both of constant synchronous 
impedance, connected by a line with a shunt at each 
end, voltage being maintained at the ends of the line, 
this system can be replaced for all points of the line by 
a system consisting of the same line without shunts, 
a generator whose impedance is the impedance of the 
actual generator and shunt at the generator end in 


parallel and a motor whose impedance is the impedance 
of the actual motor and shunt at the motor end in 
parallel; but power on the fictitious system correspond- 
ing to breakdown power on the actual system occurs 
when the phase displacement between equivalent 
motor and generator excitation voltages is the total 
impedance angle of the fictitious system plus 2 (02 — 62’) 
where 6, is the impedance angle of the actual motor 
and 6,’ the impedance angle of the equivalent motor. 
The proof is given in Appendix D. 

When 2 (0.— 6’) = 0 deg., the fictitious system 
becomes an equivalent system, for the power at break- 
down on the two systems will be the same. When 
resistance is neglected in the motor and motor end shunt 
2 (6;— 62!) = 0 deg. or 360 deg. 

Since no limitation is placed on the shunt impedances 
in the proofs given in the Appendix, in addition to 
representing the capacitance in the line, they may 
represent reactors, resistance load or any other dead 
load. 


EQUIVALENT CIRCUIT METHOD 


Graphical Solution. When the actual system has 
been replaced by the equivalent simple system, the 


A 


Fie. 38—A. EQuivaLent TRANSMISSION SYSTEM 


B. GrapuicaL DETERMINATION OF Maximum PowER 
OvER THE EQUIVALENT TRANSMISSION SYSTEM 


maximum power which can be transmitted may be 
obtained graphically. 

Let Fig. 34 represent the simple equivalent system, 
where 

Z;, =r+jx = the impedance of the equivalent line. 

Zi r, +9 x, = the actual generator impedance. 

Zi’ =17;' +j 2x, = theequivalent generator impedance 
formed by taking the shunts at the generator end of the 
line in parallel with the generater impedance. 

Zo =, +) 42 = the actual motor impedance. 

Zy' = 12’ +9 2’ = the equivalent motor impedance 
formed by taking the shunts at the motor end of the 
line in parallel with the motor impedance. 

E, = excitation voltage of the actual generator 

E, = excitation voltage of the actual motor. 

E,' = excitation voltage of the equivalent generator 


Feb. 1926 


BE,’ = excitation voltage of the equivalent motor 
ee 
Lae 
Es, = terminal voltage at the generator end of the 
line. 
Es = terminal voltage at the receiver end of theline. 
Z, = +tjetri’ +74,’ +72’ 4 9%’) =R,+7X; 
=21 ef %t 
= total impedance of the equivalent system. 
0; = tan = = total impedance angle. 
t 
6. tan" at = impedance angle of the actual 
motor 
; i Paks ; 
6.’ = tan-'——- =impedance angle of the equiva- 
lent motor. 


Calculate a’ = 6; + 2 (@2— 6.’) 

Since there are no shunts in the equivalent or ficti- 
tious system the same current will flow in all parts of 
the circuit. Taking current as standard phase, lay off 


Q BA PeHl (ro'4+7 x2’) +I (r+j 2)4+l (ri'+7 41’) 
to any convenient-scale, Fig. 3B. The value of this 
scale will be determined when the construction has been 
completed and the position of point O determined. 

There are two conditions which determined the 
position of point O. 


1. a’ = 0,42 (82— 42’) 


2. The ratio between the magnitudes of E's and E's 
or between EL,’ and EL.’ is known. For a regulated line 
Es, and EH: are given, and for a line without voltage 
regulators EL,’ and E,’ can be calculated from the known 
values EL, and EF». 

Consider the case of the regulated line: To satisfy 
the first condition join P and Q and at P draw PR 
making an angle (90°— a’) with PQ. With R, the 
intersection of P R with the perpendicular bisector of 
PQ, as a center and R P as radius describe are P Q. 
If point O lies on this arc, the first condition will be 
satisfied. To satisfy the second condition, find a series 
of points whose distances from A and B are in the ratio 
E,/Es and draw a curve through them. O will lie on 
the intersection of this curve with the are P Q. 

The scale of the vector diagram is determined, for 
OB=E:. All voltage drops are now given in terms 
of Es. Es is known, therefore all voltage drops are 
known and the current can be calculated. The power 
factor angle, 6, can be measured. 

Maximum Power at B = Es.I . cos 0. 

~ The impedances, voltages and currents may be 
expressed in ohms, volts and amperes respectively or 
in per cent, as is most convenient. 
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Algebraic Solution—Resistance Neglected. When re- 
sistance is neglected and equal voltages are maintained 
at the ends of the line a simple formula can be derived 
for the power delivered. 


Let 
X,’ = the equivalent generator reactance. 
X»’ = the equivalent motor reactance. 
X = the equivalent line reactance. 


Vs = magnitude of line terminal voltages, 
E, and Es. 


Since resistance is neglected the total impedance 
angle is 90 deg. and this is the breakdown angle of the 
equivalent system. Laying off the voltage drops as 
described above, Fig. 4 is obtained. Since resistance is 
neglected, the power at all points of the circuit is the 
same. Since the line terminal voltages are equal, the 
power factor at S, the center of the line, is unity. 


A 


Fig. 


Over the equivalent transmission system, when resistance is neglected 


4—GRAPHICAL DETERMINATION OF Maximum PoWER 


Maximum power = Powerat S = E,.I .cos @ where 
E, is the voltage at S, J = current and cos 6 = 1. 


B2-08=Q8 .SP=1(x/+—-) (1+) 
iOS 7=0.8 Ba = 2-P(=) 

foes i per 1 iy Vine Sanath age 

a INE te XG OK 
ot ay + (X1'+ ) (2: acca 
Ne eee) 
Pera Ee lo = rP 


von (er) (ee) 
(Beet) (H44) 


When Vs = 
*This equation was first developed by Mr. C. A. Nickle. 


(1)* 


100 per cent and the motor and generator 
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have the same impedance (X,’ = X»’), equation (1) 
becomes 


xX 
Coane: 
on ee (2) 


elise ee) 


When X = O, which is the case for a motor and 
generator on the same bus, 


Pikes == (3) 


Xi! 
When X,’ = X,’ = O, which is the case for infinite 
busses at the ends of the line, 


if 

| EE vies = 4 

e (4) 

APPLICATION OF THE FICTITIOUS OR EQUIVALENT 
SYSTEM TO STEADY-STATE STABILITY PROBLEMS 


1. Effect of Capacitance in the Line. The effect of 
the capacitance in the line upon the stability of the sys- 
tem is apparent, for when the impedance of the shunt at 
the generator end of the equivalent w—line is taken 
in parallel with the generator impedance, the impedance 
of the equivalent generator is greater than the actual 
generator impedance. The same is true at the motor 
end. Therefore capacitance in the line, although it 
reduces the line impedance by the correcting factor 
B, has the effect of increasing the generator and motor 
impedances and thus may reduce the power that can 
be transmitted over the line. 

Example: Take a 220-kv., 300-mile, 60-cycle line, 
connecting a synchronous generator supplying load to a 
synchronous motor. For simplicity neglect resistance 
in the line, generator and motor. The fictitious system 
then becomes the equivalent system. 

Assume the following line constants per mile: 

x = j 0.818 ohms per mile and y = 7 5.22 x 10-*mhos 
per mile. 

The correcting factors, 8 and y, from Fig. 2 corre- 
sponding tof x J = 60 300 = 18,000 and r/x = Oare 
6 = 0.9387 +7 0and y = 1.088 +70 

The equivalent z-line has the architrave impedance 
0.9387 X 7 0.813 x 300 = 7 229 ohms and the pillar 
admittance 1.033 x 7 5.22 x 10-*§ x 300/2 = 7 0.00810 
mhos, or the pillar impedance — 7 1233 ohms. 

. Assume that voltage is held on the high side of the 
transformers at 220 kv. at each end, and express the 
above reactances as per cent on a 100,000-kv-a. base. 

X = 47.3 per cent = line reactance 

X; = X, = — 254 per cent = shunt reactances 

(a) Assume a 100,000-kv-a. generator and an equal 
motor, each of 100 per cent synchronous reactance. 

Let X; = generator + transformer reactance = 112 
per cent on 100,000-kv-a. base. 

X» = motor + transformer impedance = 112 per 
cent on 100,000-kv-a. base. 


Transactions A. I. E. E. 
X,X3 
X,’ = equivalent generator reactance = nae 
X,X4 
X,’ = equivalent motor reactance = Semis rare 
Then 
f (112) (— 254) * 
XW =X = ah 200 per cent 
The maximum power by equation (2) is 
: ae 
Xi’ + 9 2.00 + 0.24 
Pnas = 0.055 + 5.00 


ESrcres) 


= 44.4 per cent on 100,000-kv-a. base = 44,000 kw. 
b. Assume a 45,000-kv-a. generator and an equal 
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Fig. 5—Maximum Syncuronovs Loap DELIVERED OVER 220- 
Ky., 60-Cyciz,, Transmission Lines or Various LENGTHS 


When resistance is neglected. Synchronous generators and motors 
assumed to have equal synchronous impedances. (Transformer impedance 
included in generator impedance) 


motor, each of 100 per cent synchronous reactance on 
their own rating, and 45,000-kv-a. transformers of 14 
per cent reactance. 114 per cent on 45,000 kv-a. = 254 
per cent on 100,000 kv-a. 


(254) (— 254) 


Ay Sek = (254 — 254) = «6, and P =), 
If there were no capacitance in this line X would be 
2.54 + 0.252 ele 
O04 per cent 200 Lae (D6 eS0 Saeed 
35.5 per cent on 100,000-kv-a. base 
= 35,500 kw. 


CURVES FOR ESTIMATING MAXIMUM POWER 


The curves in Fig. 5 were calculated for 60 cycles and 
various lengths of line, assuming reactance of 0.813 
ohms per mile and capacity susceptance of 5.22 x 10-8 
mhos per mile, 220 kv. was maintained at each end of 
the line, resistance was neglected in the line and in 
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the generators and motors which were assumed of 
equal synchronous impedances. 

These curves can be used as a first approximation. 
They give a rough idea of the power which can be trans- 
mitted. Resistance is neglected, so the values for that 
reason are optimistic, but the load is assumed all 
synchronous motor load, which is pessimistic. These 
values should be used for estimating purposes only, 
or to show qualitative effects on the system. 

For example, given that the generator and motor 
impedance (plus transformers) are 112 per cent on 
200,000 kv-a. or 56 per cent on 100,000 kv-a. from the 
curves in Fig. 5, 738,000 kw. can be transmitted over 
a 500-mile line and 118,000 kw. over a 250-mile line. 
These values indicate the order of magnitude of the 
maximum power which can be transmitted. 

If two 500-mile lines, instead of one, connect the 
generator and motor in the above example, the generator 
plus transformer impedance per circuit is 112 per cent 
on 100,000-kv-a. base and only 18,000 kw. per circuit, 
or 36,000 kw. total, can be transmitted over the two 
lines as against 73,000 kw. over one line. .- 

2. Reactor Across the Generator Terminals. If a 
reactor is placed across the generator terminals the 
effect is opposite to the effect produced by the capacity 
shunt, The reactor reduces the equivalent generator 
Impedance so that more power can be transmitted over 
thesystem. It must be remembered that the excitation 
on the generator is increased by the use of a reactor, but 
when full field is not being used on the generator, a 
reactor increases the power that can be transmitted by 
the same amount that a generator of the same rating 
would do. Since reactors are cheaper than generators, 
a reactor of the size that would put full excitation on the 
generator can be used to advantage to increase the 
stability of the system. 

3. Power Limits of a Long Line. 

a. Limit of the line alone. 

b. Limit of the line and transformers. 

c. Limit of the line transformers and generator. 

d. Limit of the system with various kinds of load. 

1. Synchronous motors. 
_2. Lights and synchronous motors. 
3. Lights, induction motors, synchronous 
motors and synchronous condensers. 
4. Same as (3) but with a generator supplying 
local load. 

A line with generator and transformers will be selected ; 
then the maximum power will be obtained for the speci- 
fied conditions. 

Given: ; 

A three-phase, 60-cycle, 250-mile line. 

Line constants: r = 0.151 ohms per mile 
x = 0.813 ohms per mile 
y = 5.22 micro-mhos per mile 
Leakance = O. 
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Step-up transformers: 270,000 kv-a. total 
2 per cent resistance 
12 per cent reactance 
13,200—220,000 volts. 
Step-down transformers: 240,000 kv-a. total, 
2 per cent resistance 
12 per cent reactance 
210,000-18,200 volts 
Generators: 270,000 kv-a. total 
0.9 power factor, 18,200 volts | 
100 per cent synchronous impedance. 
Voltage regulators will maintain 220 kv. and 200 
kv. at the generator and receiver ends respectively on 
the low sides of the transformers (assuming a one- 
to-one ratio of transformation). The magnetizing 
current in the transformers will be neglected. 
Conductor impedance = Z = 250 (0.151 + 7 0.818) 
= (37.8 +7 203.2) ohms 
Dielectric admittance = Y = 250 (O +7 5.22 < 10-*) 
= 7 0.001305 mhos 
Step-up transformer impedance = T', = (38.59 + 7 21.5) 
ohms, referred to high side 
Step-down transformer impedance 
j 22.1) ohms referred to high side 


aT ee (Stee 


(34.5+j 194.6) Ohms 


y3 mhos 
"> mhos 


T; 


(0.0028+j 0.668) 10 
(0.0028+j 0.668) 10 


Fic. 6—EQUIVALENT + OF THE TRANSMISSION LinE ALONE 


Generator impedance = Z, = O + 7 179.2 ohms re- — 
ferred to high side. 
From Fig. 1 corresponding to fl = 15,000 and r/x 


= 0.186 


cosho/ZY = A* =a, +] ad = 0.8700 + 0.0236 
sinh «72. : 
a | By = 0.9563 + 7 0.0080 
VZY Sta peed fe i) 
Le YFe2 : 
(ante / = 71+ 9 Y2 = 1.0227 — 7 0.0043 
7 AX f2 


Since voltage will be held on the low sides of the 
transformers it will be necessary to express the line 
as an equivalent 7-line, then adding in the transformers, 
obtain a T-line which represents line and transformers. 
This T-line can be replaced by its equivalent 7-line.* 
A fair approximation can be obtained by adding the 
transformer impedances directly to the architrave 
of the equivalent 7. 

Figs. 6, 7, 8 and 9 give the equivalent 7 of the line 
alone, the equivalent T of the line alone, the equivalent 
T of the line and transformers, and the equivalent 7 


*T'o be used for circle diagram following. 
3. “Application of Hyperbolic Functions,” Appendix E. 


28 


of the line and transformers. Fig. 10 gives the equiva- 
lent 7 of the line alone with the transformer impedances 
added to the architrave impedance. The equivalent 
a of the line and transformers can also be obtained 
from the circuit constants representing the line and 
transformer used in constructing the circle diagram. 

The limit of the line alone and of the line and trans- 
formers may be obtained by using equation (7) Ap- 
pendix C (a). 

ViVe V2 

Z G aaa? cos 


terminal voltages at the generator and receiver ends 


fete 0), where V, and V2 are 


(19.84) 103.9) Ohms (19.8+j 103.9) Ohms 


(-0.0104-+] 1.248) 
10° mhos 


Fig. 7—EaQvuivaLtent J or THE TRANSMISSION LinE ALONE 
(23.445 125.4) Ohms & (23.544 126.0) Ohms 
a8 
oS 
+ 
Se 
aS 
S 
i] 
Fic. S—Eaquivatent JT or THE LINE AND TRANSFORMER 
Z5=(89.6+j 232.1) Ohms 
= 2 6 g 
cz) —= 
& JS ele 
22sa © e 
tes ol 
a +6| ‘> 
So geld 
= os 2 
i=} C qd ~— 
=. | els 
> 2 aS) 
oy > 
Fig. 9—EQUIVALENT + OF THE LINE AND TRANSFORMERS 


a 2 
4 (41.8+ j 238.2) Ohms = 
- S 
ey 2 
S > 
le bie 
S S 
S Ss 


Fig. 10—EQUIVALENT zs OF THE LINE ALONE 


With transformers impedances added to the architrave impedance 
(approximate) 


respectively, Z is total impedance, and 6 total im- 
pedance angle. 

a. Limit of the line alone with 220 kv. and 200 kv. 
maintained at the generator and receiver ends of the 
line respectively on the high sides of the transformers. 

From the equivalent 7 of the line alone, Fig. 6. 

Z = 34.5 +7 194.6 ohms 


z = 198 ohms, 0 = 80 deg: 
220 200 
a a SA a 
V/3 V/3 | 200 
= 187,000 kw. 
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The power lost in the shunt must be subtracted to 
obtain the power delivered to the load. 


0 
200 200,009 .0000028) 
/3 V3 


Power lost in shunt = 8 X 


= 112:kw. 
Limit of the line alone = 187,000 kw. 
b. Limit of the line and transformers with 220 
kv. and 200 kv. maintained at the generator and receiver 


Z= 5179.2 Ohms 4 


Cc d 
Ej B 


Z;= (39.6 +) 232.1)Ohms 


=(9.5 -j 1472) Ohms 
Z,4-(9.9-j 1479) Ohms 


2705! 
i 


Fig. 


With synchronous generator and motor. 
referred to the high side. 


11—EQvIVALENT 7 OF THE LINE AND TRANSFORMERS 


Impedances are in ohms 


ends respectively on the low sides of the transformers 
(assuming a one-to-one ratio of transformation). 

From the equivalent z of the line and transformer, 
Fig.9 

Z = 89.6 +7 232.1 

z = 235.6 ohms, 0 = 80.3 deg. 


220 x 200 200 j 
maz = 985 6 [ mpage eee) r| 
= 158,700 kw. 
Power lost in shunt = 200 x 200,000 (0.0000045) 
= 180 kw. 


Inmit of the line and transformers = 158,500 kw. 

c. Limit of the line, transformers and generator, 
with 220 kv. and 200 kv. maintained at the generators 
and receiver ends respectively on the low sides of the 
transformers (assuming a one-to-one ratio of trans- 
formation) is obtained by assuming a motor of zero 
impedance or an infinite bus at the receiver end. 


E, A Go oh 
Z}: (0.04+j51.1) % Z,=(9.94+j58.0) % 


48-j370) % 


Fie. 12—EquivaLtent Circuir or Linz, 
GENERATOR AND Motor 
Impedances are in per cent on a 100,000-kv-a. base. 
voltage = 200 kv. 


TRANSFORMERS, 


100 per cent 


Fig. 11 represents the line with end shunts and a 
motor and generator each of constant synchronous 
impedance. The power at d, that is the power de- 
livered to the load, will be the power at c minus the 
power lost in Z,. Fig. 12 gives the equivalent circuit 
with the impedances in per cent on a 100,000-kv-a. 
base. 100 per cent voltage = 200 kv. The shunt 
Z; has been combined in parallel with the generator 
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impedance. The shunt Z,; has not been combined with 
the motor impedance. 


The voltages and impedances in per cent from Fig. 
12 are 


E', = 110 per cent, Es = 100 per cent, 

Z,'= (0.04 +7 51.1) per cent, Z,’ = O 

Z; = (9.9 + 7 58.0) per cent, 

Z, +4; +Z,’ = (9.9 +7 109.1) per cent = Z, 

a’ = maximum power angle = 6, + 2 (0@.— 62’) = @, 


84.7 deg. 


Making the graphical construction as described 
above, Fig. 13 is obtained. From Fig. 13 


BP 
punce.) B = 100 per cent: voltage, J = ——=—/z, 
OB 
1.845 
= F095 ~ 1.685 = 168.5 per cent current. 


Power factor at B = 0.84 lead. 

Power at ¢ = 1x 1.685 x 0.84 = 1.415 

141.5 per cent on 100,000-kv-a. bas 
= 141,500 kw. ; 

Power lost in shunt Z, = 180 kw. 


Fig. 13—GrapuHicat DETERMINATION OF Maximum Power 
WITH AN InFINITE Bus at THE RECEIVER END 


Limit of theline, transformers and generators = 141,300 kw. 
d. Limit of the system with various kinds of load. 
1. Synchronous motor load of total capacity 170,000 

kv-a., 85 per cent synchronous impedance. 

Z. = motor impedance on 100,000-kv-a. base = 50 per 

cent 


VA A 
Za LZ 
= (0.07 +7 57.8) per cent 
Fig. 14 gives the equivalent circuit. 


Z; = total impedance = (10.0 + 7 166.9) per cent 
6, = total impedance angle = 86.6 deg. 


Aig = impedance of equivalent motor 


6, = impedance angle of actual motor = 90 deg. 


k 


7 


6,’ = impedance angle of equivalent motor = 89.9 deg. 
2(62 — 02’) => 0.2 deg. 

= 6; + ye (Os =~ 02’) = S61. deg. 

Using the equivalent circuit given in Fig. 14 and 


making the graphical construction as described above, 
Fig. 15 is obtained. 

Since O B = 100 per cent voltage, J = 112.5 per cent 
current and 
Power factor at B = 0.948 lead. 
Powerlat'c="15< 13125 < 0.948 ‘=. 1.06 

= 106,000 kw. 
Power lost in shunt Z, = 180 kw. 
Maximum power that can be delivered to the load 
= 106,000 kw. 
2. Resistance load of 30,000 kw., synchronous 


Z5= (9.9+458.0)% 
Bi | E, 
Zi= (0.04+j51.1)% A ae B 7) = (0.07+ j57.8)% 


Fre. 14—EQuIvVALENT CiRcuIT FOR SyNcHRONOUS MoTOR 
Loap 


motors of total capacity 170,000 kv-a. with 85_per cent 
synchronous impedance. 
R = resistance of the resistance load shunt 
= 1333 ohms 
= 333.3 per cent on 100,000 kv-a; base, 200 kv. 
Z.' = impedance of Z,and FA in parallel = (184 — 7 165) 
per cent 
Z, = impedance of actual motor = 50 per cent 


Fig. 15—GrarnicaL DrTERMINATION OF Maximum Power 
FOR A SyncHRoNOUS Motor Loap 


Z.Z4' 
Z, + LZ’ 


(9.8+ 7 56.1) per cent 
Z, = total impedance of equivalent circuit = (19.74 
+ 7 165.2) per cent 
6, = 83.2deg. = total impedance angle. 
a’ = 6.+2(0.— 62’) = 83.2 deg. + 2 (90 — 80.1 deg.) 
= 103.0 deg. 
The graphical construction is given in Fig. 16. 
Since O B = 100 per cent 


VASE 9 = impedance of equivalent motor 
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I = 138.5 per cent and power factor at B 
= 0.90 lead 
Powerat c = 1 xX 1.385 x 0.90 = 1.248 
= 124,800 kw. 


Power lost in the line shunt Z, = 180 kw. 
Maximum power that can be delivered to 
= 124,600 kw. 

3. Lights, induction motors, synchronous motors 
and synchronous condensers. 

4. Same as (3) but with generator supplying local 
load. 

As voltage drops on an induction motor load, the 
power required by the load remains practically con- 
stant and the power factor becomes less lagging. A 
lightly loaded synchronous motor has the same charac- 
teristics. The induction motor load, therefore, may be 
replaced by an approximately equivalent synchronous 
motor. 

A method of treating the synchronous condenser in 
the equivalent circuit is given in Appendix E. 

Examples of type (3) can be solved by the equivalent 


the load 


Fie. 16--Grapnica, DrerERMINATION oF Maximum Pownr 
For A Loap Partity RESISTANCE AND Partty SYNCHRONOUS 


circuit method but the solution with the circle diagram 
is more satisfactory than the solution by the equivalent 
circuit method available at present. An example of 
type (4) is solved by the circle diagram method. See 
example (3) following. It is hoped that systems more 
complicated than the one considered here as well as 
examples of types (8) and (4) will eventually be com- 
pletely represented by equivalent circuits. 


CIRCLE DIAGRAM METHOD 


The test for stability by this method is to assume a 
slight increase in load and to determine if by a drop in 
receiver voltage this new load can be carried with the 
excitations corresponding to the original load. 

When a system is operating at normal voltage and a 
load is added there is an increase in current at the 
receiver end and a drop in voltage. The power given 
to the additional load comes from the change in phase 


displacement between the sending and receiving end - 


equipment. Due to the drop in voltage at the load, the 
original load does not require the same power it required 
at normal voltage if it is the average station load. 
The kw. and kv-a. taken by the original load changes 
with voltage. If voltage slightly less than normal is 
assumed at the receiver end and the kw. and kv-a. 
corresponding to the original load at this voltage plus 
a small load increment can be transmitted over the line | 
with the given generator excitation, the system is 
stable, for the small increment is the contribution to 
the additional load made by the change in phase dis- 
placement of the system. For the limit of stability this 
increment approaches zero. 

The method of obtaining the general circuit constants 
of a transmission system and the construction of the 
power circle diagram from these constants has been 
described by Mr. R. D. Evans and Mr. H. K. Sels ina 
paper! before the Institute. 


GENERAL CIRCUIT CONSTANTS 
The same line, transformers and generator used to 
illustrate the equivalent circuit method will be used for 
the circle diagram. 
The constants of the line alone are: 
A =D =cosh VY Z = a + 7 d& =0.8700 +7 0.0236 


a7 Ne a ee ee 
ie VZY 7 Bio ba)e= . J ° 
5 SE ye , 
=e VZY = Bit 9 Be) 


= (— 0.0104 + 7 1.248) 10-3 


(1, G2, 8; and B. obtained from Fig. 1.) 

The circuit constants of the line and the step-up and 
step-down transformers, neglecting magnetizing cur- 
rent, are calculated from Item (g) of Messrs. Evans 
and Sels’ paper’. To include magnetizing current 
Item (j) should be used instead of (q). 


Ay =A OZ, = 0.8481 = 7 0.0279 

Be SB A Gast Det C Ze Ze=39, based 
Cy = C = (— 0.0104 + 7 1.248) 10-* 

D, =A+CZ, = 0.8424 + 70.0280 « 


Z, and Z, are the transformer impedances at the 
sending and receiving ends respectively. 

It is of interest to note that these constants can be 
obtained from the equivalent 7 including the line and 
transformer or the equivalent 7 can be obtained from 
these constants. Using the equations in Appendix)'F 
and referring to Fig. 9 
Z; = By = 39.6 + 7 232.1 


y.= Do 15.9 AE OASTC=9:0.0280) 
; By if 39.6 + 7 232.1 


= (0.0048 + 7 0.679) 10-3 


4. Power Limitation of Transmission Systems, TRANSACTIONS 
of the A. I. KE. BE. Vol. 48, 1924, page 33. 
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hate! (— 0.1569 + j 0.0279) 
1 = 


By 39.6 + 7 232.1 


= (0.0045 + 7 0.676) 10-3 . 
The circuit constants including the generator as well 
as the line and transformers are 
Avo = Ap + Zi Cy = 0.6193 + 7 0.0260 
Boo = Z; Dp + By = 84.59 + 7 383.1 
where Ao, Bo, Cy and Dy refer to the circuit constants 
of the line and transformers and Z, is the generator 
impedance. 


CONSTRUCTION OF THE CIRCLE DIAGRAM 
P (Pr +- | Ex?)? + (Qr a m Ex”)? =o" Ex? Ei 2* 
is the equation of the receiver power circle diagram in 
volt-amperes. If the question is expressed in kilovolt- 
amperes and divided by Ex‘ it becomes 
jee 
E.) 


This is a circle for receiver power in terms of the 
receiver voltage and the ratio between the sending and 
receiving voltages. The center of the circle is at the 
point — 1 10, — m 10°. 


( = + 110° y r ( ee + m 103 ) = (n 10: 


If 
Ay = 4 +f] a 
and 
By = Ro Sal Xo 
a a, Ro + AeXo 
Re + Xe 
a, Xo — a2 Ro 
eRe Xe 
1 
VR? + X¢? 


Two circle diagrams will be drawn; one for the line 
and transformers and the other for the line, transformers 
and generator. Since they are both for power at the 
receiver end in terms of receiver end voltage, they will 
be drawn on the same chart. The ratio of the voltage 


on the low side of the transformer at the generator end. 


to the voltage on the low side at the receiver end for 
normal operation has been assumed 220/200 = 1.1. 
One circle with E,/E, = 1.1 will be drawn in the dia- 
gram for the line and transformers. A series of circles 
with the ratio of the excitation voltage of the generator 
to the receiver voltage having various values will be 
drawn for the line, transformers and generator. 
For line and transformers: 
1 x 10? = 0.72, m <X 10° = 3.50;.n X 10° = 4.24 
The dotted circle in Fig. 17 has the center — 0.72, 
— 3.50 and the radius 1.1 x 4.24 = 5.67 
For line, transformers and generator: 
LX 10% = 0.21, m x 10% = 1.60,” X 10° = 2.60. 
*Equation (28), A. I. E. E. Transactions, Vol. 43, page 36. 


+Circle Diagrams for Transmission Systems, R. D. Evans 
and H. K. Sels, Electric Journal, December 1921. 


ve 
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The solid circles in Fig. 17 have their center at the 
point — 0.21, — 1.60. They are drawn for various 
ratios of the generator excitation voltage to the receiver 
voltage. 

The ratio of the active and reactive power at the load 
in kilovolt-amperes to the square of the receiver voltage 
in kilovolts is given by the dotted circle at all loads for 
which the ratio of the sending to the receiver voltage 
in the circuit consisting of the line and transformers is 
1.1. The ratio of the generator excitation voltage to the 
receiver voltage for these same loads may be read from 
the solid circles. 

The problems already solved by means of the equiva- 
lent circuit will now be solved by the circle diagram. 

b. The power limit of the line and transformers at 
the specified voltages is obtained from the dotted circle 
at the point where the tangent to the circle is vertical. 
At this point kw;/kv? = 3.95, and kw, = 3.95 
x (200)? = 158,000 kw. 

ce. The power limit of the generator, line and trans- 
formers is obtained from the dotted curve at the point 
where the tangent to the solid circle is vertical. At this 
point kw,/kv? =. 3.58, and kw, = 3.54 x (200)? = 
141,200 kw. 

The limit of the system with various kinds of load 
can not be determined directly by means of the circle 
diagram. A certain load must be assumed and then 
the system tested for stability with this load. If the 
system is stable, a larger load should be assumed, but if 
unstable, a test should be made with a smaller load. 
If this process is continued until a load is obtained for 
which the system is stable, but for which there is no 
margin, this will be the maximum power of the system. 


To TEST FOR STABILITY ON THE CIRCLE DIAGRAMS 


Calculate kw,/kv,2 for the given load at normal 
voltage and find the corresponding point on the dotted 
circle. The ratio of generator excitation voltage 
to receiver voltage is read from the solid circle cutting 
the dotted circle at this point, and the generator excita- 
tion voltage calculated. Assume a receiver voltage 
slightly less than normal and calculate the active and 
reactive power of the load corresponding to this voltage, 
assuming constant excitations. Divide the active 
and reactive power in kilovolt-amperes by the square of 
the assumed receiver voltage in kilovolts and locate 
the point on the diagram. Read H,/EH, at this point 
and calculate E,, the generator excitation voltage. If 
this value of EH, is equal to or less than the excitation 
voltage calculated at normal voltage the system is 
stable. It is sometimes more satisfactory to select a 
receiver voltage slightly above normal as well as one 
below normal; then when the corresponding calculated 
generator excitation voltages are both higher than the 
excitation voltage corresponding to normal receiver 
voltage, the assumed load is the power limit. 

1. Given: 170,000-kv-a. synchronous motor, 85 
per cent synchronous impedance. 


OX 
bw 


It has been shown by the equivalent circuit method 
that 106,000 kw. is the maximum power that can be 
delivered to this motor. Testing by means of the circle 
diagram, Fig. 17, for a load of 106,000 kw., point A, 
located on the dotted circle for kw,/kv,? = 2.65, 
gives the generator excitation voltage from the solid 
circle passing through A as 242 kv. at normal receiver 
voltage. Point A’ corresponds to 98 per cent receiver 
voltage and A” to 102 per cent receiver voltage. The 
corresponding generator excitation voltage in each case 
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Fig. 317—Crircitr DiacraM FOR THE TRANSMISSION SYSTEM 
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Fie. 18—Crrcite Diagram ror SyncHronous Motor or 
GENERATOR OF Constant SYNCHRONOUS ImpEpANceE, 100,000- 
Ky-a. Bass 


is just about 242 kv. which indicates that 106,000 kw. 
is very near the limit of stability. Fig. 18 was used 
to calculate the reactive kv-a. of the synchronous 
motor assuming constant excitation. This method 


of calculating will be given in greater detail under 
Example 3. 
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2. Given: Resistance load of 30,000 kw., and the 
synchronous motor of example 1. 

The power delivered to a resistance load varies as the 
square of the voltage. The power delivered to a shaft 
load is practically independent of voltage. Points 
B, B’ and B’ on the circle diagram give the generator 
excitation voltages corresponding to receiver voltages 
of 100 per cent, 98 per cent and 102 per cent respectively 
for a load of 120,000 kw., and points C, C’ and C” the 
corresponding values for a load of 130,000 kw. The 
system is stable at 120,000 kw. but unstable at 130,000 
kw. 

3. Given: Total load of 180,000 kw. of which one- 
third is resistance load, one-third induction motor load 
and one-third synchronous motor load. The induction 
motors have an average power factor of 0.7 lag at normal 
voltage. The synchronous motors have 100 per cent 
synchronous impedance, are 75 per cent loaded and are 
operated at unity power factor. A 100,000-kv-a. 
synchronous condenser is placed at the load. The 
generators at the receiver end of the line, having total 
capacity of 100,000 kv-a. and synchronous impedance 
of 100 per cent, supply 45,000 kw. to the load and part 
of the reactive kv-a. needed for voltage regulation. Is 
the system stable? 


100 Per Cent Receiver Voltage 


E, = 200 kv. = 100 per cent receiver voltage. 

vee = 135,000 kw. = total power over the line. 

ee Wr é : 

Ee mina. 3.375, determines location of point 

D on dotted circle, Fig. 17. 
Q, 
5 = 1.28 read at point D, Fig. 17. 

Oz = 51,200 kv-a. = total reactive power over 
the line. 

E/E, = 1.385, obtained from solid circle passing 
through D. 

E, = 277 kv. = excitation voltage of generator 


at sending end. 
PatQmn = 60,000 + 70 = synchronous motor load. 


R = 60,000 + 7 O = resistance load. 
P, — Q, = 60,000 — 7 61,000 = induction motor load. 
(a. = + 7100,000 = reactive kv-a. of condenser. 


— (P,—jQ,) = — (45,000 — j 12,200) = 
generators at receiver end. 


load on 


Sum = 135,000 + 7 51,200 = total load over line 
at 100 per cent voltage. 

XG. = 125 per cent = per cent synchronous impe- 
dance of motors on 100,000-kv-a. base. 

oe = 100 per cent = per cent synchronous impe- 


dance of generators at receiver end on 
100,000-kv-a. base. 
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(Pa Qa) xX, 
Xm E2 = 0.75 + 7 O where P,, and Q,, are Re = 0.185 read from Fig. 18 corresponding to 
in per cent on 100,000-kv-a. base. H,/E,and X, P,/E, 
m/E, = 1.25 read from Fig. 18. Q = +7 103,000 from Fig. 19. 
Ep, = 250 kv. = excitation voltage of synchronous Ono 3-9 770 
motor. Q, = — J 59,500, from Fig. 20. 
(Bs + Q,) Qs — (— 7 13,000) 
X 4g Maine 0.45 — 70.122 where P, and Q, are 
in per cent on 100,000-kv-a. base. 
E/E, = 1.21 read from Fig. 18. 
E, = 242 kv. = excitation voltage of generator at 
receiver end. 
98 Per Cent Receiver Voltage m 
E, = 196 kv. = 98 per cent. 5 
R- = 57,600 kw. = resistance load. = 
P,, = 60,000 kw. = watt component of synchronous S 
motor load. & 
P, = 60,000 kw. = watt component of induction 
motor load. A'S 
P, = 45,000 kw. = watt component of load on AY J) 
generator at receiver end. 0.60 hn 
P, = 132,600 kw. = watt component of total load hf} 
over the line at 98 per cent voltage. Late 40. 50 60 70 80 90 100 
PERCENT FULL LOAD 
P, 2h ot4n Fie. 20—VarRIATION oF Power Factor oN AN AVERAGE 
EE? eas Inpuction Motor wits Loap anp VOLTAGE 
En 250_ Q, = +7 57,270 total reactive kv-a. over the line. 
= = 1275: 
E, 196 Q, 
5 =+ 91.49 
AN ee 125 5D ‘ 
= 0.78. 
E? (0.98)? Pp Os ; ; 
oes 3.45 +7 1.49, determines location of point D’. 
ue E,/E, = 1.41, obtained from solid circle passing 
w throug Di as 
# 100 E, = 276 kv., excitation voltage of generator at 
S the sending end. 
= es Since H,, the calculated generator excitation voltage, 
g at 98 per cent receiver voltage is less than E, at 100 
aie per cent receiver voltage for the same receiver load, the 
a 5 system is stable. These calculations do not indicate 
S the load which can be added with stability maintained. 
70 They merely indicate that the system is stable under the 
Ae aA ae Oar 40, 80 120 oe 
LAGGING PERCENT REACTIVE Kv-a. LEADING assumed load conditions. 
Fig. 19—SyncuRronous ConDENSER CHARACTERISTICS When variation of kw. and kv-a. at the load with 
. ~ receiver voltage is known, the calculations are greatly 
Xm Qmn ; implified. (P,+ Q,)/E,? is then calculated for various 
= Fig. 18 corresponding to Simpune r 
Ee 0.01 read poe 3 2 : values of EL, and the corresponding values of E/E, 
; E,,/E,and Xn Pn/E? read from the circle diagram. 
: In the examples which have been considered a single 
sneer a whe = [235 generating station supplies power over one circuit to a 
E, 196 single receiving station. In more complicated systems 
where it may be necessary to cut and try, the circle 
XoPo 1.00 x 0.45 = 0.469 diagram can be used to advantage for the various parts 


av «© > (0.98)? 


of the system. 
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Appendix A 


NOTATION 
Z =r-+jau = ze? = any impedance 
x 
@) =tan— a impedance angle 


E = Ve? = any voltage vector 

V = magnitude of vector E 

a = phase displacement of vector EH from the refer- 
ence vector 


Z, = 2, e7" = generator impedance 

Z. = 2,e7" = motor impedance 

Z, = 2;,e/" = impedance of shunt at the generator 
end of the equivalent z-line 

Zi = 2,e7% = impedance of shunt at the motor end 


of the equivalent z-—line 


Z; = %;e’”* = architrave impedance of the equivalent 


a—line 
Z, = 2z,e’% = total impedance in the circuit 
Va bd zy' ef = mee Ze 
41+ 23 
= equivalent generator impedance 
Ne Z,Z4 
Z gees 2z i}! e/ 09 a 
say Z,+24 
= equivalent motor impedance 
Zi a Zs =H Lis = @1s5 gee: 
2» Sie Lie = Lo = £25 e7 Me 


Zi Zs + ZZ; + Ls Zs = La = hy ef od 

E, = V,e’™ = generator excitation voltage 

E,' = V,'e*™ = equivalent generator excitation voltage 
_E, = V,e’ = motor excitation voltage 

E,! = V.! e&™ = equivalent motor excitation voltage 
Es = terminal voltage at the generator end of the line 
Es = terminal voltage at receiver end of the line 


E, = sending voltage 

EH = receiver voltage 

Y; = admittance of shunt at the generator of the 
equivalent 7-—line 

Y, 


equivalent 7-—line 
P = active power in kw. or per cent 
Q = reactive power in kv-a. or per cent 


= admittance of the shunt at the motor end of the 


Pinoz = Maximum power 

“B.D. = phase displacement between actual genera- 
tor and motor excitation voltages at 
which the inachines fall out of step. 

“B.D. = phase displacement between the excitation 
voltages of the equivalent system corre- 
sponding to maximum power on the 
actual system. 


Appendix B 


cosh W/Z Y 
g ( Yh, We Z y2 ZB y3 The We ) A 
“Nbc. her Ter c0mele0s20 eae 
= 4+ 4} Qe 
sinh ANE =(1 LEN EOL Ye et TOY ) 
regen se ye a 
= Bi tj Be 
(tanh VZY) (sinh VZY)/VZY Bi +56 
WANG cosh bag  O1 +75 a 
. r . 
Lite AAS Hla pe ae ix(— i) = total conductor 
impedance 
Y =10+)7y) =ly.( +37) = total dielectric 
admittance 


ZY =Pa2y(-1+4) 


LetR2y <4 ffRLC = Fand— EN 


ZY =F(-1+j7K) 

ZY? = F? (1 — K*)—72K 

ZY? = F3{(—1+3K*) +j(8K—K* } 
“4Y*=F*{ (1-6K?4 K4)—j (4K —4 K?)} 
Substituting for Z Y, Z? Y? . . In the above series 


pur F, 
Stee mc mets: OA (1 — K*) + 759 (—1+ 3 Kk) 
F, ee 
F 40309. > 6 ee 
ENO ears ee Fs 
Aa fete eS eh 
( 2 + o4 ~ 720 + 40320 sea) 
Fp) SF 
Or co. | ae a, 
eal Mia | 
4 
4 iS 
IEA Grice Bee see 
| F. Fr? F3 F3 
iy a4 feet = ees ae. 
Gs ( 2 49°" O19 Ages és) 
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Fe je 2 
— 6 eS eaeae e J+... and Sm PP (LC — 0.29901 x 10-4) respectively, 
: ( : ‘ FP Fs F4 but the percentage errors depend upon the size of F 
1= Sas =p 120 ~ 5040 a 362880 aia ) relative to unity. 
Appendix C 
2 3 ° . 
_ k ( ti “y PF i ie ) Conjugate vectors will be used in the proofs which 
120 1680 60480 follow. A vector EL, of magnitude V, making an angle 
m a with the reference vector may be written H = V 
edhe ( ar ) De (cosa +7 sina) = Ve’ =a +76, its conjugate vec- 
362880 iis tor will be written H = V (cosa—jsina) = Ve” 
=a—7b. 
F F? F3 Fs ; : 
a 4 = ee Represented i conjugate vectors it can be proved 
( eeCuen gov t-  ) 
fe 5 that Power = = = TE Sf) 
73 ay eee 
50 o07a0 +) 
a. Power Exchanged Between a Generator and Motor 
tanh /Z Y/2 Connected by a Line Without Shunts. Let Fig.: 21 
ey = +) ¥: represent a synchronous motor and generator both of 


Tanh \/Z Y/2 corresponding to a given value of f 1 is 
the same as tanh \/Z Y corresponding to one-half of 
this value of fl. Tanh ./Z Y/2 for a given value of 
f l was obtained from the previously calculated values of 


sinh ey, pl! ; 
———_ and cosh \/Z Y corresponding to one- 


oY 
half of the given value of f/. For the range covered in 
‘ tanh VZY/2 
calculating — G2, B2 and ‘Y»2 are so small 
VL Y/2 


in comparison with ai, 6; and y, that the magnitude 

of these vectors is the same as the real parts and the 

angle inradians is equal to its tangent,7.e., 9 = sin 6 
A, +7 As 


= tan-6,and cos 0 = 1. 
“6: OB 
=a) ay bia ay ¥r Bi )| 


tanh ./Z Y/2 
VZY/2 

The above equations give di, d2, 61,82 yi and Y2 
in terms of K =r/z and F = f?? (477LC). Since 
L Cis practically constant for overhead lines, the values 
are known when f/ and r/xz are given. In calculating 
these series L C was taken as 0.029901 x 10-° which 
corresponds to S/D = 20, where S is flat spacing in 
- feet and D is diameter of the conductor in inches and 
L = 0.0021421 henrys and C = 0.013960 microfarads. 

The calculations for A and @ were carried to five signif- 


icant figures. 


Git 5 6 
SNE EAT a a Ot eared ie 


If the product LC is different from this assumed: 


value, the same percentage error will occur in F' and 
approximately the same in the imaginary parts of all 
_ three factors. Consequently, correction for this error 
‘ean be made. The errors in the real parts a, and 61 
are Soe cettely 2 ua f?k (LC — 0.029901 x ase 


oe 


Ra ye WOY——— E, 


——-l 


Fie. 21—Syncuronovus GENERATOR AND Motor ConnecTED 


BY A LINE WITHOUT SHUNTS 


constant synchronous impedance connected by a line 
without shunts. 


E,— E, Ae 
where FE, and EH,» are excitation volt- 


Heras 


ages and Z is the total impedance 
between them. 


2P=H,I+E#,I 
- £,(“> =) +4 ( sy 


If FE, 2 1s the reference vector, then 
Ee = iH, = V2 e = 
HE, = Vi e/ , By = Va Ca 


NAB hey aie ‘ 
ae mai =f e-) 


Vi Ve 


V, 
Ve V¥s | costa 9) yrensd | 
1 


I 


(5) 


With constant values of V; and V, maximum power 
occurs when cos (a— 0) = 1 


“.@ = 6 = tan? Br (6) 
Via V. V2 en | 
mesg Mihir cos)) (7) 


When V, and V; are in volts to neutral and zis in 


Pienas 


*“Caleulation of Synchronizing Power,” by E.S. Henningsen, 
G. E. Review, Nov. 1921. 
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ohms P will be in watts per phase, but if Vi, V2 and 
z are in per cent P will also be in per cent. 

Tie Line Between Two Stations. If V; and V2 are 
the terminal voltages at the ends of a tie line, equation 
(7) gives the maximum power which can be transmitted 
across the tie. 

With constant voltage, Vi, and constant phase 
displacement, a, the value of V. corresponding to maxi- 
mum power obtained by differentiating equation (5) 
with respect to V2 is 


7 V, cos (a— @) 3 
at 2 cos 0 (8) 
ia = @0 
7, eee 9 
27 = $2 cosié 2) 


If V, has its maximum allowable value determined 
by the insulation voltage and V. can not be greater 
than V,, equation (9) shows that for an impedance 
angle, 6, greater than 60 deg., maximum power is 
obtained when V, equals V,, but for values of 0@ less 
than 60 deg. maximum power is obtained when V, is 
less than V3. 

b. Hquivalent Generator or Equivaient Motor. Let 
Fig. 22 represent a synchronous motor and generator, 


E, Eg 


22—SyNc.:RONOUS GENERATOR AND Motor ConnectTEp 
BY A LINE WITH A SHUNT 


Fig. 


both of constant synchronous impedance, connected 

by a line with a shunt. 

Z, = generator impedance or impedance from neutral 
of generator to point A 

Z, = motor impedance or impedance from neutral of 
motor to point A 

Z., = shunt impedance 

Es = voltage at point A 

To prove: (1) For all points beyond junction A, 

the actual system in Fig. 22 can be replaced by the 

equivalent system given in Fig. 28, where the shunt 

and generator have been combined in parallel into an 


: : ZZ; 
equivalent generator of impedance Z,’ = a Z. 


if 


Z 
excitation voltage H,’ = E, ow and the power at 
1 


breakdown on the actual system is the same as power at 
breakdown on the fictitious system; and (2) for all points 
in front of junction A, the actual system in Fig. 22 
can be replaced by the equivalent system in Fig. 24, 


where the shunt and motor have been combined into 


and 


Z.Zs 
an equivalent motor of impedance 2,’ = ar Gs and 


Wh Ns 


excitation voltage HE,’ = EH, a and power at break- 


down on the actual system will be represented by the 
power on the fictitious system corresponding to a phase 


‘ A b Z, 
E, —WWt—00). > + Wt 0000. — 2 
ers | Zs —+] 
VZ+Zs 
23—GENERATOR AND SHUNT OF Fig. 22 REPLACED BY 


EQUIVALENT GENERATOR 


Fig. 


displacement between motor and generator excitation 
voltages equal to the total impedance angle of the ficti- 
tious system plus the constant angle 2 (0,— 62’), 
where 6, is the actual motor impedance angle and 0,’ = 
the fictitious motor impedance angle. 


Proof: Inthe Actual System Represented by Fig. 22 
7 Ex— E>. 
2 toa VE 
Ey, — Ba Ea 
Rico jeecla fe Zr a>, 
R BE, 2,2,+ 4.24, 2, 
An Ti Dd te Es Ce 0) 
as Ei, Z, — Ee (Zi + Zs) 
2 2 ee ar (11) 
ie EB, (4, + Z,) — EZ, 
1 2 lah Za a 


Let P. = power on shaft of motor. 

2 P» = hI, + Ey, 

_ pp, EaBa= Bs Ci $2) 

Bre Lae Ly Le Late 

"Zi L2+ZiZe+ ZoZn 
LetZ:Z2+2:2,+ 2.2, = Za = 2,¢" 


Z ss Li id “is EAS e7 es 
Z» + a = Zo = aie ef bs 


+E 


@1s 
ed 


&s 
Po=Vi Vo cos (a+6,— 6a)—-V2 COs (O1.— 64) 


(13) 
For maximum power with constant excitations . 
cos (a + 0,— 04) =1 and 


“B.D. = value of a at breakdown = 0, — 6,, and (14) 


— cos (6a— 01.) (15) 


Panay ae zs 
F d @d 


Ali 
2 2 


An inspection of equations (13) and (15) shows that 


g 
) 


+ 
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increasing the excitation of the generator increases the 
power on the shaft of the motor, but increasing the 
motor excitation does not necessarily increase the 
power. 

With constant generator excitation, H,, and constant 
phase displacement a, the value of V2 corresponding to 
maximum power obtained by differentiating equation 
(13) with respect to V; is 


V2, cos (a+ 0,— 0;) 


Vo Zee COS Oy — O4:) (16) 
Lites oe i, 
V s 
V: ss (17) 


ST ee een 


Equation (17) gives the critical value of V» for a 
given value of V;._ If V. has this value, an increase in 
motor excitation will result in less power and the system 
will become unstable. 

Consider the power at point a just in front of junc- 
tion A. 


1 power at point a, Fig. 22 
J) EE OP ae ae Ore 
ES = aery LA's £2 %,22,COS( 82+ 6,— Oo.)— Vor21262 cos 6, 
2 
V2 Va ter 2.22, C058. (a + 02,— 0,— 8,) 
— z,2 Zz, cos (a + 62) } | (18) 


The system falls out of step when a = °B.D. = 
62— 6,3; see equation (14). Substituting a = 0,— 6, 
in equation (18) 


P? (max) '= [V 1? 22 2s 22s COS (82+ 6.— 425) 


Za" 
—V 22; 2,2C08 0; + Vi Vo {2125 %2¢C08 (8g + O2,—61—2 8.) 
— 22%, cos (0a— 0, + 62) } ] _ (19) 
1. In the equivalent system represented by Fig. 23 


Wo Ei E,—E,. __E,'- BE, 

Dies ie LAD rege aan GRR 
ee Zt 
Zi + Z, Zi + Z, 
a ES ZAZ: + Z,) BELZ.Z; 
ee 7.0, 42, 7, + T_T, 

and 

I (Z1 + Z;), (E,’ — BE) 


Z:22+4:12,+ 422, 


Z 


Z; s 
If E’ is replaced by iG (1 =F, Nae 


= 20 
Es - £442+414,+ 224s ( ) 

and 
pees Ee (21) 


2, £,+4:2,.+ 224, 


Equations (20) and (21) are identical with (10) and 
(11); therefore the power-voltage curves at constant 
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excitations, for points beyond junction A for the two 
systems will be identical. 


From equation (6) breakdown on the fictitious SYS- 


tem occurs when a’, the angle between EF,’ and B,, is 
equal to the total impedance angle 0,. 


ZZ; Z:22+2,:2Z,4+2.Z2, Z. 
fey SF Ze 414+ Z, Sele 
Re ere 2, eit 
Z1s 


OM = 6, = Ce — ie 


From equation (7) maximum power in the fictitious 
system on the shaft of the motor is 


P ABBE oe 0.) 
» (max) = ze Ds AY wer O oe 
7 : &s &d 
If V,’ is replaced by V, cgi ae by : and 6, by 
ifs: 1s 
(84 Ee 615) 
&s e1s 
P, (max) = V, V2 Be Vy cos (Cae 915) (22) 
d «d 


Equations (15) and (22) are identical; therefore the 


Fig. 24—Moror anp Suunt or Fig. 22 RepLaceD BY 


EQuivLent Moror 


equivalent system of Fig. 23 can replace the actual . 
system of Fig. 22 for points beyond junction A. 


2. In the equivalent system represented by Fig. 34 
BE, L225 =F B.! 2, (Ze al Zs) 


Fee PE AWE BEARS 2 
E e? (Zo = Z;) (EB, os Ey’) 
— £424+2:2,4+ 222, 
: . L225 Zs 
if H.’ is replaced by EF, LE Z, = Ex a, 


Hi, and I are the same as Ex and J, of the actual line 
as given in equations (10) and (12); therefore the power- 
voltage curves, with constant excitations, for points in 
front of junction A for the two systems will be identical. 


P, = power at point a, Fig. 24. 

2P,=EF,I+ Esl 

de 3 (Vi? @2 &s &23 COS (0,+6,— O25) 
za 


— V2" 20,2 21 COS 8; 
+ Vy V5" { 21 Payee cos (a’ = 0,) 
— 2» Zs 225 CoS (@’ + 2 + A, — 25) } ] (23) 
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rod 


In equation (23) replace V»’ by V>» ‘ and a’ by 
6, +2 (0.— 42") 
Since 

Zo Le La zd ir = Bie 2 
Teme Lae TR Ge Aa ef Fa — 8s) — 9 e!® and 
Vee lA. 2o8 , 

Piaes lier ae i) 5( 09 ++ 0s — 623) __ 7 05 
Be Z,+Zs ona es 
Q'= 6,+2 (0.— 62’) — b4- Oo,.+2 (Oo.— 0.) ay Oa+ 0,,—2 6. 


Fia. SHUNTS AND SYNCHRONOUS 


with END 
GENERATOR AND Motor 


25—LINE 


and equation (23) and equation (19) will be identical 
and the equivalent system of Fig. 24 can replace the 
actual system of Fig. 22 for points in front of junction A. 


Appendix D 


Proof that a line with end shunts, having a syn- 
chronous motor at one end and a synchronous generator 
at the other end, both of constant synchronous impe- 
dance, and voltage regulators at the ends of the line, can 
_ be replaced, for all points of the line, by a line without 
shunts and equivalent generator and motor. The 
impedance of the line will remain unchanged, the 
impedance of the equivalent generator will be the im- 
pedance of the given generator and the shunt at the 
generator end in parallel and the impedance of the 
equivalent motor will be the impedance of the motor 
and the shunt at the receiver end in parallel, and the 
power at breakdown on the actual system will be repre- 
sented by the power on the fictitious system corre- 
. ‘sponding to a phase displacement between motor and 
generator excitation .voltages equal to @,, the total 
impedance angle of the fictitious system plus the con- 
stant angle 2 (@.— 6.’), where 62 is the actual motor 
impedance angle and 6,’ the equivalent motor 
impedance angle. 

Let Fig. 25 represent the actual system and Fig. 
26 the equivalent system. 

It must be shown that with voltages maintained at 
the ends of the line, the power at c’ is the same as the 
power at c and the power at breakdown on the actual 
system is obtained on the fictitious system with an 
~ angle between equivalent generator and motor excita- 
tion voltages equal to 6,, the total impedance fuel 
+ 2 (A. — 02’). 

Let a = the phase displacement between. EL, and E., 


the excitation voltages of the actual gener- 
ator and motor in Fig. 25. 

a’ = the phase displacement between H,’ and Ey’, 
the excitation voltages of the equivalent gen- 
erator and motor in Fig. 26. 

8 = Phase displacement between E's and Es, the 

terminal voltages in Fig. 25. 
= Phase displacement between E14’ 
the terminal voltages in Fig. 26. 
With voltages maintained at the ends of the line in 
both cases, the power at c as a function of 6 and the 

power at c’ as a function of @’ are given by equation (5). 

With 6 = B’ the power at c’ is the same as the power at 

c, also the current in the line is the same in both sys- 

tems. With 6 known, a@ is determined and with p’ 

known, a’ is determined. As power over the line in- 

creases, 8 = #’ increases, and @ and a’ increase. It 

will be shown that the difference between a and a’ 

is constant for all loads, or a’ = a + y, where y isa 

constant angle. When the actual system breaks down 
with an angle °B.D.between motor and generator 

excitation voltages there is a certain definite power at c. 

For this same power at c’ on the equivalent system 

“B'.D.(value of a’ corresponding to “B.D.) 

SB AD ay 

If a’ = a + ¥ for all loads 
it will also be shown that “B. D. + y=6,+2 (62 — 6’) 
To prove: (1) With maintained voltages Es 
and Es at the ends of the line and the same power at 
c and at c’, a’ = a+ y, where y is a constant; and 


and Es’, 


< 
| 


(2),°B.D. + y = 0; +2 (02 — Bo"). 
Proof: (1) Let J be the current in the line for both 
systems corresponding to any given load. 
From Fig. 25 
Hier Hee > 
3 
~.81, 23 = Ba (2, + Zs) + Z, 231 (24) 
From Fig. 26 
: 2,23 
An = Be eae 
AZo Zaye, = ee Fe (25) 
= Beg Tn eke Le 
=WWY—$ 09 ew" poop. -B_, 0m WW—000— B, 
Fie. 26—EQuIVALENT SYSTEM For Fia. 25 
From equations (24) and (25) 
Ey! Z3 LZ Z; ae vane 2 
wee eee as 5( 61" — 61) 
E, 4,+ 23 Z, pay 270 1 ; : 
(26) 
In like manner 
E,' Za Z3 Ls Ze! 22 
ee J ( 02/ — 62") 
E, Zot+Zs LGES Tiote eer &2 ‘ 


(27) 
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From equation (26) EF,’ leads E, by the angle 
(6;’— 6,) and from equation (27) EF,’ leads E, by the 
angle (@2’ — @s) 

eke meets (Or = 0s) =-(0.'- 9.) = a ey 
ne Y = (81' — 61) — (0’— 62) = constant. 

(2) From Fig. 25 


seg 3 
1 PP as (28) 
Boe a= Es ss. Bs Ba-B, Es 
OD a= a ae 
(29) 


From (29) E's can be expressed in terms of E , and FE, 
and this value substituted in (28). 


(DASE 21 25+, Li Zs(Zi Z34+Z1 Z;+Z; 2 Zs) 


E: = 
[Z2 Zs + Zs (Zo + Zs) | 
[4125 + 23 (Zi + 23) |= Zp ZZ, Z: 
jae fy 2223 Zs + Be Zs (Zi Zs + Zi Zs + Ze Zs) 
ets Z2(Zs (Zi + Zs) (Zo + Zs) 
+ 2123 (Z. + Zs) + ZZ (Zi + Z3) | 
Oe 
ae 
— Bi 41 22 23 Zt: Z, Z24(Z, 2342, Z;4+Z; Zs) 
a Z1Z2 (Zi + Z3) (Ze + Zs) 
(z 1 Za Bi Z2 Zs ) 
ee OT p47, 
Ee 
— 
Zi23 ZZ jot 
butZ,+ Fy. FEA =F oo". 


where Z; = the total impedance of the equivalent system, 


and 6, = the total impedance angle, Fig. 26. 
Ey, Zi Lis ) ( Zs Zs ) 
Bee 2i2, 2, 4 2, ! \ Zn + Zi 


Be (Z1+ Zs) (Zs + Zs) + 2143 


7, Zl Ze 4 LALA) 


2 Poi= Bele E; - = 2 (power on shaft of motor) 


iP =ViVi— os etek Oi” + 6,'— 6,— 0.— 04) 


— V.2 (constant) 
_ For maximum power cos(a@ a 6, a7 62’ — 6,:— 82.— 0:) 
= land 
-°B.D. = 0,— (81' + 02’ — 61— 9s) 
-. “B.D. + yy = 6; +2-(02— 921) 
1 “B.D. = °B.D. + y = 6: + 2(82— 92") 


(30) 
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Appendix E 
Determination of the angular positions of the 
induced voltages of generator, synchronous motor and 
synchronous condenser when maximum power is 
delivered to the shaft of the motor and all excitations 
are held constant. 
Fig. 27 represents a synchronous motor of impedance 


Hig. 27—SyncHronous GENERATOR, Motor AND CONDENSER 
Z» and excitation voltage H, and a synchronous con- 
denser of impedance Z, and excitation voltage EF, 
having the same terminal voltage Hs. The total 
impedance from the neutral of the generator to this 
terminal is Z,. 


I Es— BH, 
ae VAs 
I E:— E, 
Cc fe 
F I I H,— Es Es— E, Ege aeke 
i c ae a Za “ae Vie Fa 
E, 
E 
0 es 
be 
Ey 
Fia. 28—PuHasrE ReEvaAtTion. or Excrration VOLTAGES OF 


GENERATOR, Motor AND CONDENSER 


BE, 22 Z, + E,2Z,Z, + B.2Z1Z, 


ea Sine 2h LILIES: TZ, 
7 2 Sa Ei Zit 2) +B Zs 
nts Z122.+4,:2,.+ 2:2 
I ~~ E,Z,+ E,.2Z,— E, (Zi + Zs) 
iat 1122+ 411:4,+ 22,2 
Let P, = power on the shaft of the condenser. 


P, = power on the shaft of the motor 
9 PS hale het 
Zee aS Pecks SATE 
Take EF’, as reference vector, then 
E,. = B, Vege eV 
E, = Vie" Co hes ent 


E, = V2 eae Es = V2 ef8 Fig. 28. 
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Zi ¥ 
Let AV tT NTT th 
Z ! 
c gb 
IRL ER 
Zi ee 
OE RENE CAS WAAR re 
Ae” + Be” = De” 
Ae + Gerv = Few 
2 Pa Oe Beale Ham eB.) 
+HE,.(Ce“h,+Ae"H,—F e-f E.) 


O = Vive costae 


+c) +V.2V_.A cos (8 — a) 
— V2F cosf. ; 


A 
cos (8 — a) + cos f 


; V 4 

.cos (a +c) = — aC V.C 
(31) 

Pa ee = ap (B eB, + Avet? he De” E,) 

ere i A 6b Den bs) 

= V,V,Becos(a+6+ 6) +V2C,A cos (8 + a) 

— DV cosd (32) 

Equation (31) gives a as an explicit function of 8. 
If this value is substituted for @ in equation (32) 
P; will be expressed in terms of 6 and known quanti- 
ties. To find the value of 8 for which P,isa maximum 
it is necessary to differentiate this equation. This 
does not give a simple formula for 8 corresponding to 
maximum power, but by using equations (31) and (32) 
it is possible to determine whether a given system 
carrying a specified load is stable or unstable. For the 
specified load P., a and Bare known. Since the excita- 
tions remain fixed, P, can only be increased by an in- 
crease in a and 6. Assume a slightly larger value of 
a=a’. From equation (31) calculate 6’ and from 
equation (32) calculate P.’ corresponding to the new 
angles a’ and g’. If P,’ is larger than P. then the 
system is stable under the load assumed. If P,’ i 
less than P, the system is unstable. 

When the motor is a fictitious motor made by com- 
bining the impedances of the shunts at the receiver end 
in parallel with the impedance of the synchronous 
motor, it is necessary to determine whether the power 
given to the actual motor increases or decreases with 
an increase in a and £. 


Neglecting resistance, equation (31) becomes 


P, 


VLA 
cos (a — 90 deg.) = — Voc 0s (8 + 90 deg.) 
a 
é ViA 
 sna= VC. C sin B 


For a condenser at the center of a line connecting a 
generator and motor of equal impedances, Z,; = Z., 
A= Cand-V, = V2. 

..sina@ = sin 6 and 


a = 8 
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P, =V2Bsin2e+V,V.AsinBg (32) 
a =2V/2Bcos268+ViV.A cos. 
d P» 
for maximum power. ac = O and 
2 (G4) +5 
a eg 8 a Bea (sy sv Dis 
A Z\ Xy 
since p= y= EX, 
Ve Ve = +4] V XG 2 1 
— — c a —- 
$088 ay ame N ay ees) es (33) 


Equations (32) and (33) may be used to obtain 
approximate values for the power transmitted over a 
line with a condenser at the center. 

Z, and FE, the synchronous impedance and excitation 
voltage of the condenser refer to the equivalent impe- 
dance and equivalent excitation voltage which can be 
obtained from the condenser characteristic at a given 
excitation. 

Let FE, = actual excitation voltage 

E,’ = equivalent excitation voltage 

E, = condenser terminal voltage 

X, = synchronous impedance at 100 per cent 
voltage and given excitation calculated 
from V curves. 


t 


X; = at 100 per cent voltage and given 


dl, 
excitation. 
When E, is close to normal 
ice Ee 1 1-H, 
ie x Peas 
Bex ff = Geek 1 
= ( ce > E; ) Pe! 
E,'—E; 
3 XY 
E, Ae ae (63 dE, 
ee pee _ 

é X, and X We 


Appendix F 

The equivalent 7 may be obtained from the general 
circuit constants, or the general circuit constants may 
be obtained from the equivalent 7. 

Let A, B, C and D be the general circuit constants. 
E, = the sending-end voltage 
E’, = the receiver-end voltage 
Z; = the architrave impedance of the equivalent 7 


Y; = the admittance of the shunt at the generator end 
of the line. 
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Y, = the admittance of the shunt at the receiver end 
of the line. 

I; = the current in the generator end shunt 

I, = the current in the receiver end shunt 


I 


I, = current at the sending end 


I, = current at the receiver end 
Using equivalent circuit constants, 
Be AL, BI: (34) 
i 6=— CE. 4D Je (35) 
From the equivalent 7, 
E, = E, a a. =5 I.) Zs 
=H,+U,+ LE, Y, Z; 
=H#,(1+ Y.2Z;)+ Z;1, (36) 


ae =1I,+1;+ 1, 
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a L, =e HE, Y, ais BE, Y3 

ree ents Me ee Ze Ye Zeul » 

T(L + ¥5 Zs) + BE (Ys+ ¥.4+_Y3 YuZ;). (37) 
Equating the coefficients in equations (34) and (36) 

and in equations (35) and (37), 


A I 1 + ye Zs 
B = Zs 
CYS Vea Yi+ Y; YeZ, 
D =i se Y; Zs 
Zs = B 
y D—-1 
ee B 
A-1 
Y, =— B 
Discussion 


For discussion of this paper see page 80. 


Practical Aspects of System Stability 


BY ROY WILKINS: 


Associate, A. [. E. E. 


Synopsis—During the past few years there has been much 
discussion regarding the behavior of long transmission lines under 
transient conditions, such as flashovers, short circuits, arcs and 


grounds which would tend to make them unstable, but unfortunately ‘ 


this discussion has been largely theoretical due to the absence of any 
actual operating data upon which to base assumptions. It has only 
been recently that an opportunity has been afforded to make field 
tests on one of the two existing 220-kv. systems and the results of 
such a series of tests made on the system of the Pacific Gas and Elec- 
tric Company are presented in the paper. 

This is the first instance where tests of this nature have been 
attempted and the lack of proper testing equipment proved a serious 
handicap. It was necessary to develop a special high-speed oscil- 
lograph wattmeter, a high-speed oscillograph filmholder and a pilot 
generator. Moreover the technique of testing was developed so that 


S transmission networks have grown in economic 
A importance and kilowatt capacity, the problem 

of stable operation has assumed an increasingly 
greater importance, culminating in 1922-23 in studies 
of the proposed long distance transmission of large 
blocks of power to important market centers in the 
Atlantic States. In the consideration of these pro- 
posals a detailed study of system stability was con- 
sidered essential. Preliminary theoretical analysis 
of the several problems encountered was presented at 
the Midwinter Convention of the Institute in 1924, 
and showed a decided lack of agreement on the methods 


_ of attack and the results obtained. 


1. Assistant Engineer, Division of Hydroelectric and Trans- 
mission Engineering, Pacific Gas and Electric Company, San 
Francisco, Calif. 

To be presented at the Midwinter Convention of the A. 1. E. E., 
New York, N. Y., February 8-11, 1926. 


wt was possible to secure oscillographic records 200 mi. apart by 
telephone signal. 

The tests established the following important facts: 

1. System stability as a problem is inextricably entangled with 
operating economics, and cannot be handled solely as a problem in 
design, except for very simple cases. 2. For any adequate conclu- 
sions to be reached much more fundamental data are necessary. 
&. Requisite equipment for obtaining such data is not now available. 
4. Studies of models and artificial transmission lines are not 
adequate because too little is known about the relative importance 
of the several factors to allow intelligent duplication. 5. Proper 
relay equipment and action is vital. 6. Oil-switch operation is an 
important factor. 7. Only a certain part of the stored energy of a 
system is available in any given case of trouble. 8. Operating 
distribution of excitation current is one of the major problems. 


Opportunity was afforded to carry out tests on one 
of the two existing transmission systems having long 
220-kv. transmission lines feeding a large load network; 
consequently a series of tests were carried out early in 
1925 on the transmission system of the Pacific Gas and 
Electric Company to secure definite operating data on 
several of the points in question. The data aceumu- 
lated on the test were an attempt to determine what was 
required on a network in order to predict its character- 
istics with respect to stability. It cannot be too 
strongly emphasized that data secured are for a specific 
condition on a given system and that such lack of agree- 
ment as evidenced in the calculations made in the past 
is due not so much to differences in mathematical 
treatment as to differences in assumptions made in 
regard to the relative importance of the several factors. 

In the tests these factors are naturally included in 
their proper proportion and place, and any calculation 
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made for the same conditions, to be at all adequate, 
must presuppose a thorough knowledge of all of the 
factors as well as of their relative importance. Artifi- 
cial lines and miniature equipment cannot be substi- 
tuted without such knowledge, for at best the results are 
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only a reflection of the assumptions made. The differ- 
ence between values in tests on an actual system and 
calculated or miniature equipment tests represents the 
numerical value of errors due to such assumptions. 

Given enough fundamental data on the network 
during trouble, the effect of such trouble may, with 
much patience and persistence, be calculated for very 
simple cases, but at least for the present the actual 
quantitative values for this fundamental data must be 
measured to insure any degree of accuracy in the final 
result. The tests as carried out are an attempt to 
evaluate at least a part of the unknown quantities, in 
order that the necessary assumptions for calculation 
may be at least reasonably correct. 


OUTLINE OF TESTS 


The points on the system of the Pacific Gas and 
Electric Company selected for the tests were Pit No.1 


Transactions A. I. E. E- 


TABLE I 
Nerwork Dara at Time or Test 


202 mi. of two-cireuit 220-kv. line connected to three power- 
houses and one substation. 

607 mi. of 110-kv. line connected to six power-houses and 10 
substations. | 

2039 mi. of 60-kv. line, connected to 19 power-houses and 162 
substations. 

8434 mi. below 60-kv. line connected to 100 substations. 

160 mi. of underground. 

27—Hydro plants having 69 units and 317,975-kv-a. capacity. 

4—Steam plants having 12 units and 142,000-kv-a. capacity. 
2—20,000-kv-a. synchronous condensers. 

2—12,500-kv-a. synchronous condensers. 

1—7500-kv-a. synchronous condensers. 

There were also, connected and operating in parallel, the Great 
Western Power Company, having 
196 miles of 165-kv. line. 

150 mi. of two circuit; 30 mi. of one circuit of 100-kv. line 

520 mi.—below 60 and above 20-kv. line, with: 

2—Hydro plants having nine units, 131,000 kv-a. 

4—Steam plants having nine units 30,800 ky-a. 

3—Synchronous Condensers having three units, 60,000 ky-a. 

The California Oregon Power Company having 200 mi. of 
66 ky. 

513 mi. of 60 and 38 kv. with 

10—Hydro plants having 16 units, 56,160 kv-a. 

The Truckee River Power Company with five hydro plants 
and 8650 kv-a. 

The Snow Mountain Power Company with 
107 mi. of line below 60 kv. and above 30 kv. 

1 Hydroelectric plant having 1 unit and 6400 kv-a. together 
with several smaller distributing networks to which the Pacific 
Gas and Electric Company wholesales power. 

There was on the Pacific Gas and Electric Company system 
approximately 1,500,000 h. p. connected load, of which the 
average yearly distribution is: 

35.0 per cent—Commercial and domestic lighting and heating. 

13.5 per cent—Agricultural power (mostly centrifugal pumps). 

3.0 per cent—Mining-power induction motors. 

21.0 per cent—Manufacturing power. 

8.0 per cent—Railway power. 

19.5 per cent—Miscellaneous power. 

The interconnected companies have roughly the same con- 
nected load per kv-a. generating capacity and the same general 
distribution of load. 

For the Pacific Gas and Electric Company the monthly load 
factor in December is about 61 per cent, for August about 73 per 
cent, and the yearly load factor 62.5. The daily load factor is 
65-79. 

Power-House, the generator end of the two 202-mi., 

220-kv. Pit transmission lines, and Vaca-Dixon Sub- 

station, the receiver end of these lines (see Fig. 1). 

Physical data on the system network at the time of the 

test are given in Table I. 

Pit No. 1 Power-House has installed two 35,000-kv-a., 
3-phase, 60-cycle, 11,000-volt generators driven by 
40,000-h. p. Francis turbines, each having a W R? of 
7,365,000 lb-ft. On the same 11,000-volt bus is also 
connected the two Hat Creek plants, each having one 
12,500-kv-a. turbine-driven generator, with 2,800,000 
W R?, 6600-volt, 3-phase, 60-cycle connected through 
6600- to 60,000-volt transformer banks and approxi- 
mately five mi. of double-circuit tower lines to a step- 
down bank 60,000/1100 at Pit No. 1. 


Connecting Pit No. 1 with Vaca Substation is a 202- — 


- 


™ 
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mi. double-circuit 220-kv. transmission line,? through 
two 11,000- to 220,000-volt delta Y-connected 50,000- 
kv-a. transformer banks at Pit No. 1 and through two 
200,000/110,000/10,460-volt 50,000-kv-a. banks at 
Vaca Substation. The Vaca transformer banks are 
Y-connected auto-transformers with a delta-connected 
tertiary from each of which is operated a 20,000-kv-a., 
11,000-volt synchronous condenser. At Vaca the power 
enters the 110-kv. network as shown in Fig. 1. At the 
time of test, one line was operating at 220 kv. and one 
at 125 kv., one bank at Pit No. 1 being temporarily 
reconnected and the line going to the 110-kv. terminal 
of the bank at Vaca instead of the 220-kv.; the 110-kv. 
is designated as No. 1 and the 220-kv. as No. 2 

The following is an outline of the schedule of tests. 


I. a. Start condenser at Vaca. 
b. Trip one condenser at Vaca. 
Run both generators at Pit, one leading and 
one lagging. 
a. Trip one. 
Running both generators at Pit. 
Trip one at 14 load. 
“ {9 <4 4 “ 
“ 34 “ 
Line switching at Pit. 
a. Switch out No. 2 line at Pit at 220 kv. 


dt. 


“ “ 


b. Z Gene) SéNaca at-220-kvs 
Vary and repeat. 
i Ground No. 2 line through fuse first tower out 
from Vaca bus. 
Repeat. 


TEST EQUIPMENT 
A description of the equipment used in making the 
tests is givenin Table II. The six-element oscillograph 
used at Pit No. 1 was a Westinghouse portable per- 
manent magnet type equipped with a special film holder 


using 614-in. films 24 ft. long and running up to speeds ; 


of about 1 in. per cycle. The 3-element was also a 
Westinghouse portable eermanent magnet type with a 
special holder, handling films 314 in. by 15 ft. at speeds 


TABLE II 
Test EQUIPMENT 


Pit River No. 1 Power-House: 

One 6-Element Oscillograph 

One 3-Element Oscillograph 

One 3-Element, 3-phase, oscillographic type wattmeter 

One Motor-Generator Set for measuring absolute change in 

phase position a 

One Generator for showing rotor phase angle position 

One Mechanical recording device to show governor action 
Vaca-Dizxon Substation: 

One 3-Element Oscillograph 

Two Recording Wattmeters 

One Motor-Generator same as that used at Pit No. 1 
Claremont Substation: 

One Esterline Wattmeter 


‘e 2. See TRANSACTIONS A. I. E. E., 1924. page 1148, Corona 
Loss Test. 
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M®asurine THE Foitowine QUANTITIES 


Line Switching—Angular Relations 
Pit No. 1 Power-House: 
Six-Element Oscillograph 
One—Pilot Governor 
Two—Motor Generator Set Voltage 


Same zero li 
Three—Generator Internal Voltage mame Zero line 


Four—Vaea, Voltage } 
Five—Generator Current i 2 at 
Six—No. 1 Line Current eon SMCHZErO Ine 


Three-Element Oscillograph 
One—Hat Creek Current 
Two—Generator Terminal Voltage 
Three—No. 2 Line Current 


High Speed Wattmeter 
1—Generator Power 
2—Hat Creek Power 
3—Line No. 1 Power 


Esterline Wattmeter 
1—Line No. 2 Power 
Vaca Substation: 
Three—Element Oscillograph 
One—100-kyv. Bus Voltage 
Two—Condenser Current on Line No. 1 
Three—Single-Phase Wattmeter-No. 1 Condenser Power 
Four—Differential 100-kv. Bus—Motor Generator Voltage 


Esterline Wattmeter 
One—Power Condenser on Line No. 2 
Two—Drum line 

Claremont Substation: 

Esterline Wattmeter 


Line Switching-Flux Relations 
Pit No. 1 Power-House: 
Six—Element Oscillograph 
One—Pilot Generator | 
Two—Generator Terminal Voltage 
Three—Generator Internal Voltage 
Four—Generator Current 


Same zero line 


Five—Field Current 

Six—Field Voltage 
Three—Element Oscillograph 
One—Motor Generator Voltage 
Two—Vaea Voltage 
Three—Generator Internal Voltage 


High Speed Wattmeter 


One—Generator Power 
Two—Hat Creek Power 
Three—Line No. 1 Power 


Esterline Wattmeter 
One—Line No. 2 Power 
Three—Element Oscillograph 


Same zero line 


One—100-ky. Bus Voltage 
Two—Condenser Current on Line No. 1 
Three—Single-Phase Wattmeter—No. 1 Condenser Power 
Four—Differential 100-kv. Bus—M. G. Set 
Esterline Wattmeters 
One—Power Condenser on Line No. 2 
Two—Drum Line 
Claremont Substation: 
Esterline Wattmeter 
Single Phase—Short Circuit 
Pit No. 1 Power-House: 
Six-Element Oscillograph 
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One—Pilot Generator Voltage teristics and a natural period of about 1/5, second, 
Two—Motor Generator Voltage Same zero line developed by the Westinghouse Company for the test, 
Three—Generator Internal Voltage see Fig. 2, calibration Fig. 3. 


Four—Generator Current There were three of these 3-phase meters in one case, 
Five—No. 1 Line Current 


Six—Hat Creek Current 


Same zero line 


oY 


Three-Element Oscillograph 030 1 Tt lol [ees 
| 7 | iF 
One—Residual Current 0.25 | | 
Two—Generator Terminal Voltage z +—4 1 7 
Three—No. 2 Line Current oz = | OF | : 
i sel oy 22 ete Jf tt 
High Speed Wattmeter a / a t | . 
: al oA “| [© 100w i ies with Potential 
One—Generator Power 2 i il, i, | liad a or | 
25 | o inseries with Potenti 
Two—Hat Creek Power Phe y YY rye |o 50w nseries with Po 2 
Three—No. 1 Line Power = a ea x20u in “ei Potential | 
; iat | aoe 
Esterline Wattmeter 005 / b { |_-4 | 
| | } _| 
One—No. 2 Line Power Vy aly eae Soles 
oe lee eeaieat Lee att 
Vaca Substation: ween prem Weer et Ome eas tue 


Three-Element Oscillograph WATTS 


: ‘ Fig. 3—CaALiBRaTION OF SAME (SInGLE-PHASE) 
One—Residual Current—3—220-ky. Bushing Transformer 


Two—Positive sequence voltage ; eds : 
Three—Single-phase wattmeter—el No. 1 and el No. 4 all working on the same film. ‘Timing was accomplished 


Four—Residual Voltage by interrupting the beam of light from one meter for a 
short time every '/10 second by means of a small 


Esterline Wattmeters ; ae / 
synchronous motor, giving indications shown as small 


One—Power of Condenser on Line No. 2 


Two—Power on Drum Line gaps in the record of one meter on the film. The 
ore OAS UD erator: films were 31{ in. by 55 in. and had a speed up to 15 in. 
Haterline Wattmeter per second. For measuring the absolute change in 


phase position a small motor-generator set comprised 
of a d-c. motor and an alternator with a fly-wheel was 
run from the station storage battery. There was 


up to lin. percycle. The oscillograph wattmeter was 
a moving coil instrument having three single-phase 
elements operating one mirror with straight line charac- 


Fira. 2—PonyrpHase HLEMENT or OscILLOGRAPHIC WATTMETER Fig. 4—Pinot GovERNOR 
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Fia. 5—Sercrion or 24-Fr. Fitm or a 6-ELEMENT OscILLOGRAPH 


Stability tests at Pit River Power-House No. 1, June 18, 1925, 11:40 p.m. 


El. No. 1—Field Voltage El. No. 4—Rotor Voltage 
No. 2—Field Current No. 5—Gen. Terminal Voltage 
No. 3—Generator Current No. 6—Gen. Internal Voltage 


— ee 


Feb. 1926 


Wl 


| me WV 
! il ll i] 


i} 


| } 
WRAGLAN 
| 


WILKINS: PRACTICAL ASPECTS OF SYSTEM STABILITY 


a a mn « J 
Fie. 6—Sxction or 15-Fr. Frum OF A 3-ELEMENT OscILLoGRaPH aT Pir No. 1 purinG FLASHOVER 
Stability Tests at Pit River Power-House No. 1, June 18, 1925 


El. No. 1—Residual Current No. 


AAA 


2—Gen, Voltage 


No. 3, No. 2 Line Current, B ¢ 
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7—F io oF O1-Circuir Breaker ACTION 


Stability Tests at Pit River Power-House No. 1, June 18, 1925, 10:35 p. m. 
El. No. 1—No. 2 Line-Current C¢ El. No. 3, No. 2 Line Current, A ¢ 


No. 2—No. 2 Line Current B ¢ 


mounted on the generator, with its rotor mounted on 
the end of the generator shaft, a remodeled ‘‘Ford’’ 
magneto having the same number of poles as the main 
generator, (see Fig. 4). This magneto, having no load, 
gave a true record of the field or rotor position at all 
times and its wave is referred to as the pilot generator 
voltage. There was also installed a mechanical record- 


No. 4 Residual Current 


ing device on the turbine governor giving governor 
travel. 

The 3-element oscillograph used was a Westinghouse 
electromagnet portable oscillograph, having in addition 
to the three elements, a single-phase wattmeter using 
the fourth prism and the same film. The film was 
34 in. by 55 in. and was run at speeds up to 15 in. per 
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Stability Test at Pit River Power-House No. 1, June 17, 1925, 11:40 p. m. 
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second. ‘There were also two special polyphase graphic 
wattmeters using high speed charts driven by synchro- 
nous motors. All of the data at Vaca was taken by 
telephone signal from Pit No. 1 as was also the switch- 
ing. This was satisfactory enough that the two sets of 
equipment 200 mi. apart were able to catch each test on 
the standard film within one-quarter of its travel. 


CHARACTER OF DATA 


It was necessary that the preliminary data be taken 


‘comparatively cheaply and without undue disturbance 


to normal operation, that the oscillographic records 
have a length in time sufficient to cover all of the 
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Fre. 10—OsctttoarapHic WATTMETER Recorp or Cirosing ONE LINE 
Stability Tests at Pit River Power-House No. 1, June 18, 1925, 12:12 a. m. 


El. No. 1—No. 1 Gen. Power 


transient and a speed sufficient to make individual 
eycles available for angular measurement. 

Fig. 5 represents that portion of a 24-ft. film during 
which switching took place, for opening a 220-kv. line 
AvarlveNOn Ls ; 

Fig. 6 is a portion of a 15-ft. film taken at Pit Nowl 
Power-House during one of the artificial flashovers at 
Vaca Substation. 

This shows the start of the flashover, the point at 
which the line cleared at Vaca, the point at which 
Pit No. 1 cleared, and on the original film 7 or 8 seconds 
record thereafter. 

Fig. 7 shows a portion of a film of an oil circuit breaker 
opening a 220-kv. line lightly loaded. There are shown 
the three line currents and the residual current. 

This record indicates the phase balance action be- 
tween phases when opening a polyphase circuit; the 
current ruptured by the last circuit breaker shows 
nearly four times the original phase current. 

Fig. 8 is the record by the oscillographic wattmeter of 
switching out the 220-kv. line at PiteeN os ah 
earrying 24,000 kw., thereby increasing the load 
on the 110-kv. line from 12,000 to 35,000 kw. 

The generator instead of dropping from 32,000 kw. 
to 12,000 kw. drops only about 3000 kw., and that 
only after */;. second. 

Fig. 9 shows these wattmeter records plotted on a 
common scale. 

Fig. 10 shows the reverse process, i. e., closing the 
2920-kv. line at Pit No. 1 and picking up load from the 
110-kv. line. This action is much more severe, takes 
place faster and causes more outside disturbance than 
the opening of a line. 

Fig. 11 shows this plotted to a common seale. 

Previous articles? on this subject have considered that 
when one of two parallel lines was opened, the output of 
the station feeding them dropped instantly to the load 
on the remaining line while the prime mover stored 
energy in the fly-wheel effect of the generator, releasing 
it to cause as great an overswing of output as the drop 
represented in kw-hrs. 

This view assumes that the energy absorbed must be 
shown in a change in velocity of the generator rotor 
caused mechanically by the prime mover, and that 
there is no damping action. The curves demonstrate 
that such is not the case and also that closing a line 
more nearly approximates it than opening one. 

3. See J. P. Jollyman, Journ. A. I. E. E., Sept., 1925, p. 950, 


Fig. 4. C. L. Fortescue, Jour. A. I. H. E., Sept., 1925, p. 955, 
Fig. 4. 
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In the writer’s opinion the same effect is obtained by 
changing the power-factor of the generator load be- 
cause this gives the same shift of the generator rotor and 
rotating armature field as a change in rotor velocity 
would, with the addition that it can take place as fast 
as circuit conditions permit. For a generator carrying 
load, the field poles occupy a certain position with 
respect to the rotating armature flux, any increase in 
load causes the armature flux to lag behind the field 
poles, 7. e., to come from the trailing edge of the pole 
if the power is constant. Given a constant load, a 
change in power-factor accomplishes the same result. 
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With such a pilot generator as used at Pit No. 1, these 
changes may be observed on an oscillograph. Any such 
shift in armature flux position absorbs from or delivers 
energy to the field structure rotating as a fly-wheel and 
it must take place before there is any tendency to change 
the speed of the prime movers. 


The rate at which energy can be absorbed depends on 
the electrical characteristics of the circuit involving a 
great number of variables among which is oil-circuit 
breaker action. No circuit breaker at present in use 
interrupts a circuit instantly, neither do they interrupt 
all three phases simultaneously because they interrupt 
the circuit at the zero point on the current wave of an 
are of variable length. When closing the contacts 
make contact mechanically at a predetermined position 
and the action is, therefore, much quicker and more 
uniform. All of these things cause.a change in wave 
shape in both current and voltage in all of the inter- 
connected circuits. In most of the tests described, the 
speed and length of film were sufficient to permit angu- 
lar measurement to be taken. 


It was found that the change in wave shape was 
sufficient to materially affect the results. 


On one ofthe tests, shown by Fig. 12, the several 
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TABLE III 
Harmonics Present Dorine ARTIFICIAL FLASHOVER AT Vaca 
(See Figs. 12 to 17) 


Per Cent 


Angle from 
Wave Harmonies Actual Wave 

Terminal voltage before transient... 99.8 Ist —-1.2 
SOLeLG 1280 
9.1 5th 7.9 
Terminal voltage 0.3. sec. after 99.4 Ist 1.0 
LETS ESAS ee, eee eR el a 7.9 3rd 18.6 
6.9 5th —3.8 
Terminal voltage 0.95 sec. after 99 2 Ist —1.5 
ie eRe ene ee te 1) AC Srd 20.9 
7.4 5th —7.1 

Terminal voltage 1.2 sec. after 99.3 Ist 0 
ERASING eee Poles ols i Ce bo eS 9.4 3rd 16.6 
7.6 5th —4.7 
Generator current before transient. . 100 Ist +2.8 
5 3rd —12.5 
4 5th 38.5 
Hat Creek current before transient.. 99.6 Ist —2.8 
3.8 3rd 35.9 
7.9 5th 4.0 
Hat Creek current 0.40 sec. after 98.1 1st —11.9 
ELAN BI CHitpe eye itt ee A. 4.8 3rd Die 
18.8 5th 18.9 
Hat Creek current 0.7 sec. after 99.6 Ist real 
WPS re lager ol ee Ae re ‘Sect sive —27.6 
Ge leoth —3.0 
Hat Creek current 1.3 sec. atter 99.6 1st —3.2 
ATCT, 0, ee ee eee iL esis 2278 
8.2 5th Dil DB 


waves have been analyzed for fundamental, third and 
fifth harmonics and the angular position of the funda- 
mental with respect to the actual wave determined. 

Fig. 13 gives a polar diagram of the generator termi- 
nal voltage before the transient; Fig. 14, the same 
wave 7/,. second after the transient. 

Fig. 15, Hat Creek current before the transient. 
Fig. 16, 7/:, second after and Fig. 17 1/1. seconds 
after the transient. 

Table III, by S&S. B. Griscom of Westinghouse 
Electric and Manufacturing Company, gives the 
numerical values of these harmonics and angles in 
this particular test. 

Fig. 18 shows an oscillographic wattmeter record of 
an artificial flashover on the 220-kv. line under normal 

_ operating conditions caused’ by closing an air switch; 
Fig. 19, on a string of insulators over which a 10- 

~ ampere fuse had been placed. 

_ This gave an arc from one phase to ground over an 

q insulator string cleared by relays in the normal manner 

under actual operating conditions. 
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Oscillograms of current, voltage, etc., were taken 
both at Pit No. 1 Power-House and Vaca Hine such a 
flashover. Fig. 20 and Fig. 21 are illustrations of 
such an are. 

At Vaca, in addition to the oscillographic record of 
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Fie. 15—Povuar,jDiacramM or Har Creek CURRENT BEFORE 
TRANSIENT 


anaaP 


Fia. 16—Same as Fig 15 Fig. 17—Same as Fig. 15 
But 7/10 SECOND AFTER THD. BuT 1 3/10 Srconps AFrrER 
TRANSIENT THE TRANSIENT 


current and voltage, there was a single-phase wattmeter 
record. of the residual power, 7. e., voltage across the 
corner of an open delta and the common return of the 
three current transformers connected in Y. 

Fig. 22 shows the record for two such flashovers. 

Too strong emphasis cannot be placed on the state- 
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ment that any such data are for a network in operating 
condition, and that there are a great number of un- 
known variables involved, the determination of any 
one of which is a problem of major importance, worthy 
of a complete discussion in itself. 
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The stability problem is inextricably enmeshed with 
system operating economies and in the greater number 
of cases the limitations are as much operating difficul- 
ties as engineering design. Itis not possible to econom- 
ically build and operate a complete superpower network 
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TABLE IV 


ANALYSIS OF RELAY OPERATION ON THE 220-KV., 110-KV.., 
AND 60-KV. TRANSMISSION NETWORK OF THE PACIFIC 
GAS AND ELECTRIC COMPANY FOR 1923 AND 1924 


1 2 33 4 5 6 
Incorrect relay 
operations 

Total Question- 

operations Correct Due to able 

involving relay Relay external relay 
relays operations failures | Due to relay causes operations 
Per Per Per Per Per 
Year | No. | No. | Cent] No.| Cent] No. | Cent No. | Cent} No. | Cent 
1923 | 1,593] 1,490] 93.6) 24 1.5 11 a: 40 | 2.5 28 Lew 
1924 ! 1,884] 1,699! 90.2] 31 | 1.6 3 «2 108.) 5.37 43 | 2.3 


Col. 1—Relay Failures (No Operation of Switch) 


Under this heading are listed all cases where subsequent investigation 
has proved that conditions at the point in question were such as to permit 
correct relay operation but the relays failed to function: No case is 
listed as a relay failure if investigation proved the trouble to be due to a 
break, ground or other fault in the direct-current tripping circuit, or to 
mechanical defect in the switch or auxiliary apparatus external to the 
relay itself. 

Col. 2—Total Relay Operations 

This tabulation includes all cases of relay operation causing the opening 
of oil switches and is a summation of Cols. 3, 4 and 5. (Note—Cases 
of relay operation due to accidental shorting or closing of contacts are not 
included in this report). 


Col. 3—Correct Relay Operations 


Under this heading are listed all relay operations which have been 
proved to be correct under the conditions existing at the time. This 
tabulation includes many cases which were not entirely satisfactory 
from an operating standpoint, but where, owing to load, voltage and 
power-factor conditions, it was necessary to give the relays credit for 
correct operation, even though the results were not precisely as desired, 
There are also included in this table a number of cases in which unsatis- 
factory relay operation has occurred due to inadequate equipment. (See 
Col. 4.) In all these cases, however, the relays themselves functioned 
correctly under the circumstances. 


Col. 4—Incorrect Relay Operations Due to Relay 


This tabulation includes all cases that have been proved by subsequent 
investigation and test to be due to faults, either mechanical or electrical, 
in the relays themselves. (Note—This classification does not include 
relay operations which were apparently faulty because of inadequate 
equipment or improper connections.) 


Col. 4—Incorrect Relay Operations Due to External Causes 


Under this classification are listed all cases of relay operation which 
investigation has shown to be the result of faults or improper connections 
in auxiliary apparatus external to the relays themselves. 


Col. 5—Questionable Relay Operations 


This table covers relay operations which it has been found impossible 
to classify under Col. 3 or 4. In most cases the operation has been un- 
satisfactory, but owing to the lack of evidence it was considered unfair 
to classify it as incorrect, particularly as a test made after the trouble 
showed the relays to be operating correctly so far as could be determined. 
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TABLE V 


ANALYSIS oF SysTEM TROUBLES, PaciFic GAS AND ELECTRIC 
CoMPANY 


ACCIDENTS TO PERSONS .26% 
LEAKY ROOFS, ETC. 26% 
RELAY OPERATION 

POLES BROKEN OR 


aaiaaciaey LINES OR WIRES SWINGING TOGETHER 26% 
DESTROYED 
WIRE INLETS 


POLES BURNED 8Y SECONDARY LINES were 
~ 137 
AIR SWITCHES 


39% PINS BROKEN OR PULLED OFF 
TELEPHONE IN CONTACT WITH 
29% POWER LINE 13% 
52% PIN THREADS STRIPPED S3 Fo 
65% \ — HYORAULIC 
ARCS QUE TOHT FUSES \ PINS BURNED 


LIGHTNING ARRESTERS ETC. 91 Yo GENERATOR TROUBLE 
TIE WIRES, SHORTING MALICIOUS MISCHIEF 


WIRES, ETC. 104% ® FALSE ALARMS 
BURNED WIRES 104% Q PRIME MOVERS 
POLES BURNED BY GRASS Q NO DETAILS 


OR OTHER FIRES 104% 


KEN 
wguLATOR? Cuse®) 
i450 % (Eevee a 


O47ee 
SOFT GROUND FLOODS, EARTH aae%— 
QUAKES, HIGH WINOS, ETC. cl we 

ale 
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DIAGRAMMA eS ANALYSIS 


TRANSMISSION SYSTEM INTERRUPTIONS 


PACIFIC GAS ANO ELECTRIC COMPANY 
INCLUDING LEASED PROPERTIES 


1924 © 


for ideal conditions at the present time. Such networks 
grow naturally from the demand for more and better 
power service, and are made up of interconnected 
existing networks too valuable to junk outright. They 
must be adapted to operate together. 


NECESSARY CONSIDERATIONS 


Trouble, Relays and Switching. On any major line 
in a network similar to the one on which these tests 
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were made, it is absolutely essential to clear arcs quickly; 
so quickly in fact that neither governors nor automatic 
voltage regulators of the present type can act suffi- 
ciently to make any material change before the line is 
cleared. With proper relay action a line can be cleared 
of an arc over an insulator string so promptly that it 
has been almost impossible to locate the point of trouble. 
If an arc is left unchecked for anything like the time 
required for the network to reach a stable condition, 
the wire in trouble is melted or sufficiently annealed to 
cause it to part mechanically. Arcs on high tension 
lines generally strip the top and bottom units of an 
insulator string first and then cause a burn sufficient to 
drop a conductor. On any line of 220 kv. the con- 
ductor size and stringing tension make it necessary to 
have heavy equipment, usually gasoline-driven trucks, to 
handle any work done on the conductors. For this 
reason it is necessary to clear positively and quickly 
any trouble. Failure to do this means not a momentary 
interruption but hours, or more probably days, until 
the necessary heavy equipment can be assembled at 
the point of trouble for line repairs. 

Experience has shown that the only practical pro- 
cedure is to clear the smallest practical section of the 
network around the troublein the shortest possible time. 

In Table IV is given the high-tension relay operations 
for 1923 and 1924, and in Chart V is given the segre- 
gation of all high-tension troubles for the year 1924. 

Of manual switching for 182,500 switching operations 
on the Pacific Gas and Electric Company system in a 
year, 23 caused trouble. 

The greater portion of the high voltage troubles are 
phase-to-ground arcs caused by conditions fairly well 
known and to a considerable extent avoidable. 

Insulation in any reasonable amount is not a positive 
insurance against direct strokes of lightning, severe 
storms or certain birds and no amount is proof against 
occasional man-made failures. 


STORED ENERGY AND GOVERNING 


The stored energy or fly-wheel effect of the rotating 
equipment on the network varies from 2350 ft-lb. per 
kv-a. in the larger hydroelectric units to 1195 ft-lb. 
per kv-a. in some of the smaller high speed units and 
typical steam turbo alternators. Typical steam turbo 
alternators have about 5500 ft-lb. per kv-a. 


19—Arr-Switcnh ARRANGEMENT FoR CLOSING A GROUND 
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The effect of the rotating equipment connection as 
load is very difficult to determine but it was in the 
order of 20 per cent of the effect of the generating equip- 
ment on the network. 

At any given point on the network only a certain 
portion of this energy is available in a case of switching 
or trouble, varying for 3-phase, single-phase and phase- 
to-ground troubles in the same manner that the short 
circuit kv-a. varies as far as the distribution over the 
network is concerned, but the energy delivered is de- 
pendent on the rate of change of speed and also on the 
line and equipment characteristics. 

Experience has demonstrated that for a load of 
300,000 kw., a drop from 60 cycles to 59 cycles will drop 
the load about 3.5 per cent, while an increase of from 
60 to 61 cycles increases the load about 4 per cent. 
This is due to the character of the load, some of which 
varies with the cube of the speed and some of which has 
no variation with speed. The actual percentages vary 


Fig. 20—Puorocrapy oF A 220-Ky. Arc DURING THE ‘ARTI- 
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Fia. 21—Same as Fig. 20 rrom a Dirrerent Direction 
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slightly therefrom with the season. The network is 
somewhat self-governing and the actual governing is 
done on one unit in a designated plant with all the re- 
maining plants carrying block loads. 

There are two methods of accomplishing this result: 

1. Setting all governors on a flat speed characteristic 
to reject load at approximately 14 cycle above normal 
speed with a load limit set for a block load on all but 
the one governor used for regulation on turbines or a 
given nozzle opening on impulse wheels. Then as the 
speed varies too near the limit of the governing unit add 
to or reduce the block load to keep the governing unit 
in action. 

2. Set all governors with a drooping speed character- 
istic and change the governor setting as load increases 
or decreases in the manner of the synchronizing motor 
on a steam turbine. 

The Pacific Gas and Electric Company network uses 
the first on hydro units and the second on steam, al- 
though various combinations have been used in the past. 

On the network described above with the present 
system of relaying,‘ the speed does not drop enough 
during switching or trouble for the governors to act 
until after the switching is over. This is true for several 
reasons: 

First, it is not possible to deliver sufficient kv-a. at 
any given point in the network to drop the speed fast 
enough to get governor action during the time it takes to 
clear trouble. 

Sécond, governors, particularly on hydro units, have 
an operating time determined by the equipment con- 
trolled, 7. e., turbines, relief valves and penstocks, and 
this is of necessity a matter of several seconds. 


All governors in general use today are used for hold- — 


ing speed and nothing else, and are, therefore, of neces- 
sity actuated only by speed. Particularly on hydro- 
electric units not having a means of by-passing the unit, 
the governors are definitely limited in action by pen- 
stock pressure rise, and are, therefore, a compromise 
between the cost of generators to stand overspeed 
and overvoltage and penstocks to stand over-pressure. 


CHARGING CURRENT 

Charging current on high-voltage lines plays an 
important part in system stability, and a considerable 
portion of the reported cases of instability are in fact 
improper operation. An example of this effect is shown 
in the tests where it was demonstrated that switching 
out a 220-kv. line at Vaca Substation and allowing it to 
trip on over voltage at Pit No. 1 was the most severe 
condition encountered as regards stability. This has 
also been checked in actual operation several times. 
It is due to the action of the line free at one end with 
nearly 30,000 kw. of corona loss and a leading current 
in the generator at Pit No. 1 Power-House. The 
voltage rises at Pit No. 1 Power-House in about 5 
cycles and the line relays out in approximately over 34 


4. See Electrical World, November 22, 1924. 
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second under such conditions. In this connection 
must be considered the excitation characteristics of the 
generators and the manner and direction from which 
the charging current is supplied, i.e., either from the 
system network and receiving-end condensers or from 
the generators themselves. 

a. Corona. Corona load on long 220-kv. lines 
under certain switching conditions may be several 
thousand kilowatts and must be considered in stability 
problems. 

b. Phase Balancing. On all 220-kv. switches so far 
installed and operated the difference in opening time of 
the three phases varies from 5 to 20 cycles and allows 
an interchange of power between phases as well as a 
damping action in the are. 

c. Impedance. Intimately connected with all net- 
work disturbances is the system impedance to the point 
in trouble. This, to be accurate, must include all the 
connected equipment with its proper characteristics, 
in most cases transient characteristics, because present- 
day operating practise developed by trial has demon- 
strated that the relay equipment must be able to 
separate equipment and lines in trouble in a time 
measured in seconds or parts of a second, or the damage 
done will permanently disable such line or equipment. 

Very little is known about transient impedance 
values, particularly single-phase or phase-to-ground 
impedances. For most networks such data are not 
available nor has any practical method been developed 
for obtaining it. 

The oscillographic wattmeter used on the flashover 
tests in this connection is believed to be an innovation 
in this respect. 

All changes of load caused either by switching or 
grounds and short circuits are taken up in the network 
by a transient condition causing a change in speed 
followed by a readjusted steady state either at a new 
speed or at the same speed and new loads on one or 
more units. . 

The amount of speed change is dependent on the rate 
at which the stored energy can be absorbed at the point 


of trouble, and this in turn is dependent on the im-. 


pedance which is varied by all of those things that 
affect the short-circuit problem, together with the 
character of the trouble, the excitation on the rotating 
equipment, charging current, corona and those things 
which go to make up the speed load characteristics of 
the network. 
CONCLUSION 
These tests represent the initial attempt to secure 


data of .this character on a large network in actual 


operation. The manner of using such data and the 
results obtained therefrom are given in the companion 
paper by Evans and Wagner who were instrumental 
in furnishing both personnel and equipment for the 
tests thus far made. 


Discussion 
For discussion of this paper see p. 80. 


¥ ‘New York, N. Y., February 8-11, 1926. 
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Studies of Transmission Stability 


BY R. D. EVANS* 


Associate, A. I. E. E. 


Synopsis:—Stability may be defined as the capacity of a power 
system to remain in equilibrium under steady load conditions, and 
its ability to regain a state of equilibrium after a disturbance has 
taken place. The lack of stability first manifested itself in the cases 
of overloaded machines and high impedance tie lines. The trans- 
mission of large blocks of power over long distances has presented the 
problem in anew form. Attention was directed to this problem in a 
group of papers before the Institute at the Midwinter Convention of 
1924. F 

These papers gave a general discussion of the stability problem 
and pointed out the necessity of considering the limitations imposed 
not only by the line alone but by the transformers, rotating machines 
and load. Extensive and pertinent discussions followed which 
emphasized the importance of the limitations imposed on power 
transmission by stability conditions. 

The papers and discussions at the 1924 Midwinter Convention 
established a method for the determination of power limits under 
steady load conditions assuming fixed excitation. The limit so 
determined is due to the inherent characteristics of machines and 
does not take into account the possibility of changes in excitation due 
to the action of voltage regulators. The possibility of exceeding the 
“inherent stability limits’ by the operation of the voltage regulators 
and exciters was pointed out. This condition of ‘artificial stability” 
was not at that time believed to be attainable. It was recognized that 
under the actual operating conditions on a transmission system 
instability would occur because of short circuits or other disturhances 
at a point considerably below the maximum static limit. 

Subsequently extensive studies of stability conditions were made to 


and 


C. F. WAGNER* 
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determine the feasibility and economics of a number of large trans- 
mission projects. These studies emphasized the necessity of de- 
termining the maximum permissible load under the most severe 
operating conditions which obviously arise at the time of system 
disturbances, such as switching operations or flashovers with the 
attendant switching. 

Transmission stability has been the subject of a number of articles 
tn the technical press and of papers before the Institute, the principal 
ones of which are listed in the bibliography. C. L. Fortescue’s 
paper} before the Seattle Convention in September 1925 serves as an 
introduction to the present paper, presenting in a qualitative 
manner results of recent investigations, whereas this paper presents 
methods for the quantitative determination of system oscillations. 

During the early part of 1925 extensive stability tests including 
switching operations and single-phase faults to ground were con- 
ducted on the system of the Pacific Gas and Electric Company. 
These tests will be described in a companion paper by Roy 
Walkins.t : 

The present paper first deals with the principal elements entering 
into the stability problem, such as the action of generators and 
exciters during disturbances, effect of dissymmetry produced by 
single-phase short circuits, simplification of the load end network and 
methods for combining these various factors in the determination: of 
the electromechanical oscillations of the system following major 
disturbances. Results of calculations by these methods are compared 
with the results of tests on the system of the Pacific Gas and Electric 
Company. The paper concludes with a discussion of various 
methods of improving stability. 


INTRODUCTION 


UTURE power developments in this country and 
| Re Canada will involve the transmission of larger 

blocks of power over greater distances than hitherto 
have been realized in actual practise.- Attention is 
being directed to the possibilities of hydroelectric 
developments located remote from load centers. In 
order to compete, on an economical basis, with high 
efficiency steam plants located near load centers, it is 
necessary to transmit large amounts of power per cir- 
cuit. However, electrical considerations show that the 
power limits per line closely approach the limits deter- 
mined by economical considerations. For these reasons 
the stability of transmission systems is particularly 
important. 

The present investigation of the stability problem has 
for its object the determination of power limits for a 
transmission system under the various conditions that 
The results which may be 
expected of such an investigation include (1) the deter- 
mination of the proper basis of design of machines and 
control apparatus for future power developments 
involving long transmission lines, (2) the development 
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of methods of analysis and testing equipment to deter- 
mine the performance of existing systems, (3) the 
improvement of operating methods with a view of 
reducing the effects of disturbances. This should 
follow naturally as a result of the better understanding 
of what takes place during and following a disturbance. 

Stability may be defined as the capacity of a power 
system to remain in equilibrium under steady load 
conditions and its ability to regain a state of equilibrium 
after a disturbance has taken place. The first part of 
this definition is referred to as “‘static stability’? and 
the second part as ‘transient stability.’ It should be 
noted that after a disturbance, the system will not 
necessarily seek the original state of equilibrium. 

The maintenance of stability on a transmission 
system is obviously of the utmost importance since a 
line deficient in stability is inoperative. Normal loads 
on a system must, of course, lie well below the static 
limit. It is recognized that stability cannot reason- 
ably be expected under all abnormal operating condi- 
tions. However, provision should be made for the 
more frequently occurring conditions including normal 
switching operations, reasonable increase of load and 
single-phase line to ground faults. 

Reference should be made to the paper by C. L. 
Fortescue,* presented at the Seattle Convention in 


*Bibliography, Item 2. 


1925; this gives a general discussion of static stability 
and presents a picture of the phenomena taking place 
during transients. Mr. Fortescue’s paper serves as an 
introduction to the present paper, as it presents in a 
qualitative manner results of recent investigations 
whereas this paper presents methods for the quantita- 
tive determination of system oscillations. 


Static and Transient Stability. In previous papers on 
transmission stability the subject of “static” stability 
has received most consideration. Approximate methods 
for the determination of the static limit have been 
developed on the assumption of constant field current 
in synchronous machines. These methods do not take 
into account the increase in the limit which may arise 
from the action of regulators, exciters, inertia effects, 
governors, etc. The actual limit obtained with these 
factors taken into account will be in excess of that 
shown by the above mentioned approximate methods. 
It was recognized that the permissible load on a power 
system should be appreciably below the actual static 
limit in order to prevent loss of synchronism at times of 
system disturbances. 

There has been some discussion as to the relative 
importance of the transient and static stability limits 
of transmission systems and on this account it seems 
desirable to review briefly their essential points. It is, 
of course, impossible to operate a system with a load 
in excess of thestaticlimit. In investigating a disturb- 
ance on a power system at least two circuit conditions 
must be considered; the original condition before the 
disturbance and the condition during the disturbance; 
and in addition a third circuit condition, in case the 
disturbance is cleared. The static limit corresponding 
to each circuit condition would perhaps not have been 
exceeded had the changes taken place at a sufficiently 
slow rate to permit the system to adjust itself. During 
the disturbance the mechanical inertia comes into play 
causing the system to overshoot the new point of 
equilibrium to such an extent as to produce instability. 
It follows, therefore, that the transient limit which 
takes into account these mechanical oscillations has a 
lower value than the static limit and is therefore of 
greater practical importance to the operating engineer. 
The static limit merely gives a theoretical maximum 
value of power which can be transmitted under ideal 
conditions and therefore is chiefly of academic interest. 

The importance of transient limits depends largely 
upon the importance attached to the interruption in 
power supply over the transmission line. If the switch- 
ing out of a section of line for inspection or repair at 
times of heavy load would always lead to loss of syn- 
chronism, the operating conditions would be intoler- 
able. If the increases in load which normally take 
place on a system would result in loss of synchronism, 
the operating conditions would also be intolerable. 
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If any kind of a fault on a transmission system would 
always lead to a loss of synchronism, the operating 
conditions would be unsatisfactory. It is recognized 
that stability cannot be maintained under all abnormal 
conditions, but the layout should be such as to prevent 
loss of stability under the more frequently occurring 
conditions, such as the addition of a reasonable block of 
load, normal switching operations, and the majority of 
single-phase line to ground faults. The decision as to 
the standard of service is important and, in our opinion, 
nothing less than that suggested above will be tolerable 
for the superpower transmission systems which have 
been contemplated. 

While theoretical considerations have indicated that 
some transmission systems were being operated close to 
their static limits it was not until quite recently that an 
actual instance of the static limit being exceeded has 
been made public. H. A. Barre* described a case in 
which the transmission line of the Southern California 
Edison system between Big Creek and Laguna Bell 
became unstable. The load at Big Creek built up 
slowly to about 183,000 kw. and at that point the sys- 
tem lost synchronism. 

It is known that in several cases the transient limit 
of transmission systems has been reached. At times of 
faults, loss of synchronism has occurred between generat- 
ing stations connected by tie lines and between generat- 
ing systems and load centers connected by transmission 
lines. An interesting case occurred recently on a 
system connected by a double-circuit, high-voltage 
transmission line between the generating stations and 
distribution network in which a short circuit in the 
network caused the system to drop load and this 
occurred for a load below the static limit. Such an 


experience justifies the stand taken that transient — 


stability limits are of greater practical importance 
than static limits. 

Another factor which tends to give more importance 
to static limits than they deserve is the fact that pub- 
lished methods for investigating static limits have 
invariably assumed that regulators and exciters did not 
have time to become effective before the limit is reached. 
This assumption is not justified as will be shown in the 
following section. 


Static and Artificial Stability. The published 
methods for determining the static stability limits 
have employed the assumption of constant field 
current in synchronous machines. It is to be noted 
that the limits so calculated are dependent only upon 
inherent characteristics, of the machines and the other 
parts of the system. E. B. Shand} pointed out the 
theoretical possibility of maintaining a condition of 
“artificial” stability in which the inherent static limits 
could be exceeded by operation of regulators and 
exciters. It was then generally believed and not at 
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that time contradicted that the speed of commercial 
regulators and exciters was insufficient to permit the 
attainment of artificial stability on actual power sys- 
tems. Adequate methods of transient analysis were 
not then available, and only by means of transient 
analysis is it possible to prove that artificial stability 
may be obtained on commercial systems. Artificial 
stability may be defined as the condition of stable 
operation of power systems which is attainable only 
through the operation of automatic voltage regulators 
and exciters. The time available for the functioning of 
this apparatus is dependent upon the rate of change of 
rotor position and the time constants of machines. The 
natural period of mechanical oscillation of a power 
system under light load conditions is of the order of a 
second or less, but in the vicinity of the static limit the 
natural period becomes longer. At the static limit, 
the time constants of machines become the controlling 
factors in determining rotor movements. On this 
account sufficient time may be available for important 
changes in excitation as a result of the operation of 
voltage regulators. Assume the case of a transmission 
system operating at its inherent static limit and that a 
slight increase in the angular displacement is made; 
instability should occur on the assumption of constant 
field current. However, as the system tends to drift 
apart, the terminal voltage drops and the regulators in 
seeking to maintain terminal voltage increase the 
excitation tending to restore the system to the original 
point of equilibrium. In this connection it may be 
pointed out that regulators automatically increase the 
internal voltage with increasing load to maintain a 
constant voltage at machine terminals or on the high 
voltage lines. This fact tends to increase the possi- 
bility of securing a condition of artificial stability. 

The matter of artificial stability will be discussed in a 
more quantitative manner and illustrations will be 
given after the method of calculating transient stability 
has been developed. 


METHOD OF CALCULATION OF SYSTEM DISTURBANCES 


System disturbances set up oscillations which are 
essentially the same’ phenomena regardless of the 
method of initiation. Consequently, the same general 
methods of calculation may be applied to all of them. 
The performance of a system during and following a 
disturbance will involve the following problems: 
generators and exciter characteristics, simplification of 
the load-end network, inertia effect of rotating machines, 
governor characteristics, dissymmetry due to single- 
phase short circuits, and methods of combination of 
electrical and mechanical oscillations into one final 


~ result. 


Generator Characteristics. Generator characteristics 
also affect the stability of a system. For steady-state 
conditions with fixed excitation these characteristics 
can be represented by plotting the power output against 
reactive kv-a. for different values of terminal voltage. 
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The resultant curves resemble distorted receiving end 
circle diagrams. However, when the excitation is 
permitted to vary by means of a voltage regulator, this 
method is no longer applicable. During transients the 
internal reactions within the generator can best be 
analyzed by the Blondel* two-reaction method in which 
the flux is resolved into two components, a direct 
component in phase with the field poles and linking the 
field windings and a crosscomponent in quadrature with 
the field poles. Referring to Fig. 1, J is the armature 
current, EH’, terminal voltage, and E, internal voltage. 
This latter voltage is produced by rotation of the flux 
og. The vector OA is in phase with the axis of the 
field poles and represents the m.m.f. produced by 
the field current and AB represents the m.m. f. 
produced by armature current. The total flux ¢, may 
be resolved into the direct component ¢, in phase with 
the axis of the field poles and the cross component ¢, in 
quadrature with the axis of the field poles. The flux 
ga is produced by the m.m.f. equal to O A minus 
AB sin @ and ¢. by AB cos ¢. In calculations, 
however, it has been found more convenient to resolve 
the internal voltage HL’, into two components and con- 


1—GENERATOR VecTOR D1AGRAM 


Fig. 


sider H, as produced by ¢, and EF’, by ¢,. Due to the 
very slight change in rotor speed during most transients 
it is sufficiently accurate to consider H, and EF, pro- 
portional and in quadrature to @,and ¢, respectively. 
If certain special cases arise involving greater speed 
changes, this error can be corrected. EH, can be read 
directly from the no-load saturation curve as the 
voltage produced by 7 minus K,I sin ¢ where 27 is the 
field current, and K, is the field current equivalent of 
unit armature current. FE’, is equal to K,I cos. Ina_ 
turbo generator the air gap is uniform and the reluctance 
to the cross flux is equal to the reluctance to the direct 
flux. Hence the value of the constant K, can be ob- 
tained by reading from the no-load saturation curve 
the voltage produced by the field current equivalent to 
unit armature current. In salient pole machines 
greater reluctance is offered to the cross flux than to the 
direct flux, the ratiot being a function of the ratio of 
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pole pitch to pole arc. In normal machines this ratio 
is about 1.75. Since practically all of the m. m. fwis 
required in the air gap the straight portion of the 
saturation curve can be used to determine the voltage 
produced by unit armature current. The constant K» 


aa 
for salient pole machines is then equal to 175 times 


the terminal volts produced per armature ampere at 
zero power factor leading. 

Asa preliminary to the use of this method for calcula- 
tion of transient conditions it was deemed advisable to 
check the angular relation of the terminal voltage and 
rotor position for steady-state conditions. ‘Tests were 
made on a turbo generator and on a salient pole machine 
and this angle observed. The close agreement between 
observed and calculated results for different loads is 
indicated in Table I. The check for the salient pole 
machine is the more remarkable in that the terminal 


TABLE I 


COMPARISON OF TEST AND CALCULATED VALUES OF ROTOR 
PHASE SHIFT 


Kw. Volts Amperes 0 Observed | Calculated 
0) 2350 0) 0) 0 
339 2320 325 88°.5 Lead 10) 0 
2350 2283 657 25°.3 Lead Lt oee2 Oi maya! Bi 
3980 2378 1005 15°.8 Lead CYT a Way 23°27 At 
4040 2280 1080 18°.9 Lead 26° 45’ 2671s" 
4130 2346 1133 26°.5 Lead 2S Oo” 26° 47’ 


Steam turbine: 6000-kv-a.; 2200 volts, 1500 rev. per min., two-pole, 25 
cycles, three-phase. 


Kw. Volts Amperes 0 Observed | Calculated 
(0) 2200 0 0 0 

34 2020 112 84°.9 Lag 1°33” WOR eM 

34 2040 120 85°.4 Lead 11° 42’ (fae: Ae 
196 2230 52 19°.4 Lead Scam Pay be 
295 2240 88 29°.5 Lead DELO sey 21° 43’ 
297 2130 84 16°.3 Lead 22° 54’ 21° 44’ 
331 2040 105 26°.7 Lag 2Oraa la TOC rs oe 
368 2230 112 31°.8 Lead 28° 28’ 29° 20’ 
370 2180 sire 32°.9 Lead 28° 47’ 30° 10’ 


Salient pole machine: 750-kv-a.; 2200 volts, 300 rev. per min., 24-pole, 
60 cycles, three-phase. 


voltage contained harmonics, necessitating an analysis 
for the phase position of the fundamental. 

A sudden change in armature current will cause Ea 
and E. to change, but with different decrements. In 
both salient pole and turbo machines ¢, has associated 
with it heavy field windings. Any change in K,J 
sin @ induces a corresponding change in the currents 
flowing in the field windings, armortissuers, and pole 
faces which tend to prevent a change in flux. The 
magnitude of these currents is such as to make the 
change in flux very slow. Fig. 2 shows the change in 
terminal voltage of a 6000-kv-a. turbo generator as a 
4850-kv-a. lagging load is thrown off. The terminal 
voltage which, after switching, is a measure of internal 
flux increases very slowly. Curve a, Fig. 3 is a similar 
curve obtained on a 750-kv-a. salient pole machine in 
which 389 kv-a. at approximately zero power factor 
lagging is. thrown off. This is a high impedance 
machine used for testing purposes but the field struc- 


‘and armature currents. 
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ture is sufficiently representative to illustrate the point. 
In a salient pole machine, tlte rate at which E, varies 
ean be calculated sufficiently accurately by considering 
only the current induced in the field windings and 
neglecting the field leakage, eddy currents and in- 
ductance of the exciter; 7. e., by assuming perfect coup- 
ling between the armature and field and considering 
armature leakage reactance as external. If J sin ¢ is 
increased suddenly, the induced current in the field 
windings can be calculated from the equivalents of field 
The voltage to circulate the 
additional field current is furnished by collapse of the 
generator field, the rate being of just sufficient magni- 
tude to supply the additional resistance drop. In 
most cases it is sufficiently accurate to assume con- 


Final Voltage 


TERMINAL VOLTAGE 


FIELD CURRENT 


0 050 4100 150 14 18 22 


2.00 6 10 
TIME IN SECONDS 


Fic. 2—VaARIATION IN FIELD ror TuRBO GENERATOR 
4859 kv-a. 0 per cent p.f. lagging dropped from 6000 ky-a., 2200-volt, 
1575-ampere, two-pole, 25-cycle machine 


stancy of direct component of voltage but certain cases 
arise for which it is desirable to know the manner in 
which EF’, varies. 

Let 

= field current at any instant. 

sum of the field and the external resistances. 
oa = flux per pole. 

N = number of poles. 

n turns per pole of field winding. 

C, = flux per pole per generator terminal volt. 

e, = exciter voltage at any instant. | 
The instantaneous value of field current 7 is equal to 
K,I sin ¢ plus field current required to produce Ez. 
The voltage supplied by the collapse of the field is 
then equal to 


yz . 
| 


4 d da 
e.—ir=wN 6 (1) 
bak ee 
= 0 N.C, 10 ai 
dE a 108 ' 
day Cn eee (2) 


This expression enables one to calculate tke rate of 
change of E', from the values of the exciter voltage and 
field current at that particular instant. In this way, 
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the variation of E, can be taken into consideration in 
the step-by-step method employed by the authors in 
calculating transients. The variation of terminal 
voltage indicated by Curve 0} in Fig. 3 was calculated 
in this manner and indicates that the assumptions 
employed for the salient pole machines are sufficiently 
justified. 

While it is true that some of these assumptions are 
rather bold, it must be remembered that in many cases 
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Fig. 3—VARIATION IN FIELD FOR SaLient Pore MACHINE 


389 kvy-a., 8 per cent p. f. lagging dropped from 750-ky-a., 2200-volt, 
197-ampere, 24-pole, 60-cycle machine 


it is sufficiently accurate to assume E, constant, the 
exciter voltage building up sufficiently rapidly to 
warrant this assumption. The _ ealculation of 
dE. 

dt 


is more on the order of a correction and need not 


be very accurate. 
The calculation of the rate of change of ¢, and E, 
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Fig. 4—VarrATIon or Cross Fiux 1n Steam TurBo 
GENERATOR 


Dropping 4040-kw., 94.8 per cent p. f. leading from 6000 kv-a., 2200- 
volt, two-pole; 25-cycle machine 


is quite different. The path for induced currents 
tending to prevent the change in flux is not so well 
defined and the analysis becomes too involved for 
calculation. Furthermore, the phenomena are different 


in a turbo generator from those in a salient pole ma- 


chine. In the former, ¢, is restrained from changing 
by the presence of heavy dampers and solid masses 
while in the latter this effect is very small. Tests were 
made to determine the rate of change of these quanti- 
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ties. A contactor mounted on the shaft of the turbo 
generator was used to measure the phase angle between 
the terminal voltage and rotor as 4040 kw. at 94.8 per 
cent power factor leading was thrown off a 6000-kv-a. 
machine. The results of these tests are shown in Fig. 4 
and while the curve seems to be very irregular, the 
tendency is very distinct and indicates that the cross 
component changes quite slowly and is of the same 
order as that of the variation of ¢,. For salient pole 
machines the change is much more rapid. To deter- 
mine this rate of change a testing machine of high 
reactance was chosen because the field structure was 
representative and because of the presence of two 
duplicate generators in addition to requisite driving 
motors on the same shaft. A load was placed on one 
machine of such power factor that the current was 
substantially in phase, with E,. The other machine 
was used as a reference vector to indicate the phase 
position of the rotor. By measuring the difference 
between the terminal voltage and the reference voltage 
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Fig. 5—VaARIATION IN Cross Ftux In Satient Potp Macuine 
Dropping 360-kw., 85 per cent leading from 750 kv-a., 2200-volt, 197- 
ampere, 24-pole, 60-cycle machine 


the phase displacement due to loading was obtained 
very accurately. An oscillogram was taken as 368 kw. 
was thrown off, the phase angle being measured in the 
manner indicated. The results of this test are shown in 
Fig. 5. The oscillations superposed on the curve are 
due to mechanical oscillations of the shaft and rotor. 
The angles indicated also subtend the leakage reactance 
drop which in this case was about 14 deg. for the initial 
steady-state condition. These curves indicate that the 
change in cross flux is quite rapid. 

Taking into consideration the fact that in practise the 
change inJ sin ¢ will be more gradual than the condition 
imposed by test and that the angle between the internal 
voltage and the terminal voltage will be a small part of 
the total angle, the assumption for a salient pole ma- 
chine that HE, changes in conformity with I sing 


without appreciable time lag in a manner similar to 


reactance drop is well justified. , 

In the foregoing treatment of the salient pole ma- 
chine the field leakage was neglected and except for the 
flux involved in the impedance known as “armature 
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leakage reactance” perfect coupling between the arma- 
ture and field windings was assumed. In effect this 
reduces the problem to one of considering a perfectly 
coupled machine with an external series reactance. The 
value of “armature leakage reactance” can be obtained 
by assuming constant permeability and determining the 
linkages associated with the flux which, with unit 
armature current and zero current in the rotating field 
winding, does not cut any of the field windings. 


For transient stability problems it might be expected 
that “tranisent’’ reactance rather than “armature leak- 
age’’ reactance should be employed. However, transient 
reactance is not a constant quantity and varies with the 
power factor and with the rotor position which effects 
the coupling with the different phases. Transient 
reactance has been used principally for the determina- 
tion of short-circuit currents and the values have been 
computed for the condition which gives the highest 
value of short-circuit current in one phase for a three- 
phase short circuit. The maximum value of transient 
reactance occurs for the same condition which produces 
maximum dissymmetry and for this reason the highest 
value is usually the only one given.* 

For transient stability, the generator is operating 
under a considerably different condition than for a 
three-phase short circuit. The power factor is usually 
much higher and the load delivered much greater. On 
this account the maximum value of transient reactance 
doesnot apply. Furthermore, an average rather thana 
maximum value for one-phase should be used. For 
single-phase fault conditions the method of calculation 
provides for the condition of unbalance in the machine. 
The usual values of transient reactance given range 
from 25 to 50 per cent greater than the conventional 
armature leakage reactance but the value applicable to 
the transient stability calculations should be about 
10 to 15 per cent greater than the armature leakage 
reactance. The calculations made on the salient pole 
machine employed a single value of leakage reactance 
for the determination of both steady-state and transient 
conditions. The close check obtained indicates that 
there is very little difference in the reactance to be used 
for steady-state conditions and the value of reactance 
which should be used for transient conditions. The 
simplest way to include the effect of machine reactance 
is to consider a machine with perfect coupling 
between armature and field with external series 
reactance equal to about 110 per cent of arma- 
ture leakage reactance. While this method is 
not rigorous, it is both convenient and sufficiently 
accurate. With the above assumptions an analyt- 
ical expression can be obtained representing the 
conditions within a salient pole machine. The problem 
is peculiar in that the cross component of voltage while 
being of the nature of an impedance drop cannot strictly 
be treated as such. A derivation of this expression is 
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contained in Appendix | in which the components of 
current are defined in terms of the constants of the 
machine, the direct component of voltage and the 
terminal voltage. 

Summarizing, the method of calculating machine 
characteristics is as follows: For turbo generators, to 
assume the internal voltage fixed relative to the rotor, 
perfect coupling between armature and field, variation 
in cross component the same as for the direct component 
of flux, and, in addition, a series reactance correspond- 
ing to armature leakage; for the salient pole machine, to 
consider a direct component of voltage fixed with respect 
to the rotor, the cross component varying instantly, 
perfect coupling between armature and field and with a 
series reactance corresponding to about 110 per cent of 
the armature leakage. In some cases it is permissible 
to use the approximation that the direct component of 
voltage is equal to the internal voltage and that the 


cross component of voltage is proportional to the power 


delivered. For large receiving systems it is frequently 


TABLE II 
NEGATIVE SEQUENCE IMPEDANCE OF SALIENT - POLE 
ALTERNATOR 
Im- 
In ped. 
ohms | angle 
per in In ohms 
phase | deg. per phase 
1. Application of negative sequence 
voltage. 
(a) *With residual excitation only 
Star value of applied voltage = 228 2.16 | 81.0 |0.3838 + 7 2.13 
= 466 2.17 | 81.5 |0.321+4 7 2.14 
= 465 2.16 | 81.0 |0.338 + 7 2.08 
(b) With equal positive and negative 
voltages at 237 per phase ’ 2.14 | 77.0 |0.482 + 7 2.08 
2. Sustained short circuit across two 
phases 2.14 | 78.5 10.426 + 7 2.09 
3. Loading with one phase open 
(a) Kilowatt load 2.15 | 77.0 |0.484+4 7 2.10 
2.07 | 76.5 10.482 + 7 2.01 
(b) Reactive load 2.07 | 81.0 (0.324 +7 2.045 


750-kv-a., 2200-volt, 197-amperes, 24-pole, 60-cycle machine. 
Positive sequence armature leakage reactance per phase = 3.17 ohms. 


*Indicates most accurate method. 


permissible to assume a constant internal voltage in 
synchronous machines and to neglect the effects of 
demagnetization and cross-magnetization. 

The above discussion of generator impedances re- 
ferred to balanced conditions. Additional constants 
are required to determine the performance under the 
conditions of single-phase short circuits. The con- 
stants required by the method described subsequently 
are the “negative phase sequence’”’ and the ‘‘zero phase 
sequence” impedances. Negative sequence impedance 
is the ratio of the voltage to the current obtained when 
balanced voltages of the rotation opposite to that of the 
rotor are applied to the terminals of the machine. 
Tests were made by this method and by loading on a 


single phase. The data were analyzed for negative | 


sequence impedance and the results are indicated in 
Table II. It will be noted that substantially the same 
values were obtained by the different methods. 
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As pointed out in Appendix II, the zero sequence 
Impedance is usually unimportant in transmission 
stability problems. Additional information relative 
to both the negative and the zero sequence impedances 
will be found in the appendix. 

Excitation Systems. Excitation systems serve to 
supply the m. m. f. required in synchronous machines 
to produce the direct component of voltage of such 
value as to maintain any desired terminal voltage. 
As the load is changed, the field current must be varied 
to bring the system voltage to normal. This is .ac- 
complished by changing the voltage applied to the 
field terminals of the machine either by hand or auto- 
matically. With hand-operated systems, the excita- 
tion remains constant during the transient unless 
changed by the operator, but with automatic regulators, 
changes in excitation normally take place. In a later 
part of the paper it will be shown how for steady loads, 
these regulators make possible a condition of “artificial”’ 
stability. Automatic voltage regulators are of two 
principal types, the vibrating or Tirrill type, and the 
rheostatic type. 
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The vibrating regulator functions by cutting a block 
of resistance “in” or “‘out”’ of the exciter field circuit at 
such a rate as to maintain the proper mean value of 
exciter voltage to supply the required field current for 
the main machine. The standard exciters adjusted 
so as to vary between 120 and 300 (or 60 and 150) 
volts as limits, but never reaching these values unless 
the contacts remain either open or closed. While 
the exciter voltage varies within large limits, the field 
current of the main generator is restrained from follow- 
ing because of the inductance of the field winding. For 
the case of single-phase, line-to-ground faults, it is 
important to know the rate of rise in exciter voltage, asa 
knowledge of this variation is required for the calcula- 
tion of thé change in H,. Fig. 6 represents the voltage- 


field current characteristics of a normal exciter with a 


constant resistance load taking into consideration arma- 
ture reaction and armature resistance drop. If the 
field resistance of the exciter is adjusted to produce 300 
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volts with contacts closed, the straight line through 
the curve at 800 volts represents the exciter field re- 
sistance drop. If the exciter voltage had been (e) 
volts before closing the contacts, it must, due to the 
inductance of its field, start from that value in as- 
cending. A terminal voltage of (e) volts requires 
(?) amperes exciter field current. This produces a 
drop of (7 r) volts in the field winding, but since the 
exciter field is connected directly across its terminals, 
the difference in voltage (e — 7 r) represents the induct- 
ive drop due to change in flux through the exciter field 
winding. 


P dod 
OSE SS TOIN = 


re (3) 
where 
N = Number of poles 
n = Number of turns per pole 
o@ = Flux per pole 
but 
ec = ko 
where 
k = Voltage produced by rotation of unit flux 
therefore 
de k 
Time ey Oe © 


This equation expresses the relation between the rate of 
change in terminal voltage of the exciter with time as a 
function of e and 7, and enables one, by a step-by-step 
method, to determine the exciter voltage as a function of 
time. It will be noted that as the voltage increases from 
120 volts the rate of change increases for a while and 
then decreases, becoming zero at the intersection of the 
two curves at 300 volts. A similar curve can be 
obtained for the descending voltage condition by 
using the exciter voltage curve resulting from the higher 
resistance load and the resistance drop line correspond- 
ing thereto. Within the operating range, the exciting 
voltage fluctuates between the two limits as shown by 
the exciter voltage to the left of zero time in Fig. 18, 
ascending and descending on the curves described 
above. In analyzing disturbances it is necessary to 
know the lower limit. This limit is a function of the 
period of vibration of the regulator, being low for long 
periods and nearer the average value for short periods. 
The rate of vibration of the regulator varies from about 
ten vibrations per second near the middle of the operat- 
ing range to zero at 120 and at 300 volts for 250 volt 
exciters. For definite rates of vibration and definite 
exciter characteristics, the lower limit of exciter voltage 
can be determined. 

With the rheostatic type of regulator the exciter 
voltage remains constant but the resistance in the main 
field of the alternator is automatically varied by means 
of a motor-operated, face-plate rheostat, controlled by 
the regulator. It may be noted that with this type of 
regulator the operation occurs in the field circuit of the 
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main machine, whereas with the vibrating type the 
operation occurs in the field circuit of the exciter. 
With the vibrating regulator, there is a time lag in the 
building up of the voltage across the machine terminals 
due to the time constants of the exciter field, whereas 
with the rheostatic regulator a certain amount of time 
is required for the movement of the motor-operated 
rheostat. 

The Load-End Network. A transmission line will 
usually deliver power to a load-end system of consider- 
able extent and having other sources of power. Fre- 
quently this ‘“‘load-end network’ will have connected 
to it much greater capacity than the output of the 
transmission line. The load-end network constitutes 
a problem in stability studies as rigid analytical methods 
are frequently impractical on account of the complexity 
of the network and it is difficult to find a network that 
is equivalent to the actual network and at the same time 
sufficiently simple to be handled analytically. 

The load-end network includes synchronous genera- 
tors and condensers in addition to the load whose princi- 
pal components are synchronous motor, synchronous 
converter, induction motor and lighting load. E. J. 
Amberg has given the following segregation of load ona 
particular system, which segregation appears to be 
quite typical: 


TABLE III 
TyprcaL SEGREGATION OF Prax Loap 
Type Percentage 
Induction Motor..........--+-+++- 60 
Synchronous Motor..........-..-- 10 
Synchronous Converter.........--- 10 
IbWeAIHEIN bo sa chanecoudsdndoupase 20 


The various types of load have different character- 
istics: With synchronous and induction motors the true 
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1. Synchronous motor—75 per cent load, 85 per cent p. f. lead (at 
normal voltage) : 


2. Induction motor, 75 per cent load, 79 per cent p. f. lag (average at 
normal voltage) 

3. Transformer exciting kv-a. 

4. Synchronous converter (reactive kv-a. in per cent of machine rating) 


power demand may be assumed to remain constant 
with variation in voltage, whereas the lighting and 
synchronous converter load will vary as the square of 
the voltage. The reactive power varies greatly with 
the type of load and in the curves of Fig. 7 are shown the 
variations of reactive power with variation in terminal 
voltage. 
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It is impractical to consider a multitude of individual 
loads,{and it therefore becomes necessary to use some 
such composite load characteristic as shown in Fig. 8. 
This load characteristic must take into account the 
effect of the local supply lines, transformer impedances 
and admittances. Such a composite curve is difficult to 
handle analytically except by step-by-step methods. 
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Fig. 8—Typicat LoaD CHARACTERISTIC CURVES 

An approximation of the load characteristics that is 
very convenient is the assumption of a constant im- 
pedance shunt load. The variations in real and re- 
active power using this assumption are plotted on the 
curves of Fig. 8 for comparison with the more accurate 
values. It will be noted that the constant impedance 
method is optimistic in regard to the effect on stability 
so far as true power changes are concerned, and pessi- 
mistic in regard to reactive power changes. The 
variations in load voltage usually are not great because 
itis maintained by the local generators and synchronous 
condensers. _ It is this fact which permits the relatively 
crude approximation of constant impedance load to give 
satisfactory results for the majority of cases. 

The load characteristic is also affected by changes in 
system frequency. Quite definite information on this 
point is available from actual operating experience. 
J. P. Jollyman* has stated that a reduction in frequency 
from 60 to 59 cycles will reduce the real power demand 
by 3.5 per cent. 

The various types of load-end networks and the 
corresponding equivalent networks will now be dis- 
cussed. Probably the best classification of the load- 
end networks is based on the number of separate 
sources of e.m. fs. that must be considered and the 
discussion is arranged under four principal headings as 
follows: 

1. Load-end network with a single voltage source. 

2. Load-end network with two voltage sources with 
fixed angular displacement. 


3. Load-end network with two or more voltage 
sources with variable angular displacement. 

4. lLoad-end network of very large capacity. 

Load-End Network with a Single Voltage Source. 
If the receiver end system merely involved a single 
synchronous motor there would be no problem of how to 
handle the load-end network, as it would be possible to 
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apply rigid methods of analysis. In general, it would be 


 hecessary to take into account the finite inertia of the 


synchronous motor and also the variations in direct and 
cross component of flux. 

If the load consisted of a synchronous motor and a 

shunt impedance, the load-end problem would be 
handled in a similar manner.- The shunt impedance 
load at the receiver would be combined to form a part 
of a single equivalent network between supply and 
receiver ends as indicated in Figs. 9A and 9B. 
In case of a radial type receiving system as indicated 
in Fig. 10, it would be permissible to use the same 
method provided the voltages of the various machines 
have the same phase relation at all times. This would 
require that the regulation of the various branches, and 
also the product of the effective impedance and the 
change in power per electrical degree of rotor movement, 
be the same in order to have the same natural period of 
mechanical oscillation in the different branches. 


ee ae 
Stunt 


Load Motor 


Netrork 
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It should perhaps be pointed out that all the methods 
described in this section have an accurate analytical 
basis and permit of taking into account the finite 
inertia and the changes in direct and cross components 
of synchronous machines. It may be noted that the 
shunt impedance when used to represent non-synchro- 
nous load is, however, an approximation. 

Load-End Network with Two-V oltage Sources at Fixed 
Angular Displacement. To employ the assumption 
that the voltages of all load and synchronous machines 
are in phase is clearly a crude approximation in many 
cases, as for example, in the case of a synchronous motor 
and a synchronous condenser, or of a load-end generator 
and the motor of a large frequency changer set. The 
problem of analyzing the operation of three synchronous 
machines, one at the supply end and two at the load 
end, taking into account the inertia effects and variation 
in direct and cross component of voltages in each ma- 
chine, is quite complicated. Thisis due in part to the 
fact that the two machines at the load end have, in gen- 


network with a new equivalent supply voltage. 
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eral, different natural periods and theresulting oscillation 
may be considered as a principal oscillation upon which 
is superposed a minor oscillation of higher frequency. 
The minor oscillation is of relatively little importance 
in the stability problem and this suggests the desira- 
bility of making a simplifying assumption which would 
eliminate the minor oscillation. Fortunately, this 
assumption is simple to apply. It requires merely that 
the two machine voltages maintain a constant angular 
relation between each other. _ In Appendix II is derived 
a method for replacing two networks connected in 
parallel, each with a source of voltage by a single 
equivalent network with a single equivalent supply 
voltage. The assumption of constant angle between 
machines is, in reality, quite accurate; for the initial 
condition there is, of course, no error as the angle is 
obtained from this condition; for the steady-state con- 
ditions subsequent to the disturbance, the phase angle 
is approximately the same because the power dis- 
tribution is about the same as initially. During the 
transient conditions the approximation is relatively 
good but is in error because the oscillation represents 
that of the two machines operating as a unit, instead 
of permitting them to move with respect to each other. 
Of course, the method gives the correct initial accelera- 
tions and decelerations of the various machines 
and is best suited for systems comprising turbo 
generators in which the internal voltage may be con- 
sidered constant. The method may be applied to the 
case of a receiver system having a shunt. impedance 
load, it being necessary only to include the shunt 
impedance as part of the equivalent network. 

The case of a load-end network with three or more 
voltage sources having fixed angular relationships may 
be solved in a similar manner by the use of the single 
equivalent network. 

Load-End Network with Several Voltages having 
Variable Angular Relations. In case of a load-end 
network with two or more voltage sources with variable 
angular relations, the calculations become quite in- 
volved. This method may be handled by the use of 
the single equivalent networkin a step-by-step solution. 
For each step it is necessary to obtain the voltage power 
and angle relations for the equivalent network and then 
the corresponding quantities for the individual ma- 
chines. The rate of change in voltage and angular 
position for the individual machines may then be 
estimated. For the next point, at the end of the 
arbitrary time interval, voltage and power relation 
can be determined by the use of a single equivalent 
The 
estimated rate of change in rotor position and voltage 
used throughout the interval may now be checked with 
the values at the beginning and end of the interval. 

Load-End Network for Very Large Systems. On 
large receiving systems the variations in power demand 
and in demagnetizing and cross-magnetizing actions on 
a particular machine due to a disturbance on the trans- 
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mission system are likely to be relatively small. Con- 
sequently, the approximation of constant internal 
voltage is quite accurate and the variation in phase 
angle of the load-end network becomes small in com- 
parison with the total variation in phase angle. Hence 
it is permissible to represent an extensive transmission 
network with many sources of voltage by a single 
equivalent network with a single machine and a single 
shunt impedance representing non-synchronous load. 
In large systems the total inertia effect becomes very 
large with respect to the inertia of the generator supply- 
ing the transmission line and for this condition the 
inertia of the equivalent machine for the load-end 
network may ke assumed, without serious error, as 
being infinite. If desired, a corection for the effect 
on the natural period of the mechanica! oscillation may 
be made by increasing the inertia of the generators 
supplying the transmission line as indicated below: 


1 it 1 
ie Ml Me 


where M. and M: represent the actual inertia of the 
machines at supply and receiver ends respective'y, and 
where M, is the equivalent inertia at the supply end 
with the receiver inertia considered infinite. 

It is to be emphasized that high accuracy in the 
representation of the load-end network is usually not 
required because the effect on the’ stability of the 
transmission system is relatively small. In general, 
where the load-end network is simple, it is necessary 
to employ more accurate methods than where the 
system is large, which relation is fortunate from the 
standpoint of calculation. 

Mechanical System Data. The stored mechanical 
energy in the synchronous rotating machinery is 
important in determining the period of system oscilla- 
tions and the rate of change of angular positions of 
rotors, and hence internal voltages in response to 
changes in input or output. Because of their inertia 
the rotors cannot change phase position immediately. 
During the first instant of a disturbance the redistri- 
bution of power can be calculated with the internal 
voltages in the same position as at the instant immedi- 
ately preceding a disturbance. Before the beginning 
of the transient the input and output are equal,—the 
rotor being in equilibrium,—but with the redistribution 
of power, the equilibrium is disturbed and the rotors 
accelerate or decelerate, the rate being determined by 
the following equation: 


(51) 


180 f ate 
Ore AP (6) 
where : 
a = Acceleration in electrical degrees per sec. per 
sec. 
f = System frequency. 
EF =Stored mechanica lenergy at synchronous 


speed in kw. sec. 
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AP. = difference between input and output in kw. 


By assuming sufficiently small time intervals and 
assuming the acceleration constant during the interval, 
or by assuming larger intervals and correcting for 
average acceleration, the rotor movements can be traced 
by a step-by-step method of calculation throughout the 
period of disturbance. 

The stored energy is dependent upon the total mass, 
the distribution of this mass, and speed. The following 
table indicates the stored energy in kw-sec. per kw. 
output for a large number of different units of each 
type of machine. 


TABLE IV 


SrorED Enpereay oF MaAcHINES 


1. - Water-W heel Generators. 
Average of units ranging from 1500 to 35,000 kw. = 2.40 
kw-sec. From an examination of a small amount of data 
the fly-wheel effects of the water-wheels appear to be in the 
neighborhood of 10 to 20 per cent of the generator fly-wheel 
effects. 
Steam Turbine-Generator Units. 
Average of units ranging from 1500 to 35,000 kw. Gen- 
erators = 5.32, turbines = 5.65. Total = 10.97 kw-see. 
3. Rotary Converters (Railway & Edison). 
Average of units ranging from 750 to 3250 kwe= 20) 
kw-sec. 
4. Synchronous Condensers. 
Average of units ranging from 1000 to 40,000 kv-a. = 
1.48 kw-sece. per kv-a. 


to 


In consideration of water-wheels, the inertia effect of 
the water may be neglected. The lack of rigid coupling 
between the wheel and the water permits the latter to 
slip relative to the wheel during speed changes. 

The synchronous machinery and, to a lesser extent, 
the eddies in synchronous machinery tend to cushion 
any sudden changes in phase position and voltage. 
This induction generator effect differs from the 
synchronous effect in that it is responsive to speed 
changes rather than angular space changes. However, 
the effect is small and may be neglected. ; 

Governor Characteristics. The time constants of 
governors are also important in their effect upon system 
stability during certain types of disturbances. The 
acceleration or deceleration of the rotor determining the 
phase position of the internal voltage depends upon the 
difference between generator input and output, the 
input being regulated by the governor. In present day 
practise, the governor is a device which functions on 
speed. This point is important as large angular dis- 
placements might take place before the governing 
device begins to function. 

Normally, steam turbine governors require approxi- 
mately two to three seconds traversing time for full 
stroke with 100 per cent change in load, but more 
recent developments have reduced this time to one 
second. In addition to the traversing time, time is 
required for the speed to change and to start corrective 
action. This. time will be greater for small changes 
than for large changes. 
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Time constants of water-vheel governors are also 
of this same order of magnitude. Tests* made on 
units of the Pennsylvania Water & Power Company 
indicate that the ‘dead time” between load change and 
first movement of the gates is about 0.3 seconds for all 
load changes. Maximum speed of gate movement 
occurs when full load is thrown off. If the rate of 
change at the beginning of the motion were continued, 
full stroke would be covered in 2.7 seconds. For 
smaller load changes, this time is much larger, rising to 
ten seconds for a 15 per cent change in load. These 
data are based on the performance of relatively low 
head units. For higher head plants, rapid changes in 
the velocity of the water may cause excessively high 
pressures which must be avoided. This is accomplished 
by the installation of surge tanks and by by-passing 
the flow through relief valves and subsequently closing 
the valves slowly. For Pelton wheels, another method 
is also available, namely, the use of stream flow de- 
flectors which merely interpose a barrier between the 
nozzle and the buckets, and deflect a portion of the 
stream. 


The method of system operation also influences the 
manner in which the governors affect stability. In the 
governing system of the Pacific Gas & Electric Company 
which they have found satisfactory for their type of 
system, governors are set with a flat characteristic to 
govern at one-half cycle above normal frequency, the 
load dispatcher directing one particular plant to act ina 
governing capacity. The governors, when operating 
“against a block,”’ merely act as overspeed devices. 

Before complete analysis of stability conditions on 
new projects are made, proper cognizance must be 
taken of the method of operation and adequate informa- 
tion relative to the time constants of the particular 

_governors must be obtained. 

In general, since governors react only after the speed 
change and since these changes are extremely small 
during switching operations, the variations in gate 
opening can be neglected for these conditions. The 
action of the governor during single-phase short circuits 
will depend upon the change in output and the resultant 
speed change. For relatively small changes of the 
order of 25 per cent of rated load, consideration of the 

- 0.3 seconds “dead time” and the relatively slow 
traversing rate of about six seconds would justify 
neglecting any change in gate position due to governor 
action. In general, one must look into the individual 
case and determine whether or not the effect of gover- 
nors can be neglected. If their effect must be taken 
‘into account, it will be found convenient in the analysis 


Eto plot the variation in speed of machines and in gate 


opening as functions of time. These curves enable one 

to determine the interaction between rotor velocity and 

gate opening throughout the transient condition. 
Single-Phase Short Circuits. The calculation of 
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single-phase, short-circuit currents on a transmission 
network is complicated because the currents and 
voltages in the different phases are unsymmetrical. 
Each phase is inductively coupled with the other 
phases in transmission lines, transformers and rotating 
machines. In addition, rotating machines, including 
synchronous generators, motors and condensers, and 
also induction motors, provide a distinct phase- 
balancing action, tending to restore symmetry in volt- 
age and current. Because of the fact that no suitable 
method had previously been published, the authors 
found it necessary to develop a method for the solution 
of the single-phase, short-circuit problem. This method 
is essentially a combination of two well-known methods 
of network solutions; namely, phase sequence com- 
ponents, and general circuit constants. In the phase 
sequence method developed by C. L. Fortescue,{ the 
voltages and currents of a three-phase grounded system 
are resolved into three components, namely, the positive 
sequence, the negative sequence, and the zero sequence. 
This results in an important simplification for the case 
we are considering of balanced polyphase systems, as 
the different sequences do not react one upon another. 
For normal balanced loads, only positive sequence 
voltages and currents are present. In case of a line-to- 
line fault, only the positive and negative sequence 
components are present; while in the case of a fault to 
ground, all three components are present. Synchronous 
machines generate only positive sequence e. m. fs., and 
the negative and zero sequence voltages appearing at 
machine terminals are due to the voltage drops produced 
by negative and zero sequence currents, respectively. 
Since polyphase synchronous machines generate only 
positive sequence voltages, it follows that machine 
decrements involve only positive sequence voltages and 
currents, and the constants of the machines and the 
network to which they are connected. In other words, 
it is possible to compute the decrements for single-phase 
short circuit by the methods applicable to three-phase 
short-circuits if the positive sequence voltages and 
currents of the various machines are considered. 

The most convenient methods for handling trans- 
mission networks employ the general circuit constants 
developed by Evans. and Sels.* In this connection, it 
may be pointed out that the recent revision of the book 
“Blectrical Characteristics of ‘Transmission Lines,” 
by William Nesbitt gives a very: complete series of 
tables of the general circuit constants for transmission 
lines covering the commercial ranges of conductors and 
spacings for lines from 50 to 300 miles in length. The 
method of general circuit constants was originally 
developed for the solution of balanced three-phase 
systems where only positive sequence components of 
currents and voltages are present. The method, how- 
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ever, can readily be extended for negative and zero 
sequence components. 

In Appendix II is given in detail the theory of the 
method for the solution of the single-phase short ir- 
cuit. The method presented is one of determining an 
equivalent network with equivalent voltages and 
general circuit constants for positive, negative and zero 
phase sequences to represent the complicated network 
under consideration. The steps in the solution in- 
clude the replacing of two network branches operated 
in parallel, each with a source of voltage, or two net- 
works in series by a single network with equivalent 
supply voltage and equivalent general circuit constants. 
This method may readily be extended to cover almost 
any type of network. The final form of the solution is 
that of a single equivalent network having an equivalent 
supply voltage and equivalent general circuit constants 
for the three-phase sequence components. Formulas 
are then presented for the calculation of the short- 
circuit currents for both line-to-line and line-to-neutral 
faults. It should perhaps be pointed out that the 
method may be applied to calculating boards when the 
assumptions usually made in short-circuit calculations 
are employed. Reference may be made to an article t 
by one of the authors describing the method in a 
simplified form, considering only the reactance of the 
various circuits. 


The application of the phase sequence method per- 
mits the determination of the voltages and currents in 
the different phases at all points in the transmission 
system for the case of a fault from line to line, or from 
line to ground. However, the authors have found it 
both permissible and advantageous to replace the short 
circuit from line conductor to ground by a symmetrical 
shunt impedance between the line conductors at the 
point of short circuit, the magnitude of this impedance 
being so chosen as to produce throughout the entire 
transmission network the identical values of positive 
sequence voltages and currents that occur in the actual 
network. The value of the equivalent shunt impedance 
is equal to the sum of the negative and zero sequence 
impedances of the transmission network, as calculated 
at the point of short circuit. A derivation of this 
method is given in Part III of the Appendix. By the 
use of this equivalent network, the line-to-ground short 
circuit problem is reduced to a symmetrical three-phase 
problem for which the more familiar methods of solution 
may readily be employed. Also, it provides the solu- 
tion in the form most convenient for analyzing stability; 
that is, the positive sequence solution. A similar 
equivalent network may be developed for the case of a 
line-to-line short circuit. 


The single-phase, line-to-ground fault causes current 
to flow through ground connections, both at the fault 
and the transformer neutrals. The resistance of this 
path is speculative, as it depends upon local conditions 
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as to the location of fault, method of grounding neutral, 
character of soil, etc. The resistance from transformer 
neutral to the faulty conductor may vary from sub- 
stantially zero in the case of the transformer bushing 
failure to a very high value in case of a ground on cer- 
tain rocky soils. 'The magnitude of this resistance is an 
important factor in the stability problem because upon 
it depends the tendency to accelerate or decelerate the 
rotors of generators or other machines at the time of a 
fault to ground. The effect on generator speed may be 
enormous as may be realized from the fact that a fault 
current of the order of 4000 amperes, which may be 
expected on some of the projects under consideration, 
would cause an energy absorption in ground connec- 
tions of 16,000 kw. per ohm. Only a limited amount of 
information is available at the present time in regard to 
the resistance of earth connections when carrying heavy 
currents. The data obtained in a couple of cases where 
tests have been made on large power systems indicate 
that the value of this resistance is likely to be suf- 
ficiently high to cause the generators to slow down on 
the occurence of a fault and then overswing when the 
faulty section of line is cleared. 

Combination of Factors. The various individual 
factors entering into the problem of stability have been 
discussed and the matter of their combination for the 
calculation of system oscillations will now be considered. 

Single Generator and Motor with Reactive Tie Lines. 
In order to make the essential steps in the determina- 
tion of system oscillations stand out more clearly, a 
number of simplifying assumptions will be made. Con- 
sider the case of two identical salient pole machines— 
one a generator and the other a motor—tied together by 
two tie lines as indicated in Fig. 11. Let it further be 
assumed that the resistance in the circuit and the 
capacity of the tie-line is negligible, the load a shaft- 
brake load having essentially constant power character- 
istics, the governor setting constant during the tran- 
sient, and the initial field currents on the two machines 
equal. The system will be symmetrical about the 
midpoint of the line with current and voltage in phase 
at this point, and, as the generator accelerates or de- 
celerates, the motor will decelerate or accelerate an 
equal amount. This simplifies the problem to the 
consideration of the action of only one unit. 

The initial conditions of operation with both tie lines 
in service can be determined by the usual methods of 
calculation including phase angle between rotor posi- 
tions, direct component of machine voltages and 
excitation. 

Switching out a section of line, as would occur, for 
example, by the opening of breaker ‘“a’’ shown in 
Fig. 11, is the equivalent of a sudden increase in the 
reactance of the tie lines. The opening of a breaker 
introduces certain unsymmetrical electrical transients 
of very short duration, which may be neglected. The 
increase in the reactance of the tie line requires the 
system to find a new position of equilibrium with a 


v 


* 4. 


y. 
. 


Feb. 1926 


greater phase angle between rotors. The system cannot 
instantly assume the new position of equilibrium at 
normal voltage because of the inertia of the rotating 
masses and the inductance of machine fields. At the 
first instant after breaker opening, the generator output 
is less than its input and the motor input is less than its 
output and consequently the generator initially tends to 
accelerate and the motor to decelerate by equal amounts 
as determined by the method discussed previously. At 
the same time, a change occurs in the demagnetizing 
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effect of armature current from which, by methods 
previously described, the rate of change of the direct 
component of voltage can be calculated. Choosing an 
interval of time and assuming the rate of change 
constant during this interval, the final values of Ez and 
@ at the end of the interval can be calculated. Con- 
tinuing this method by the step-by-step process in which 


d Ky 
dt 


ing the intervals, it is possible to plot the variation in 


the acceleration and are assumed constant dur- 
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rotor angle and other quantities throughout the system 
oscillations. By employing sufficiently short time 
intervals, any desired degree of accuracy may be 
obtained. The step-by-step method may be carried 
out more accurately by estimating the average rate of 
change of the various quantities and using it throughout 
the arbitrary time interval. This average rate of 
change can be approximated by extending the curve 
through the succeeding interval. 
Fig. 12 indicates the results of calculations of this 


nature in which the reactance of the tie line was in- 
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creased from 120 to 130, 140 and 160 ohms. It will be 
noted that the system remained stable for the change 
from 120 to 130 ohms only, the other cases resulting in 
loss of synchronism as indicated by the continuous 
increase in angle and the drop in terminal voltage. 


For the case of a synchronous generator and motor 
connected by a general network, the method of calculat- 
ing system oscillations is very similar to that described 
above. The initial conditions are first determined by 
the usual method. After the disturbance takes place, 
the initial changes in acceleration and in the direct 
component of machine voltages may be computed from 
the power, voltage and angle relations given in Appen- 
dixI. The same step-by-step solution is then employed 
but with the difference that, on account of the losses in a 
general network, the motor input is less than the genera- 
tor output, which makes it necessary to compute 
separately for each machine the change in acceleration 
and in direct component of voltage and exciter voltage. 

The calculation of system oscillations for other types 
of networks is essentially the same as that described 
above, the difference arising only in the method re- 
quired to. give the power, angle and machine loads. 
In the case of two or more machines at the receiving end 
of the system the same procedure may be followed if the 
receiver end of the system is handled in the manner 
described in the section on Load End Network. In the 
case of two or more machines at the supply end, a 
similar method may be followed. 


APPLICATION OF METHODS TO VARIOUS TYPES OF 
SYSTEM DISTURBANCES 


The methods of calculating system oscillations 
described in the preceding section will now be discussed 
with respect to their application to the various types of 
system disturbances. The principal conditions which 
may give rise to important disturbances on a power 
system are as follows: 

1. Sudden increases in load. 

2. Switching operations. 

3. Faults. 

For a general discussion of the phenomena accom- 
panying these various types of disturbances, reference 
should be made to the paper by Mr. Fortescue.* 


Sudden Increases in Load. The supply of power from 
long-distance transmission lines is usually supplemented 
by local steam or hydroelectric power plants. In 
ordinary operation, sudden increases in load do not 
occur except in the case of the loss of a load-end gen- 
erator as the result of a breaker operation. For this 
condition, however, the load is taken up largely by the . 
deceleration of the parallel units which initially tend to 
contribute power in inverse proportion to their connect- 
ing impedances. The increased demand for power will 
require a new position of equilibrium and before 
reaching it, the system, on account of mechanical 
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inertia, will tend to overshoot and go out of step if the 
transient limit is too low. If the system withstands the 
first overswing, the two ends of the system will usually 
stay in step and slowdown together. The reduction in 
system frequency willlead toa simultaneous reduction in 
load which, on a typical system as pointed out een [alae 
Jollyman, is of the order of 314 per cent for a reduction 
of frequency of from 60 to 59 cycles. The increased 
load will cause a reduction in system frequency and in 
machine voltages which will bring the governors and 
voltage regulators into action, tending to restore the 
system to normal. 

For the investigation of the stability condition of the 
system for sudden increases of load, the calculations are 
carried out for the condition corresponding to the loss of 

the largest generating unit at the receiving end as the 
result of a switching operation. In general, however, 
the limiting condition from the standpoint of stability 
will not arise from sudden increases in load, though, of 
course, consideration should be given to this problem 
in any specific project. 

Switching Operations. The switching operation most 
likely to be important from the standpoint of stability 
of a transmission system is the opening of a section of 
line under load. The switching out of a section of line 
will cause the system to seek a new position of equilib- 
rium, and the system, in moving to this new point, will 
overswing to such an extent as to produce instability if 
the transient limits are too low. If the system does not 
pull out of step on the first overswing it is unlikely to do 
so later because sufficient time will usually be available 
for regulators to increase the excitation of the machines. 

In making stability studies, the most severe switching 
condition is the one which arises from the opening of the 

longest section of line or the section most remote from 
sources of maintained voltage. In such studies, it is 
usually permissible to assume constant internal voltages 
or constant direct components of voltages. In con- 
nection with such studies, the effect of the charging 
current of the section of line disconnected at one end 
should be taken into account. 

Under certain conditions it is possible for switching 
operations to lead to very severe system disturbances. 
The conditions favorable to producing severe disturb- 

_ ances include very long sections of line, operation very 
close to the corona limits, and small generating capacity 
as would occur in initial developments. In the case of 
the opening of a breaker at the remote end of the sec- 
tion from the generating station, as breakera in Fig. 11, 
the corona loss on the disconnected section may rise to a 
relatively high value. In case this corona loss would be 
greater than the output of the generating station, the 
power would be supplied from the load-end network. 
If the breaker 6 in Fig. 11 were opened, the system must 
swing forward through a large angle to reach a new point 
of equilibrium, and the resulting system oscillation 
would be of very considerable magnitude. F 
Faults. From the standpoint of maintaining sta- 
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bility, faults produce most severe conditions occurring 
in ordinary operating experience. 

Three different types of faults may occur; namely, 
three-phase, single-phase, line-to-line, and the single- 
phase, line-to-ground. Hizgh-voltage transmission sys- 
tems are normally designed with neutral grounded and 
with relatively large clearances between conductors. 
There is a distinct tendency to employ single circuit 
tower lines and horizontal spacing of conductors on 
account of ice conditions. Greater attention is being 
given to substation layout in order to minimize the 
possibility of three-phase and single-phase, line-to-line 
faults. These considerations indicate that the occur- 
rence of any type of fault other than the single-phase 
line-to-ground is relatively remote. Data on some of 
the high-voltage transmission circuits indicate that 
over 90 per cent of the faults that have occurred were 
from line to ground. In view of these facts, it appears 
that the layout should be such as to provide a reason- 
able margin of stability in the case of single-phase, 
line-to-ground faults, but that it is not essential in the 
case of three-phase and_ single-phase, line-to-line 
faults. 

A fault on a transmission line will normally give rise 
to three circuit conditions; namely, the original condi- 
tion before the fault, the condition during the fault, 
and.the condition after the fault is cleared; and in 
addition, another intermediate step if more than one 
breaker is required to clear the fault. The time interval 
between these changes in circuit conditions is insuffi- 
cient for the system to readjust itself, consequently the 
changes may occur at such times as to augment the 
magnitude of the system oscillation. The description 
of the way in which the opening of a breaker to clear a 
line to neutral fault may give rise to very large system 
oscillation, is given in the paper by Mr. Fortescue 
previously referred to. 

In analyzing stability conditions from the standpoint 
of short circuit, it will usually be found necessary to 
investigate faults located at two or more points on the 
system and to use different values of fault resistance, 
in order to obtain an adequate conception of the 
operation of the system. The most severe fault is likely 
to occur on the high-voltage line close to a bus or 
sectionalizing point. The value of the resistance at the 
fault and in the neutral connections should be esti- 
mated as closely as possible, taking into account all the 
available information in regard to the particular proj- 
ect as to location, character of soil and type of 
construction. 

In determining the time for the opening of the circuit 
breaker, the operating range should be estimated, and 
the time within this interval which would produce the 
most severe disturbance should be selected. Similar 
assumptions should be made for the opening of the 
second breaker. ; 

Studies of faults should not be limited to the high- 
voltage lines alone, but should include the distribution 
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system and also the low-voltage bus at generating 
stations or at substations. 


ARTIFICIAL STABILITY 


Artificial stability can best be considered as a series 
of periodic transients and for this reason will be in- 
vestigated by the methods of transient analysis. The 
theoretical possibility of attaining a condition of arti- 
ficial stability has been considered for some time but 
no calculations have hitherto been presented in 
substantiation. 

The case chosen for investigation consisted of a 
synchronous generator and a similar synchronous motor 
connected by a reactive tie line. To simplify calcula- 
tions, the effect of resistance and line capacity were 
neglected. The governor setting at the generator end 
and the shaft load at the receiving end were assumed 
constant. The inherent static limit with the excitation 
adjusted to produce normal terminal voltage was cal- 
culated to be 250,000 kw. This value is the absolute 
limit for constant excitation and to prove the possibility 
of artificial stability it is only necessary to show that 
the system can deliver power at normal terminal voltage 
in excess of 250,000 kw. 

An arbitrary load of 285,000 kw. was assumed. The 
excitation system was so chosen as to operate at a mean 
value of 250 volts in order to maintain normal voltage 
on the terminals of the main machine at 285,000 kw. 
The system is, of course, in equilibrium at this point 
but the slightest unbalance would lead to a loss of 
synchronism with fixed excitation. In order to show 
that artificial stability can be maintained it would be 
necessary only to displace the system an arbitrary 
amount and follow the system oscillations and show that 
the condition does not become unstable. The rotors 
were displaced a total of two degrees, other conditions 


such as governor setting at the generating end and the 


eT 


shaft load at the receiving end remaining unchanged. 
The variations in the direct and cross component. of 
internal voltage and the variation in exciter voltage and 
currents and the acclerations of the rotors were calcula- 
ted as explained in the previous sections. An arbi- 
trary assumption was necessary to fix the time at which 
the regulator contacts opened and closed. The con- 
tacts of the regulator were opened and closed as ter- 
minal voltage of the main machine passed through 
normal. 

The results of the calculations are indicated in the 
several curves of Fig. 13. The significant factor to 
note is the degree to which the terminal voltage under 
the influence of the excitation system adhered to the 
normal value of 127 kv. The mechanical oscillation was 
so slow that the voltage regulator had time to open and 
close several times during an oscillation. As the 
actual static limit is approached the natural period 
inereases, permitting still greater opportunity for the 
excitation system to function. No consideration was 


_ paid to the damping factor so that the actual result 
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should indicate smaller amplitudes for each successive 
oscillation of the rotor. 

For operation under heavy load conditions, the ad- 
justment or lack of adjustment of the voltage regulators 
may become the controlling factor from the standpoint 
of stability. Special attention must be paid to voltage 
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regulators when a system is operating in the range of 
artificial stability. 


ANALYSIS OF STABILITY TESTS ON THE SYSTEM OF THE 
PACIFIC GAS AND ELECTRIC COMPANY 


Cooperative stability tests were made during the 
early part of 1925 on the transmission system of 
the Pacific Gas & Electric Company. Such tests 
furnish accurate information as to the operation of a 
system at times of disturbances and are valuable for 
planning future expansion. In addition, these tests, 
which were the first of their kind, afford an opportunity 
to check methods of calculations and to analyze test 
results on an actual transmission system. 

These tests are described in detail in the companion 
paper by Mr. Wilkins. The present discussion will be 
restricted to the comparison of test results and calcula- 
tions. Two representative tests, one a switching 
operation and the other a single-phase fault, were 
selected for analysis. 

Switching Operation. The layout of the part of the 
Pacific Gas & Electric Co. system involved in these 
tests is indicated in Fig. 14. One transmission line was 
operated at 110 kv. and the other at 220 kv. In test 
No. 12—one selected for analysis—a switching opera- 
tion was performed by opening the high-voltagé breaker | 
in the 220-kv. line at the Pit River No. 1 power house, 
transferring all of the load to the 110-ky. line. A 
relatively severe switching disturbance is produced in 
this manner as the load on the 110-kv. line is increased 
to over 300 per cent of the initial value. 

The application of the methods of calculation pre- 
viously described to the particular problem will now be 
discussed. The load-end network consists of the 110- 
kv. and lower voltage distribution system, connected 
loads and local generators and the synchronous con- 
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densers at the .Vaca-Dixon substation. This type 
of network may be considered as involving two sources 
of e. m. f. having a fixed angular relation and a shunt 
impedance load and may be analyzed by the use of one 
of the equivalent load-end networks. The supply-end 
network involves three power plants in parallel, Pit 
River No. 1, Hat Creek No. 1 and No. 2. Since Hat 
Creek No. 1 and No. 2 are very close together and their 
electrical and mechanical characteristics are similar, 
they can be considered as one unit, but due to the 
difference in impedance and inertia effects the Hat 
Creek plants cannot be combined in this manner with 
the Pit River No. 1 plant. This necessitates a set-up 
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the disturbance. In the curves of Fig. 15 are shown the 
calculated and observed values of power measured at 
Pit River No. 1. Similar curves for the generator 
voltage at Pit River No. 1 and the 110-kv. bus voltage 
at Vaca are given in Fig. 16. Fig. 17 shows the instan- 
taneous observed and calculated angles between the 
rotor of the Pit generator and the voltage of the 110-kv. 
bus at Vaca. 

It will be noted that the curves show good agreement 
between calculated and observed values as to general 
magnitude and trend. It should be explained at this 
time that the breaker did not open the circuit com- 
pletely at the beginning of the switching disturbance. 


i] 
Vaca Substation 


14—VoutTace AND CurrRENT DISTRIBUTION ON TRANSMISSION SYSTEM oF Pactric Gas & ELecTRic COMPANY 


With a single-phase fault to ground on 220-ky. line near Vaca substation—calculated. Voltage 30,000 volts per in.; current, 500 amperes per 


in., 110-kv. base 


similar to that shown in Appendix I, Fig. 20, consisting 
of two salient pole machines at the supply end and a 
single equivalent machine at the load end with a shunt 
impedance branch representing non-synchronous load. 
The solution is then obtained by the step-by-step 
method, assuming constant gate opening for the supply 
end, constant direct component of voltage at the supply 
end generator, and constant internal voltage at the 
load-end machines. 

Results of the calculations of the switching operation 
are shown by a number of curves of power, voltage and 
angle plotted as functions of time from the beginning of 


This accounts for the time displacement of about 0.2 
seconds in the observed results and also for the fact 
that the observed oscillation is of somewhat smaller 
magnitude. 

Tests were also made and the transients recorded 
when the same breaker was closed. The results of 
tests and calculations of power variations for this 
condition are shown in Fig. 18. In this case the effect 
of the non-simultaneous action of the different poles 
does not enter and a more satisfactory check is obtained. 

Single-Phase Fault to Ground. ‘The system layout 
for the single-phase fault to ground was the same as for 
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the switching test previously described. The fault was 
applied to the 220-kv. line two towers from the Vaca- 
Dixon substation. 

An analysis was made to determine the initial distri- 
bution of currents and voltages over the entire trans- 
mission system by the methods outlined in Appendix 
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II. The simplified network identical to that used for 
the calculations of switching operation was used with 
the “equivalent symmetrical network’’ connected at 
the point of short circuit. The conditions of tests were 
unusual in that the closely coupled transmission lines 
were operating at different voltages. 
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Fig. 16—Comparison or TESTS AND CALCULATIONS FOR 
VARIATIONS IN VOLTAGE OF Pit No. 1 Bus anp Vaca 110-Kv. 
Bus—Oprnine OnE LINE 


The results of calculations are shown in Fig. 14 which 
gives the vector distribution of the currents and 
voltages at different points in the system. In this 
figure all the vectors are given on a common voltage 
basis of 110 kv. and to obtain the actual values of cur- 
_ rent and voltages in any particular part of the circuit, 
_ itis necessary to take into consideration the transformer 


ratios and phase shifts due to the star-delta transfor- 
mations. The diagram assumes the normal direction of 
power flow from the Pit end toward theload. The fault 
actually occurred on phase B but for convenience in 
calculation it was assumed to occur on phase A. It will 
be noted that at the time of fault the negative phase 
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sequence current supplied from the condensers at Vaca 
are greater than the positive sequence components. 
The pronounced distortion of the current vectors is due 
principally to the relatively low value of the transmitted 
load currents at the time of the tests. 

In Table V is. given the comparison of calculated 
voltages and currents with the corresponding quantities © 
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observed during the tests. The calculated values are 
based on the instantaneous symmetrical value of short 
circuit current and the test results are based on the 
values during the fourth cycle after the application of 
the fault. The close agreement, considering the factors 
involved, serves as a sufficient check upon the general 
method. 
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METHODS OF INCREASING STABILITY 


Discussion of the methods of determining stability 
under various operating conditions leads directly to the 
consideration of methods of increasing stability. 

The most evident method of increasing the stability 
limit of a transmission system for a given voltage is to 
decrease the series impedance. This may be accom- 
plished by the use of: 

1. Additional circuits. 

2. Lower frequency. 

3. Percy Thomas split conductor. 

4. Lower transformer impedance. 

It is evident that if the number of circuits is In- 
creased, the power limit is also increased but not neces- 
sarily in direct proportion. To secure full advantage of 
the increase in the number of circuits it is necessary to 
modify the characteristics of the synchronous machines 
at both ends, otherwise the high charging kv-a. of the 
transmission lines will not permit adequate field 
excitation of the synchronous machines. However, 
switching surges are less severe with a larger number of 
circuits. 


TABLE V 


COMPARISON OF MEASURED AND CALCULATED 
INSTANTANEOUS SYMMETRICAL VOLTAGES 
AND CURRENTS FOR FAULT TO GROUND AT 

VACA-DIXON SUBSTATION 


Measured Calculated 

1. Residual current in circuit breaker at 

Vaca 1020 1130 
2. Voltage, ‘‘A’’ phase at Vaca 60,000 59,300 
3. Residual voltage, 110-kyv. bus at Vaca 14,200 13,300 
4, Residual current in 220-kv. line at Pit 

No. 1 140 138 
5. Current, ‘“‘B’’ phase, 220-kv. line at Pit 

No. 1 235 280 
6. Current ‘‘A’’ phase, Pit No. 1 generator* 2780 4150 
7. Voltage, ‘‘A’’ phase, Pit No. 1 generator 4840 4996 
g. Current. ‘“A’’ phase, 110-kv. line low side 

at Pit No. 1 1070 1030 


*Discrepancy unexplained. 


Lowering the transmission frequency also increases 
the power limit but in view of the unquestionable trend 
toward standardization at 60 cycles* the scheme does 
not meet with approval for a general superpower system 
with its attendant interconnections. For peculiar 
local situations, such as those involving existing 25- 
cycle apparatus for generation or utilization, it may be 
found advantageous to transmit at 25 cycles especially 
if part of the transmitted load is to be used at 25 cycles. 

The advantages and disadvantages of the Percy 
Thomas split conductor scheme} have been |discussed 
at various times. 

The possibilities of reducing the impedance of trans- 
formers are limited, due to the small reduction obtain- 
able at reasonable increase in cost. 

A scheme closely related to those mentioned above is 
one providing additional sectionalizing stations in order 
to reduce the increase in impedance arising from the 

*Bibliography, Item 22. 
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disconnection of a section of line. Such a scheme 
involves the ordinary bussing arrangements and the 
necessary automatic circuit breakers and relays. This 
scheme is most useful in increasing stability for switch- 
ing operations. 

Another important general method for increasing the 
power stability of a transmission system is to employ 
measures to maintain or increase terminal voltages. 
This may be accomplished by the use of the following 
methods: 

Machines of special characteristics. 
Compensated machines. 

High speed excitation. 

Intermediate condenser stations. 

Shunt reactors. 

Additional tie lines at the receiver end of the 
system. 

Machines of Special Characteristics. A synchronous 
machine of zero impedance inherently maintains its 
terminal voltage at the value determined by its excita- 
tion. The larger this impedance the smaller the change 
in reactive ky-a. for a given change in terminal voltage, 
or the greater the change in voltage of the line to which 
the machine is connected for a given change in load or in 
the network impedance. Thus it can be seen that a 
machine’s ability to supply lagging kv-a. with drep in 
voltage is a measure of its desirability from the stand- 
point of maintaining stability. To supply this large 
amount of lagging kv-a. with drop in voltage, a syn- 
chronous machine should have low leakage reactance, 
as this is initially the limiting factor and in addition 
should have a “‘strong field and weak armature’’ which 
tends to prevent reduction in machine flux when supply- 
ing a large amount of lagging kv-a. Merely derating a 
synchronous machine will not give as favorable a result 
in cost and performance as can be obtained by specially 
designing the machine. Similar measures can be 
applied to synchronous generators with corresponding 
improvements in performance. 


Compensated Machines. Another method of improv- 
ing the regulation presents itself in the form of the 
compensated alternator or condenser.* In principle, 
this scheme corresponds very closely to the compen- 
sated d-c. generator and was suggested in an elementary 
form by Latour.; Complete compensation requires 
the supplying of compensating currents of the required 
value in the proper phase position to overcome the 
effects of armature reaction, both demagnetizing and 
cross-magnetizing. The design of the compensating 
winding may be proportioned to compensate for arma- 
ture reaction or to include the effect of leakage reactance 
or even to over-compensate to any desired degree. 
The machine may be protected from short circuits by 
designing the series transformers so as to saturate 
without seriously affecting the compensation for 
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ordinary changes in load conditions. In the event of a 
short circuit between the alternator or condenser and 
the series transformers, the machine will act like an 
ordinary high-impedance unit. 

The compensated synchronous condenser is a par- 
ticularly attractive possibility. Since the condenser is 
required to supply only reactive kv-a., it is not necessary 
to provide compensation except for demagnetization. 
Thus the compensated condenser merely requires an 
additional field winding whose d-c. exciting current 
varies in direct proportion to armature current of the 
condenser. This may be accomplished by means of a 
suitable series transformer and rectifier arrangement. 

Recent investigations of the stability problem appear 
to make desirable a reconsideration of compensated 
machines, the development of which was checked by the 
introduction of the Tirrill regulator. 

While no inherent defect is apparent in such ma- 
chines, a certain amount of time will be required to 
develop their possibilities. 

High Speed Excitation. Instead of increasing exci- 
tation by inherent action as in the compensated 
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machine mentioned above, it is possible to do this by 
automatic devices.” The ordinary automatic voltage 
regulator does it to some extent, but there is an im- 
portant time lag involved in the response of the regula- 
tor relays and in the building up of the exciter voltage. 
However, it is possible to accelerate this corrective 
action so as to actually increase the total machine flux. 
The time required for the regulator and excitation sys- 
tem to function, therefore, becomes very important. 
Because of the high time constant of large a-c. machine 
fields it is a relatively difficult matter to increase the 
main machine flux. Consequently the principal object 
of a high-speed excitation system is to maintain the 
main machine flux during any disturbance tending to 
pull the system out of step. 

In order to reduce the time of response of the regula- 
tor and exciter in case of a disturbance, there has been 
developed a high speed system of excitation involving 


special relays and exciters of low time constants. Tests 
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were made on a 10,625-kv-a. 100-rev. per min. machine 
equipped with standard and special exciters. <A test 
was made by throwing off leading kv-a. load, so as to 
simulate the condition of a sudden demand for supplying 
lagging kv-a. such as would occur in the case of a short 
circuit. In Fig. 19 are shown certain curves prepared 
from the test data obtained, which indicate the change 
in exciter terminal voltage and in the flux of the main 
alternator field, when the armature current is increased 
from zero to rated value at zero per cent power factor. 
Curves marked a are for constant excitation; curves 
marked b are for the standard. excitation system; and 
curves marked ¢ are for the high speed excitation 
system. 

As has been pointed out previously, actual static 
limits depend upon the rate of change of voltage with 
respect to time, and the critical point depends upon 
angular movements which are slow for relatively high 
loads. It has been shown in connection with “artificial” 
stability that for steady loads standard exciters are 
sufficiently fast. For greater demand in reactive kv-a. 
such as occasioned by system disturbances faster exci- 
tation systems are required. High-speed excitation 
should be capable of preventing any important reduc- 
tion in machine flux during transient conditions, and 
test results have indicated that it is permissible with 
this type of excitation system to assume that the direct 
component of machine flux remains substantially con- 
stant during the disturbance, that is, the only drop 
within a machine during a disturbance is that due to 
leakage reactance. 

Intermediate Condenser Stations. The scheme of 
placing synchronous condenser stations at intermediate 
points between the supply and receiver ends of a trans- 
mission system has been discussed before and it consti- 
tutes a vital element in the Baum system of power 
transmission. With a condenser station capable of 
maintaining voltage at the point of connection to the 
transmission line, the static hmit of the system ap- 
proaches the limits of the individual sections. With 
commercial apparatus, the limit is determined by the 
degree to which the excitation system is capable of 
maintaining this voltage in spite of the reactive drop in 
transformers and condensers. Because of the factors 
which tend to bring out a condition of artificial stability 
previously discussed, the static limits of systems pro- 
vided with intermediate condenser stations are rela- 
tively high. From the standpoint of transient condi- 
tions such as switching operation and short circuit, 
there is initially a marked tendency to maintain 
machine flux which is supplemented by the effect of 
the excitation system. . 

These natural tendencies of the intermediate con- 
denser station may be improved by the use of condensers 
of special inherent characteristics, particularly with low 
leakage reactance by transformers of low reactance, and 
by high-speed excitation systems. The compensated 
condenser seems to offer good promise by taking from 


‘ 


the intermediate synchronous condenser station its chief 
limitation, that due to the inherent regulation of the 
condenser and transformer. 

Shunt Reactors. The use of shunt reactors* has been 
proposed as a means for increasing the stability of 
transmission systems. Such reactors are operated in 
conjunction with over-excited synchronous generators 
or condensers. In case of a drop in terminal voltage, 
the lagging kv-a. drawn by the reactor decreases rapidly, 
thus producing in effect a large increase in leading kv-a. 
with drop in terminal voltage. In connection with this 
scheme, it is to be pointed out that under normal 
operating conditions the shunt reactor draws a large 
amount of reactive kv-a. which must be supplied in 
additional condenser capacity or increased capacity of 
generators. 

Additional Tie Lines. The interconnection of local 
power networks at the receiving end or at other points 
of a transmission system, tends to increase the stability 
because the local power network tends to prevent a drop 
in the transmission voltage by supplying an increased 
amount of leading kv-a. The effect may be increased 
by “stiffening” the tie lines in the local power network, 
and for the interconnection. This method is, in effect, 
one of improving the load characteristics of the trans- 
mission system. 

Governor Control. Instead of employing various 
devices to increase power limits either continuously or 
for a short time following a disturbance, there is a 
possibility of decreasing the power input for a short 
time following a disturbance. The reduction in power 
input to the transmission system would tend to reduce 
the system frequency, which would cause the governors 
on the prime movers at the receiving end of the system 
to operate in an effort to maintain the frequency. Thus 
the power transmitted over the transmission lines 
would be reduced, but the two ends of the system would 
stay in step and slow down together. After the 
disturbance, the power input at the supply end would be 
increased automatically, thus returning the system to 
its normal operating condition. 

The reduction in input would be accomplished by the 
use of special relays which would act upon the governor 
and start corrective action in advance of the change in 
speed normally used to actuate the governor mecha- 
nism. The relay could, for example, be actuated from 
ground current and would tend to reduce the power 
input from the beginning of the fault condition, whereas 
anordinary governor would initially tend to increase the 
input. Another scheme would be to employ a relay in 
which a torque proportional to gate opening is balanced 
against the torque of a wattmeter element measuring 
generator output. 

It is believed that the double transients which occur at 
times of faults to ground are of sufficient duration to 
give the special governor control time to make an 
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important reduction in gate opening and in power 
input. 

In a transmission system in which the governor is 
operated ‘against a block,”’ the special governing relay 
would take control of gate opening in a manner similar 
to that now in use for preventing excessive overspeed. 

General. In order to increase the stability of a 
transmission system in the event of a single-phase short 
circuit, a number of rather special measures have been 
suggested and a discussion of them is useful in explain- 
ing the action taking place. Some of the suggestions 
are given below: 

1. Layouts arranged to limit short-circuit current 

2. Neutral impedances 

3. High-speed circuit breakers 

4. Artificial control of generator speed 

5. Single-pole circuit breakers 

The layout of a transmission system may be modified 
so as to limit the magnitude of short-circuit currents. 
This can be accomplished by the use of reactors or 
transformers, and the avoidance of the bussing arrange- 
ments ordinarily employed. This method is open to 
the objection that it is not sufficiently flexible to meet 
the requirements of changing operating conditions. 

In the event of a line-to-ground fault the reduction 
of short-circuit current may be obtained by the use of 
neutral impedance devices. However, this method is 
not viewed with approval, because experience has 
shown that the solidly grounded neutral system pro- 
vides the best insurance against unfavorable operating 
experiences. 

If the short circuit were interrupted in a very small 
period of time, for instance a few cycles, it would follow 
that the transients in machine flux and mechanical 
inertia would be relatively unimportant, and the short- 
circuit condition would reduce to that of a switching 
operation. At the present time, there are no high- 
voltage breakers capable of ae within any such 
period of time. ' 

As has been brought out in the discussion of the 
single-phase faults, the action may be to accelerate or 
decelerate the generator rotors by a very large amount, 
and the mechanical transients thus produced may be- 
come controlling factors from the standpoint of sta- 
bility. To avoid this condition, it has been proposed to 
place automatic control on the load delivered by the 
generator or on the governor supplying power to 
the generator unit, so as to prevent large variations 
in the generator output. 

The use of single-pole breakers, with suitable relay 
systems for disconnecting the faulty conductor instead 


of the faulty section of line, has been proposed. Sub- 


sequently, the remaining conductors of the faulty sec- 
tion would be disconnected automatically. By this 
means, the stability of the system would be increased 
temporarily until the effects of the mechanical transient 
have been spent, and the fields of the synchronous 
machines could be increased. 
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CONCLUSIONS 


Stability is an important limitation in the trans- 
mission of large amounts of power per circuit over long 
distances. Provision for securing stability should be 
made for both steady state and the more frequently 
occuring abnormal conditions. The limiting condi- 
tion, as indicated by these studies, is the single-phase 
fault-to-ground, followed by the disconnection of the 
faulty section of line. Normal switching operations, 
except in a few special cases, will not give rise to severe 
system disturbances. Under emergency conditions 
when a large proportion of the lines are out of service, 
the system may approach the limit of static stability. 

The static limit of systems operating without voltage 
regulators is determined by the inherent characteristics 
of the machines and lines. With voltage regulators, a 
condition of artificial stability may be obtained on 
commercial systems and the machines tend to operate 
on a constant voltage rather than a constant excitation 
characteristic. 

Methods have been presented for the analysis of 
stability for the various conditions that arise in system 
operation. The principal new features are the treat- 
ment of machine characteristics, the simplification of 
load-end networks, and the handling of single-phase 
faults. 

Increase in the power or stability limits may be 
obtained by the use of a number of methods discussed 
in the paper. Of particular importance are high-speed 
excitation and machines of special design capable of 
delivering a relatively large increase in lagging kv-a. 
with drop in voltage. Mention should also be made of 
special governor control. 

The underlying requirement for securing stability of 
a system delivering a large amount of power is one of 
obtaining good regulation of line and terminal equip- 
ment. Improved stability conditions may be obtained 
by methods providing good regulation, either inherently 
as by compensated machines, or automatically by high- 
speed excitation systems. ; 

The use of intermediate condenser stations permits 
the transmission of the largest amount of power per 
circuit. The effectiveness of this scheme may be con- 
siderably increased by the use of specially designed 
condensers or compensated condensers, or by high- 
speed excitation. : 

Stability is important not only for high-voltage long- 
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distance transmission but also for low-voltages and 
interconnections where relatively large amounts of 
power are handled per circuit. 

The method of operating a power system, including 
setting of relays and circuit breakers, sequence of switch- 
ing operations, governor adjustments, etc., has an 
important bearing on stability. An analysis of these 
factors as they affect stability should lead to the selec- 
tion of the operating method which would minimize 
system disturbances. 


Appendix I 


INCLUSION OF CROSS FLUX IN TRANSMISSION 
CALCULATIONS 


It has been shown that in salient pole, synchronous 
machines without dampers or with high resistance 
dampers, it is sufficiently accurate to assume that the 
cross component of flux changes instantly. With this 
assumption and a knowledge of the phase position and 
magnitude of #, in all the machines and the constants 
of the network, it is possible to calculate the current 
and power distribution. 

In the vector notation used in this section of the 
Appendix, the ordinary vector will be designated by 
an inverted caret, as E, and its conjugate by the 
ordinary caret, as E. 

As before stated, the scalar value of E’, is equal to 
K,I cos ¢, which in vector notation is equal to 


K 57 ae 
a ( Mita) 


Since &, lags E, by 90 deg., its direction is determined 


by EF, is then completely determined by the 


elie 
=4 yn s 
following expression: 


~ 0, ES 
Ee=-3? Es 


The total internal voltage, E,, is equal to the sum of 
js and hie 


iy ine 
a 


: SSP Gs, Willd arn eee 
1 = Ey ee, D E? (Ea I+ Ek, T) (2) 
But £, is also equal to E, + ZI 


where 
E, is the terminal voltage, and 
Z the impedance of the machine. 
Equating these values of E, 
Ea 


Ke $ bali 
2 pp bal + Eat) 


Now lett f=a+76 f=a—jb 
Substituting and collecting terms: 


I Age Deine (3) 


ye a 3 
E, (Ea + Ea) 


Ky 


2 


On Bek 7 
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Fie ake 2 # = 
+$b aa (Ea— Es) | = Ea— EE 
or 
Ma+ijNb = Ea— £, (4) 
where 
ie & Moe S x 
M = Z = 9 ad SF Ea) (5) 
CO, Si ; 


Let iD = He «7? (7) 


Then £, = Eze” (8) 
and M and N reduce to the following expressions: 
M = Z +] K, cos'd (cos 6 +7 sin 8) (9) 
ING POG, sin’6 (cos 6 + 7 sin 6) (10) 


The above expression defines the components of 
current in terms of the constants of the machine, the 
direct component of voltage and the terminal voltage. 

The application of this formula will be illustrated 
in two of the more frequently occurring cases. Consider 
first the system shown in Fig. 20 in which the generat- 
ing station, consisting of salient pole machines, is con- 
nected to the load through a transmission line and 
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transformers, and the load-end network is replaced by 
a shunt load and a synchronous turbo generator with 
damper windings and internal voltage equal to E,. 

Regardless of the complexity of the network poreen 
the load-end generator and the supply generator, 
provided only that the impedances are constant, as 
shown in Appendix II, the following relation exists: 


z ae Bs 
Nas D a2 D Hg i (11) 
where 
ae = Terminal voltage at supply generator 
J; = Current in supply generator 


and B and D are general circuit constants of the net- 
work between E,: and E,,. 


-The generator conditions furnish the following 
relation: 


mM, Ay + i) a by = He 1p (12) 


Eliminating £,, and combining terms, the following 
equation results: 


(a7, +. =, +7 (Nv, + oN, = fa — “5 Ea 
(13) 
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Since both E,; and E,2 will be known in phase position 
and magnitude at any instant, the equation can be 
expanded, real and imaginary components equated, 
respectively, and solutions for a, and b, obtained. 
The next illustration consists of two hydraulic power 
houses supplying power to a transmission line, the tie 
between the plants being sufficiently short to render 
their charging currents negligible. For example, sup- 
pose plant No. 1 in Fig. 21 tied directly to the high- 
tension line through transformers and plant No. 2 
located, say, thirty miles away and connected to the 


Fs 
Transmssion Line ww) 


Su, yap ly eo: Load Ero Ger 


Vupply Gen. 
Ihige, All 


same line. As in the previous case, the transmission 
line feeds into a network which can be replaced by an 
equivalent shunt load and an equivalent generator 
having an internal voltage F;. 

Let 

E, = Voltage at point of tie. 

a, + 7b, = Current in generator No. 1. 

a2 +9 b2 = Current in generator No. 2. 

I, = Total current in line at supply end. 

Ea = Direct component of voltagein generator No. 1. 

Ea = Direct component of voltage in generator No. 2. 

A,B,C, and D = General circuit constants, for net- 
work between £&; and F;. 
From generator conditions: 


Mi a, +jN,b, = En— E, (14) 
My az + 3 Nob, = En — E, (15) 
and from line conditions: 
ae Ae 
ot Doe no (16) 
Ty = (Gz Eg bya (@2 + 7 be) (17) 


Eliminating 7; and F,, the following expressions are 
obtained: 


De ee cana 

(Gru tija+a+i(Gem +1) 5 +76 
a Ds E; 
7 Sen Se ones 

Ds 

a+ (+ Ms +1)as +5 +5( Ni +1) by 
Fi) ees 
Tipe oe ie 
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(Drs % ; De D: 
B. Bi+l=p.+) (ES =" t9si Ke =Totj 8» 


(18) 


v 


Dae 
Bp, Mtl =Pitj M+) (71+) 81) (cos 6,+ 7 sin 6;) cos 6, 


=A,+jA, (19) 


& 


2 
3 


B, Ni+1=pi4j3 m+(ri+J s:) (cos 6,+) sin 6;) sin 6, 


= By+ 7B, (20) 


a7 


1B ee. 
B, M2+1=pot+ j 2+) (r2+7 82) (cos 62+7 sin d2)cos 4, 


= C, +7 (OF (21) 


Dee. 
op Vet 1 =Potj do +(rety7 S2) (cos Ose ) sin 62) sin 05 


= D,+ 7D, (22) 
Further, let 
ide E; Roa 
B, ay B. = VY; = =e Y» (23) 
Daa Es 
Fee as phe =Y;4+jY; (24) 


Substituting, the following equations are obtained: 
(Ai+ j As) d1+02+9(Bi+j Bo) b1+7 b2=Yityj Ye (25) 
ai+ (C, 2 j C2) A2+ J b+ j(Dit j Dz) bs= Y3;+7 Y, (26) 
Equating real and imaginary components: 


Aig, +a@—B,b,+0 =Y, (20) 
Aoa, +0O0+ Bib, +b. = Yo (28) 
a,.+ Cia2+O0-—Drb, = Y3 (29) 
O+ Cr2.a+6:+ Dib, = Yi (30) 


These equations can be expanded directly by means 
of determinants or the a; terms can be eliminated and 
the remainder expanded. 

While this method might appear extremely laborious, 
examination of the expressions defining the constants 
A, A», By, ete., shows that they consist of a constant 
term plus a variable that depends upon the angle only. 
With but little labor, curves can be plotted from which 
the values of the constants can be taken. The solution 
of the four simultaneous equations is also simpler than 
would at first appear because of the fact that several of 
the coefficients are equal to zero or unity. After a, 
a», b; and b, have been obtained, the voltage and power 
distribution over the system is readily calculated. 


Appendix II 
CALCULATION OF SINGLE-PHASE, SHORT-CIRCUIT 
CURRENTS ON TRANSMISSION NETWORKS 


The determination of single-phase, short-circuit 
currents on extensive transmission networks is different 


EVANS AND WAGNER: STUDIES OF TRANSMISSION SAE LMG 73 


from the customary methods of short-circuit calcu- 
lation in two principal ways, because of (1) the dis- 
symmetry of the circuits, and (2) because the effects of 
charging currents and load currents cannot well be 
ignored on extensive transmission systems possessing 
high reactance. The method here presented is the 
combination of two well-known methods of network 
solution, namely phase sequence components and 
general circuit constants. 

On three-phase, four-wire or grounded neutral 
systems, the voltages (or currents) of the line conductors 
may be represented by three vector expressions. It 
has been shown by C. L. Fortescue* that these voltages 
ean be replaced by three symmetrical components of 
voltage designated ‘‘positive sequence,” ‘negative 
sequence” and “‘zero sequence.”” The positive sequence 
system of voltages consists of three voltages of equal 
magnitude displaced 120 deg. in phase position, as 
indicated in Fig. 22A. The negative sequence system 
of voltages consists of three voltages also equal in 
magnitude and displaced 120 deg. in phase position as 
indicated in Fig. 22B. It will be noted that the 
sequence of voltage maxima of the negative sequence 


Fe, £6, 


Sanne 
—) By ° ze ° | 


£6, (A) 2c, (8) (G ) 


Fig. 22—SrQueNnce VoLTAGE DIAGRAM 


A. Positive sequence voltage, B. Negative sequence voltage, C. Zero 
sequence voltages. Voltages from line to neutral in phases a, b, and c. 


system is opposite to that of the positive sequence sys- 
tem. This must not be confused with the direction of 
rotation of the vectors which is counter-clockwise for 
all vectors. The zero sequence system of voltages 
consists of three voltages of equal magnitude, and 
displaced zero degrees from each other, as indicated in 
Fig. 22c. It is to be understood that the different 
sequence systems of voltages are, in general, unre- 
stricted as to magnitude or phase relation with respect 
to each other. By a suitable combination of these 
three systems of voltages, any combination of voltages 
on the three-phase system can be obtained; or con- 
versely, any combination of three-phase voltages can 
be resolved into these three-phase sequence components. 
The above discussion applies to currents as well as to 
voltages. 

The relationship between the phase-to-neutral volt- 
ages and the phase sequence components may be 
expressed as follows: 
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By, = Ey, + En + Eye (1) of network having constant impedance and constant 
Bee Bato aeons (2) admittance branches. Similar expressions may be 
E Bey a BY ASP E (3) written for the other phase sequences; in fact, it is 
(on = r0 ri r2 


In the above equations, the phase-to-neutral voltages 
are given by E,, H; and E.; positive, negative and zero 
sequence components of voltage by E,,, E,., and Eo 
respectively; 


A) Benoa 
2 
and 
5/8 
Deere () by ee pe ee 
a J 9 


The above equations may be solved for the phase 
sequence components with the following results: 


H,+ak,+ 0k, 


Ei = 3 (4) 
E, 2 E, 

By = teat (5) 
Eide hipaa olis 

Eo a = (6) 


The above equations, if defined as currents instead 
of voltages, apply equally well. 


The resolution of an unbalanced system of voltages 
or currents into phase sequence components results in 
a very important simplification of the problem for the 
important case we are considering, in which the im- 
pedances and admittances are symmetrical in each 
phase. This simplification resides in the fact that each 
phase-sequence component may be analyzed inde- 
pendently and the solutions combined. This arises 
from the fact that one sequence component of voltage 
at one point is proportional to the same component of 
voltage at another point added to a voltage drop due to 
that component of current flowing from the second 
point to the first. In other words, for symmetrical 
impedances, the voltage drops produced by currents 
of one sequence are not affected by the other sequences. 
These relations may be more accurately and concisely 
stated by the following equations: 


Ey =AnEy + Balny (7) 
In = Cy Ey + Daly (8) 
En = + Dn Eun — Balen (9) 
Tn == CnEa + AntIn (10) 


where E’,,, E,, Iz; and I, are respectively the positive 
sequence, supply and receiver voltages and currents 
for the two terminals of any network, and where A,1, 
B,1, Cz, and D,; are the constants of the network for 
positive sequence. The use of four constants in this 
manner to define network conditions was developed by 
Evans and Selst and the constants are termed general 
circuit constants to indicate that they apply to any type 
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necessary only to change the numerical subscripts. 
The general circuit constants have, in general, different 
numerical values for the different phase sequences. 

The particular way in which the method has been 
worked out is one of determining an equivalent network 
with an equivalent voltage and general circuit constants 
to represent the complicated network under considera- 
tion. As steps in this method, formulas are developed 
for combining in parallel two network branches, each 
with a source of voltage, and also for combining two 
networks in series. By a suitable combination, com- 
plicated networks of many branches may be reduced 
to a single network having a single equivalent supply 
voltage and a single set of general circuit constants for 
the positive, negative and zero sequences. Formulas 
will then be derived for the determination of the short- 
circuit currents on the equivalent network. 

Simple General Network. A simple general network 
will now be considered. As will be-shown later, the 
equivalent network will be identical in form, and 
the notation that is employed will be the same as 


Ex, Finan Epp sEbe Be 
SiR Arar. Ber Cxr Dy a, 

Ze = Pre B10 Cio Dm ae 
tre 

Fig. 23—EQUIVALENT GENERAL NETWORK 


General network with single source of voltage with 
Ez: = Equivalent supply voltage, positive sequence 
Ii, Iz2, Izo = Currents at supply end, positive sequence, negative 
sequence and zero sequence respectively 
Eri, Er2, Ero = Voltages at receiver end, positive sequence, negative 
sequence and zero sequence respectively 
Iy1, Iy2, I7o = Currents at receiver end, positive sequence, negative 
sequence and zero sequence respectively 
Agi, Bri, Cxz1, Dzi = Positive sequence general circuit constants 
Az, Br, Cz, Dzz = Negative sequence general circuit constants 
Azo, Bzo, Czo, Dzo = Zero sequence general circuit constants 
Machine impedances are included as part of network z, and the supply 
voltage considered is the internal voltage of the synchronous machine 
supplying the network. 


that to be used with the equivalent network. Refer- 
ence may be made to Fig. 22 for the diagram of 
connections and the notation employed. The fault 
is assumed to be at the receiver end of the network, 
but the notation is of general application if the 
subscript r indicates the point on the three-phase 
system at which the fault occurs. The general equa- 
tions for a single network branch with a single source 
of voltage such as a generator may be written as follows: 


Bey as Ani E,, ae Bu Lex (11) 
O .= Aw Ey» + Bry In (12) 
O hes Exo =/ Bio Io (13) 


Since symmetrical synchronous machines generate 
only positive sequence e. m. fs., the supply voltage for 
this network has no negative or zero sequence com- 
ponents. On this account, it is convenient to consider 
the point of short circuit as the source of negative 


Feb. 1926 


and zero sequence voltages which circulate currents of 
negative and zero sequence respectively. The equa- 
tions (11) to (13) may be written in the form shown 


below: 
Ea Ax ; 
Te = Bi —- ie (Oa (14) 
7 aes A 22 : 
r2 ES r2 (15) 
A 20 A 
Ino = — fe Eo (16) 


It will be noted that the solution given above is 
expressed in terms of receiver voltages and currents, 
and equivalent supply voltage and general circuit 
constants. Also it will be noted that the receiver cur- 
rents are expressed in terms of receiver voltages and 
four ratios which will be computed for actual networks 
as shown subsequently. ; 

Two Networks in Parallel. The case of two networks 
in parallel, each having a source of voltage, will now be 
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24—Two GrenreRAL NETWORKS IN PARALLEL. 
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considered. Reference may be made to Fig. 24 for the 
diagram of connections and the notation employed. 
The notation is made more definite by the equations 
employing the general circuit constants as given below: 


By: = Ada Ey: + Boi Lo (17) 
O = Aw En + Bao Ise (18) 
O =A Ero + Boo Ls0 (19) 
Ent = Ams Bev t+ Basal (20) 
O = Ano Ey. + Baz Ime (21) 
Oe = An Leo + Boo Lind (22) 
Ty = Le. + Imi (23) 
Tyo = Tee + Lina (24) 
4 To = Igo + Imo (25) 


The above equations may be solved for receiver cur- 
rents as indicated below: 


| 
Bi, 


ace = vient 7 4 a ) By: (26) 
I. = ( - ah ) E,» (27) 
ie = | a ) Bo (28) 
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It will be noted that the above equations are similar 
in form to those given by equations (14) to (16) and 
reduce to the identical form when the four ratios are 
computed as indicated below: 


ps EB Bint 29 
Bai es Bs 7 Ba ( ) 
Agi Agi } Ami 30 
Bag is Bs " By ( ) 
Ay» Aso Ans 31 
Bi» i By» ui Bune ( ) 
A x Aso vale 0 32 
Bx i Bayo rs Dino ( ) 


This process may be extended so as to apply to three or 
more networks in parallel, and the forms of the equa- 
tions are symmetrical with those indicated above. 
Two Networks in Series. Reference should be made 
to Fig. 25 for diagram of connections and notation 
employed. The supply-end network should be con- 
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Fic. 25—Two Genera Networks in Smrinzs. 


Fic. 22 ror EXPLANATION or Notatton) 


(REFER TO 


sidered as an equivalent network with an equivalent 
supply voltage and network constants given in the form 
of equations (14) to (16). The general circuit equations 
for the first network may be written as follows: 


Bint 


er ee , 

I Bie 34 

Digs Bre : ( ) 
Ano 

i; AS) pe EH) (35) 


The expressions for voltages and currents at the 
intermediate point in the two networks may be written 
in the form of equations (7) to (10) as given below: 


1% a D1 fe =e Crs Ei (36) 
I, = Dro I + Cre E,» (37) 
I a D,o Tyo =f Cro Eno (38) 
By = An Ey + Bea Ln (39) 
By = Aya Hy, + Bro Tre (40) 
Ey = Aro Exo + Bro Lr (41) 


The currents and voltages at the intermediate point 
may be eliminated from the equations (33) to (41) 
with the following results: : 


Eins Moeeaeaa! 
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eee (43) 
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In order to combine two equivalent networks in 
series the following form will be found convenient. 


Io = Eo (44) 


E, Aly 
ne B An Se Cr 
TS west ni 7 im Eiey (45) 
An 18305 bt De 2 B, == D1 
ni ni 
An 
B Aye =F Cro 
IE ted Bs (46) 
ee B,» Dy,» 
Be uy 
Ano 
B : A,o ta Cro 
Pie: ia Exo (47) 
5), Byo aie D,o 


Formulas have been developed for the combination 
of two networks in parallel or two networks in series 
which enable one to reduce complicated networks to 
a single equivalent network. 


Fault to Ground. Having shown that a complicated 
transmission network may be simplified to the form of 


Zig o Hr 8x os Ons Ei xlE Ex 
ofyz Orr Cr2 Onno 
We, es Seo 
In. hp, lies °hno Bro Cro On ° - 
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a single branch having an equivalent supply voltage, 
and equivalent general circuit constants of the three- 
phase sequences, formulas will be developed for the 
determination of the currents that flow in case of a fault 
to ground. Reference should be made to Fig. 26 
for the diagram of connections and the notation. 

The general equations for this network are given by 
equations (14) to (16). The equations arising from the 
condition of a fault to ground are as follows: 


Ei, oe Ey == Es i Eo = 0 (48) 
ike = O? Tag + a Ly + Ino = 0 (49) 
Le = al, ar Ix. = Lo = 0 (50) 


Equation (48) states that the voltage on phase a 
from line to neutral is zero. Equations (49) and (50) 
state that no current is flowing to the fault in phases 
6 and c. It should be noted that these equations 
do not require that no current flows in phases 6} 
and ¢ in other parts of the network in the case of 
two actual networks in parallel. By subtracting equa- 
tion (49) from equation (50) we obtain J A =P rane 


- 
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by substitution in equation (49) we have further that 
T= es =a 
The fault current I; is equal to I. + I,2 + Tyo. 
Equations (14) to (16) may be solved for E,1, Hi,» 
and Ey which give: 


‘ee Boi Bz 
oh me 51 
Bir - Ba ‘ Ari An la ( ) 
Bz» 
Es i re Ae Li. (52) 
B, 
Bo = =F des (53) 


The value of the currents may now be computed which 
give: 


E41 Bes 
I; B a At 1 
= J, =1= 2 a — (54 
ee 1 I,0 2 Be i Ba i Bu ( ) 
Axi Az Axo 


The currents at the point of fault can be determined 
from equation (54) and-with the currents determined, 
the value of the voltages at the point of fault may be 
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calculated. With the voltages and currents at the 
point of fault determined, the value of voltages and 
currents for all points in the network may then be 
computed. 

Line-to-Line Short Circuit. For the case of a line- 
to-line fault, reference may be made to Fig. 27 for the 
diagram of connections and notation. The general 
equations for the network are given by the equations 
(14) to (16). For the case of a fault between phases 
and c, the equations representing this condition are 
given below: 

KE, == E, or ; 

a By + a By» + Lire = aH, + a By + Eo 

I, =I +I + Ip = 0. 

IT, =— fe or 

Clait ale + In = ely + ol. S Leto 
Equation (55) states that the voltages of phases b and 
¢ are equal: that is, that there is no difference in voltage 
between them. Equation (56) states that no current 
flows directly to the fault in phase a, and equation (57) 
states that the fault current flowing in phase b returns 
in phase c. From equation (55) 


Ein a E,» 


(55) 
(56) 


. Also from equations (56) and (57) we have that 


Ii. =n Les, 
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ana from equation (56) 

Ihe = 0. 
Substitution of the above relations in equations (14) 
and (16) gives 


ae eee epee 0 (58) 
Buy Az - Ani x A x2 ’ 
Hence, 
Ba Ba 
Pree oii presets Ass (59) 
Ba ae Bw 
An A x2 


Remembering that J,. = O for this case, we have the 
expression for the line-to-line fault current as follows: 


Ey, fase 

[eet a) 2 es (60) 
B ot |. Bae 
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The value of the positive and negative sequence 
voltages at the point of fault can be computed since the 
currents at this point are defined by equation (60). 
With the voltages and currents of both phase sequences 
known at the point of fault, the currents and voltages 
throughout the network can then be calculated. 


CALCULATION-OF GENERAL CIRCUIT CONSTANTS 


The method of calculating the value of general circuit 
constants for positive, negative and zero sequence will 
now be considered. 

Positive Sequence General Circuit Constants. The posi- 
tive sequence general circuit constants are, of course, 
identical with those constants normally used to deter- 
mine the performance of transmission systems. Con- 
venient formulas for deriving these constants for the 
cases of various networks are given in the paper by 
Evans and Sels* previously referred to. Analytical 
methods of network solution will be found of consider- 
able assistance in the determination of these constants. f 
A very complete set of tables of the general circuit 
constants for transmission lines of all standard sizes 
of conductors for a considerable number of spacings 
and for lengths of circuit from 50 to 300 miles, and five- 
to ten-mile intervals, has recently been published. t 

Negative Sequence General Circuit Constants. The 
negative sequence general circuit constants are derived 
in the same manner as the positive sequence, and differ 
from them only because of the fact that machine 
impedances have different values for positive and nega- 
tive sequence. 

The negative sequence reactance of the synchronous 
machine may usually be assumed as about seven-tenths 
the conventional value of armature leakage reactance. 

’ *Bibliography, Item 6. é 

+Bibliography, Item 26. 

tBibliography, Item 20. 
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C. M. Laffoon in a recent paper§ has shown that syn- 
chronous machines will initially develop about equal 
short-circuit currents for a three-phase short circuit, 
and for a single-phase short circuit from line-to-line 
terminals. The expressions for the value of short-circuit 
current for three-phase short circuit, and single-phase 
line-to-line, as derived in the previous section of the 
paper, are given below, in which the notation is self- 
explanatory. 


H 
X, (61) 


T, (a) == 
V3EH 
GTS 
In case the short-circuit current for the two conditions 

are equal, then 
X,=4(V/3—1) X1 = 785 X1 (63) 

It may be pointed out that the negative sequence 
resistance is higher than the positive sequence because 
of the loss produced by the double-frequency current 
in the rotor. 

The negative sequence impedance of an induction 
motor may be measured by driving the rotor at syn- 
chronous speed in the opposite direction to that which 
the rotor would normally revolve, and circulating cur- 
rent through the primary windings. The negative 
sequence impedance is approximately the same as the 
standstill impedance. 

Zero Sequence General Circuit Constants. The general 
circuit constants for zero sequence are, in general, 
radically different from the constants for positive or 
negative sequence. It is convenient to set up a new 
network for zero sequence which is usually much sim- 
pler than the network for positive or negative sequence, 
because the absence of a neutral wire or ground con- 
nection will prevent the flow of zero sequence current 
in a number of branches. The point of fault should be 
considered as the source of zero sequence voltage, and 
the general circuit constants derived on this basis. 

The method of determining the general circuit con- 
stants for zero sequence is identical to that used for posi- 
tive or negative sequence. The only difference arises 
from the fact that the impedances and admittances of 
the various component branches are usually different 
for zero sequence than for the other sequences. For 
zero sequence, the three-line conductors should be con- 
sidered as connected in parallel with the neutral wire 
or earth as the return circuit. If a ground wire is 
employed connected in parallel with the earth, its effect 
should also be included as part of the return circuit. 

In solving zero sequence problems, it is possible to 
carry through the calculations considering either the 
total zero sequence current and the impedances and 
admittances of the three phases in parallel, or consider- 
ing the current in the individual phases and the equiva- 


I, ¢r-1 = (62) 
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lent impedances and admittances of the different phases 
from line to line. The latter method is preferable, and 
it is necessary to multiply the combined impedances by 
three, and to divide the total admittances by three in 
order to combine them with the other impedances and 
admittances. The method for determining the impe- 
dances and admittances of various component branches 
of a transmission network will now be considered. 

Series Impedances. Series impedances in the three 
phases have the same value of impedance to positive, 
negative and zero sequence, provided there is a neutral 
wire or ground connection through which zero sequence 
current can flow. If there is no neutral connection, the 
impedance to zero sequence is infinite. 

Series impedance in a neutral wire or ground con- 
nection is, of course, wholly zero sequence. The value 
of this impedance should be divided by three to obtain 
the equivalent value for phase to neutral. 

Shunt Admittances. Shunt admittances have the same 
value for positive, negative and zero sequence if there 


28—Metuop or SETTinGe up Zero SEQUENCE NETWORK 


is a neutral connection. If there is no neutral con- 
nection, the admittance is open-circuited to zero 
sequence. 

Transformers. The zero sequence impedance of the 
transformer is either the same as the positive or nega- 
tive sequence impedance per phase, or the value is 
infinite, due to the lack of neutral connection. 

The setting up of a zero sequence network may be 
facilitated by the use of the conventions illustrated in 
Fig. 28. These conventions as to connections may be 
stated as follows: A neutral ground or neutral wire 
should be considered as a closed circuit, and lack ‘of 
them as an open circuit; star connections to the three- 
phase lines as closed circuits, delta-connections as open 
circuits; in a transformer a delta winding is a closed 
path with respect to the transformer and an open cir- 
cuit with respect to the side to which the delta winding 
is connected. 

For the three-winding transformer, the equivalent 
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circuit* should be employed, and the conventions as to 
connections for zero sequence are illustrated in Fig. 28. 

Machine Impedances. The zero sequence impedance 
of a synchronous machine depends largely upon winding 
arrangement and chording factors, and its magnitude 
may be very low. Of course, the zero sequence impe- 
dance of the machine is infinite unless the neutral point 
is grounded or connected to a neutral wire through 
which zero sequence current can flow. In the paper 
by C. M. Laffoont previously referred to, it is shown 
that, for commercial machines, the initial value of line- 
to-neutral short circuit current will normally vary from 
1.5 to 1.73 times the three-phase short circuit current. 
The value of the three-phase and single-phase line-to- 
neutral short-circuit currents as derived in the previous 
part of this Appendix may be stated as follows: 


E 

EX ete 5 (64) 
; thee Ge Seen 
Aplin aNoed e 


in which the notation is self-explanatory. The value 
of the zero sequence reactances on this basis is from 
zero to about 25 per cent of the positive sequence react- 
ance if the negative sequence reactance is taken as 
about seven-tenths of the positive sequence reactance. 

The zero sequence resistance is higher than the 
positive sequence resistance because of the loss produced 
by the double frequency current in the rotor. 

It should perhaps be pointed out that the zero 
sequence impedance of a synchronous generator usually 
does not enter into the problem of transmission line 
faults to ground because there is no path for the flow 
of zero sequence current through the generator due 
either to the lack of a generator neutral ground or the 
interposition of a delta winding of the transformer be- 
tween the generator and the transmission line. 

Transmission Inne. The zero sequence general cir- 
cuit constants of a transmission line are computed in a 
manner similar to that used for these constants for 
positive or negative sequence. The constants are 
calculated from the following equations: 


A =coshVY/ZY = ( 1 “ a. re) (66) 
BAN 4. sinh Z¥= z(147— y i ne) 
(67) 


C ee sinh «/ Ziy = Sepa =) 


(68) 
In the above equations, Z and Y are the series im- 
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pedances and shunt admittances per mile multiplied 
by the number of miles. 

The path for zero sequence current is through all the 
transmission conductors in parallel as one side of an 
imaginary circuit with earth asthereturn. Theformula 


for the zero sequence reactance of a transmission line 
is as follows: 


1000 x 12 


0 


Xo = 0.278 logio ohms per mile at 60 cycles 

(69) 
The above expression assumes that the return current 
flowing in the earth produces the effect of being con- 
centrated at a point 1000 ft. below the transmission 
conductors. This assumption is derived from the 
results of tests made for this purpose. In the above 
equation, 7) is the equivalent geometric mean radius 
of the conductors expressed in inches, which, fora single 
round conductor, is 77.9 per cent of the physical 
radius. The equivalent radius for n conductors is equal 
to the n? root of the product of n? terms composed of the 
equivalent geometric mean radius of each of the n 
conductors and the distances of each conductor to 
other conductor. The equivalent radius for 
three similar conductors with triangular spacing reduces 
to the following formula: 


/ 0.779 r a 


where d is the spacing between conductors and r is the 
physical radius, the dimensions being expressed in 
inches. The value of reactance calculated by the 
formulas given above must be multiplied by three to 
secure the line-to-neutral values per phase. 

The corresponding value of the zero sequence resist- 
ance is equal to the resistance of the conductors of one 
phase. 

The zero sequence admittance of the transmission 
line is computed ina similar manner. All line conduct- 


~ ors are considered as one side of the circuit with ground 


as the other side. The capacity to ground of asystem 
of conductors may be computed accurately by the 
method of capacity coefficients. The following ap- 
proximate formula may be used. 


14.63 x 10~* 


o= 


mhos per mile at 60 cycles (70) 


logio 
eq : 

In the above expression, h is the geometric mean dis- 
tance of the line conductors to their images, consider- 
ing the surface of the earth as the ground plane. . The 
term 1,, is the equivalent radius of all of the line con- 
ductors, the value of which is computed in a manner 
similar to that given previously for Tr» except that the 
geometric radius of a single conductor is equal to the 
physical radius so far as capacity effects are concerned. 
The total susceptance obtained in the manner outlined 
above should be divided by three to reduce the value to 
the line-to-neutral quantity per phase. 
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The equivalent conductance for zero sequence is 
equal to the actual conductance from one phase wire 
to ground. 


Appendix IIT 


EQUIVALENT SYMMETRICAL NETWORK FoR SINGLE- 
PHASE SHORT CIRCUIT 


The method of calculating short-circuit currents on 
transmission networks by the use of phase sequence 
components has been described in the previous section 
of the appendix. An extension of this method is, how- 
ever, pertinent to the discussion of stability and leads 
to a considerable simplification from the analytical 
point of view as well as a reduction in the numerical 
work including, incidentally, calculations for step-by- 
step solutions. 

This extension in method permits the replacement 
of the actual network having a short circuit on one 
phase by the original network without the short circuit, 
but with a symmetrical shunt impedance connected 
across the three phases at the point of short circuit. 
The value of this impedance is chosen so as to produce 
a positive sequence voltage across it and a positive 
sequence current through it identical with the corre- 
sponding quantities produced by the short circuit on 
the actual network. The possibility of making such a 
substitution arises from the fact that the different 
phase sequence components, while bearing certain 
relations to each other, depending upon the nature of 
the short circuit, do not react upon each other at other 
points in a symmetrical network, assuming that no 
machines generate negative or zero sequence voltage. 
On account of this fact, the effects will be the same 
whether the different sequence components of current 
flow in the same conductors or whether they flow in 
separate impedances. This relation may be understood 
more readily by a study of the equations which will be 
given for the determination of the value of the equiva- 
lent shunt impedance. 

In case of a single-phase, line-to-neutral short circuit 
on the phase A at the point r, the solution may be 
expressed in terms of the notation used in the previous 
section of the appendix as follows: 


Ey Bai 
det aT eee a (l) 
Buy a B.»2 a Bz 
Au Aus Axo 
y Eat Bit 7 ' (2) 
E >= Buy Ein - Ian ‘ Ay 
aioe Aan Bu lee AB Biz at Bro 
-_ Aa A Axo 


The value of the equivalent symmetrical shunt impe- 
dance to be connected across the network at the point r 
is determined as follows: 


Equivalent impedance (in ohms per phase) is equal to 


80 EVANS AND WAGNER: STUDIES CF TRANSMISSION STABILITY 
IDs By ve Bx (3) 
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whichis obtained by dividing equation(2)by equation(1). 

Therefore, the value of the equivalent shunt im- 
pedance for a line to neutral short circuit is equal to the 
sum of the negative and zero sequence impedances as 
measured from the point of short circuit. Since the 
equivalent shunt impedance produces the same value 
of positive sequence voltage and current at the point of 
short circuit as occurs in the actual network, and since 
negative and zero sequence current do not react on the 
positive sequence, it follows that the magnitude of the 
positive sequence current in the remainder of the net- 
work is the same as that in the actual network. Hence 
the equivalent network may be used instead of the 
actual network with the short circuit on one phase for 
determining the positive sequence solution. 

It may be pointed out that a similar equivalent 
symmetrical shunt impedance may be employed to 
represent a single-phase, line-to-line short circuit. 
For this case, the value of the equivalent impedance 


Bs 
per phase is equal to eee the effective value of the 


negative sequence impedance as determined from the 
point of short circuit. 

The use of the equivalent. symmetrical network 
permits a great simplification in the analysis of stability 
under single-phase short-circuit conditions as it reduces 
the problem to that of an equivalent symmetrical 
system with an additional shunt connected branch. 
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Discussion 
PAPERS ON TRANSMISSION STABILITY 


(NickKLE anp Lawton, CuarKs, Witkins, Evans Aanp 
W AGNER) 
New Yorn, N. Y., Fesruary 8, 1926 

R. D. Evans: Miss Clarke’s paper dealing with the use of 
equivalent circuits for analyzing static stability is of very 
considerable interest. Probably the most important contri- 
bution in the paper is the method of using an equivalent circuit 
to obtain the angle between generator and motor for maximum ~ 
power. I believe this general method will find extensive use. 

In carrying out the calculations, Miss Clarke replaces a com- 
plicated network with shunt admittances, by an equivalent 
network of a single series impedance, but with equivalent supply 
and receiver voltages. Sometime ago we had occasion to solve 
a transmission network in which many of the branches involved 
a long transmission line, and this led to a somewhat similar 
method of calculation. It is not convenient to go into the 
mathematical analysis at this time, but in the written discussion 
we will submit an alternative proof of the method of using 
equivalent networks and equivalent voltages, which method is 
based on the use of general circuit constants and is of very simple 
form. I might say that some of the formulas used by Miss 
Clarke have been independently derived by us and that, for 
example, the transformation of the general network to the 
equivalent pi and vice versa will appear in the revision of the 
“Electrical Characteristics of Transmission Circuits” by William 
Nesbit, which is now in press. 
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On the middle of the first page, Miss Clarke states that she 
takes the characteristics of synchronous machines into account 
by assuming a definite value of synchronous impedance and a 
definite value of excitation voltage. These assumptions are 
used to determine the static stability limit. These assumptions 
apply when the excitation is fixed but do not apply when the 
excitation varies under the control of automatic voltage regulator. 


The determination of the proper method of representing syn- 
chronous machines for the calculation of static limits is beyond 
the scope of Miss Clarke’s paper, but since it affects the static 
limit, it seems pertinent to comment upon this phase of the 
problem. The methods described by Miss Clarke are not ap- 
plicable to the determination of the effects of voltage regulators 
since they do not permit the analysis of the time variation in 
excitation and of rotor movement. In the paper by Evans and 
Wagener, it is pointed out that the use of automatic regulators will 
actually increase the static limit over the value obtainable under 
hand control.~ These considerations do not destroy the useful- 
ness of Miss Clarke’s methods which apply for hand regulated 
system. The methods may also be of value for systems with 
automatic voltage regulator in case an assumption can be made 
as to a definite value of machine impedance and a definite value 
of machine voltage. For example, if the regulator were fast 
enough to maintain terminal voltage, then machine impedance 
could be neglected, or if the regulator were merely fast enough to 
maintain constant flux then leakage reactance should be used. 
The true static limit would be determined, however, by a transient 
analysis in the manner indicated in the Evans and Wagner paper. 
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Fig. 1—GrneraL NETWORK 
Fic. 2—Stmeiiriep NETWORK 


(By letter): In the verbal discussion, it was not practical to go 
into a mathematical derivation of an alternative proof for the 
method of equivalent networks given in Miss Clarke’s paper. 
This derivation follows: 

Referring to Fig. 1, the general equations for this network 
maybe written as follows: 

1D, = Fw igs led in (1) 

ibs = (OTE aI DE : (2) 
where the notation for voltages and currents are indicated in 
Fig. 1 and A, B, C, and D are the general circuit constants. 
Following the notation used in the paper, complex quantities will 
be understood without any designating mark but a conjugate 
‘will be indicated by a bar over the symbol. 

Let us divide equation (1) and multiply Equation (2) by the 
circuit constant A which gives: 

ES 
A 
Aig =A CH, + ADI, (4) 

Consideration of the above equations will show that they 
correspond to the network shown in Fig. 2 below. The equations 
for the network of Fig. 2 are as follows: 

- | E, =f, +41, (5) 

Tgeawy Be tl -\Y Z) Ty (6) 
By comparing equations (5) and (6) with equations (3) and (4), 
it will be seen that: 


B 
= es ee 3 
tp eee PN) 
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Es = “foand =ATIs 
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Also 


5s 


B : 
= === ancl iY == Al 


These considerations show that any network with constant 
impedance branches may be replaced by the network of the form 
shown in Fig. 2, using an equivalent supply voltage. It will be 
clear that the conditions at the receiver end for the equivalent 
network are identical with the conditions at the receiver end 
actual network. At the supply end, however, the voltage should 
be divided by A and the current multiplied by A. This sim- 
plification is obtained by the use of a transformation constant A, 
which constant is a complex number and necessitates a phase 
shift correction for power quantities as indicated below. 
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By consideration of the simplified network of Fig. 2, it is possible 
to obtain the receiver power and the corresponding angle be- 
tween supply and receiver voltages by consideration of only the 
series impedance Z and the phase shift in the equiv alent supply 
voltage from the equivalent network. 

Of course, the actual network might be divided in such a way 
as to permit the use of equivalent voltages at either end of the 
actual network. 

We wish to emphasize the simple manner here employed to 
find an equivalent network which consists merely in rewriting 
the equations of the general network in the desired simplified 
form, and finding the equivalent network that corresponds thereto. 
The above method has been employed on a few oceasions, 
but the phase shift introduced by the use of the equivalent volt- 
age has been found to be somewhat confusing. The actual 
limiting angles. between supply and receiver voltages may be 
computed directly from the general circuit constants for the 
over-all network, and the power corresponding to the limiting 
angle may be obtained graphically as is brought out in the 
accompanying discussion by Mr. Wagner. 


H. W. Smith: A cursory review of Miss Clarke’s and Mr. 
Nickle’s papers indicates that methods are now available for the 
caleulation of the steady-state power limit. These methods 
substantially agree for all practical purposes. Mr. Nickel’s 
paper conveys the impression that the criterion of stability is the 
steady-state power limit although on the sixteenth page of his 
paper, tests are mentioned in which a dead single-phase, line-to- 
line short cireuit, continued for half a second, reduces the power 
limit to 31 per cent of the steady-state power limit. 

I think that all operating men will agree that if this is true, 
over-emphasis has been placed on the steady-state power limit. 
In any actual operating system, even though the best known 
relaying system is utilized, faults will occur, and on high-voltage 
systems they cannot be eleared in less than one-half second. 
It thus appears that the study of stability under fault conditions 
is extremely important. 

Mr. Evans’ and Mr. Wagner’s nee is an extremely valuable 
contribution. They have developed a method of analysis of 
stability applied to an extensive transmission system, and this 
has been checked against actual tests which have been deseribed 
in Mr. Wilkins’ paper. The close agreement between the ecalcu- 
lated results and test results seems to indicate that the method 
of analysis and assumptions made are correct enough for all 
practical cases. This paper indicates that for fault conditions, 
the transient stability is less than the steady-state limit.. It 
would be very convenient if we could express this in terms of per 
cent of the steady-state power limit. This, however, can not be 
done, and for each system it will be necessary to determine the 
transient stability by a method of analysis indicated in Mr. 
Evans’ paper. 

In deciding on the limit to which systems can be worked the 
service standards must be considered. It may be permissible 
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to have a system pull out of step under a fault condition that 
may occur at rare intervals, but if operation must be satisfactory 
for all fault conditions, the power limit must be considerably less 
than the steady-state limit. 

H. H. Dewey: The general problem of power limits of 
transmission systems or stability has been before us only for the 
last vear or two actively, and the papers that have been presented 
0) far have left the subject in a somewhat confused state. 

The problem as a whole is one that is assuming greater im- 
portance, as Mr. Wilkins points out, due to the interconnection 
of our power systems and the fact that we are endeavoring to 
make more use of our transmission lines. When we actively 
started the study of what limitations were important and what 
to do about it, we naturally started in a number of different 
directions and there was no very concerted effort made to direet 
our investigations along the lines that would produce immediate 
results. 

The investigations that were made by the manufacturing 
companies with their artificial lines brought about certain basic 
results that were of immense importance. We found out things 
that we could have easily calculated if we had taken time enough 
and had got the idea but in our artificial transmission systems 
these suggestions came up as we noted the results of our tests. 

When we had the first papers on this subject at Philadelphia 
two years ago, practically all of the authors, and I believe most of 

’ the men who discussed the papers, were willing to concede that 
stability depended very greatly on the excitation of our syn- 
chronous machines. They were also willing to coneede that 
there was not very much hope of doing anything with our regula- 
tors or with artificial changes that could be made in the excitation 
during a transient. Starting out with that as a basis, we reached 
limitations of transmission that were surprisingly low. We 
found that it was difficult to get full rated output out of a genera- 
tor when its excitation was limited by that necessary to produce 
normal terminal voltage under the conditions with which we 
started. That is one point that we come to a conclusion on on 
our artificial transmission tests that regulators were of extreme 
importance, and that due to certain facts such as the time element 
required to put on additional load or the rate at which tran- 
sients come on, we could make use of artificial regulators and 
could thus inerease the stability of a generator or a generator 
and its transmission line including transformers and all of the 
circuits in between. 

So that, we feel, is an important point that we have fairly well 
settled on and I believe that the investigators fairly well agree 
that artificial regulation is possible and important. 

There are a number of things that come before us in the study, 
some of which make us revamp some of our ideas on transmis- 
sion. One point that I have voiced a few times and have been 
questioned on is the effect of charging current, the effect of 
capacity in our transmission line. It is in effect an absolute 
detriment. We have always in the past been in the habit of 
thinking that a long line introduced extra reactance and it was a 
bad thing to introduce such reactance and cause a voltage drop. 

_ We have felt it was compensated for by charging current of the 
line which had a tendency to hold up the voltage. That is true 
so far as regulation under specific conditions is concerned but 
when we are trying to get the last drop out of the transmission 
system from the generator to the motor, if there is any charging 
current in between, that current reduces the excitation required 
on the generator and the excitation required for the synchronous 
load and it is an absolute detriment, therefore, because it re- 
duces excitation and decreases the maximum power that can be 
transmitted. That is a point we dislike to give up but it is there 
just the same. 


. 


I was very much interested in Mr. Wilkins’ paper on the test 
on a practical transmission system and fully agree with him 
in his statement that artificial transmission systems are of some 
use in studying the problem but the proof of the pudding is in the 
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eating and we must apply our studies to a practical system and 
the points that have to be taken into consideration are so many 
and varied that we cannot reproduce them on an artificial 
system. We can get the basic principles, however, and those 
basie principles have been fairly well settled on by our studies on 
artificial lines and we hope there will be many cases of analyses 
made such as that on the Pacific Gas and Electric Company’s 
system. The more complicated the system, the more difficulty 
we are going to encounter in making such a study because there 
are so many side issues coming in,—points Mr. Wilkins brought 
out, such as the speed of the relays, the action of the gover- 
nors, the characteristics of the particular machines you have and 
the complicated number of machines of varied characteristics. 

There are certain things that we know will inerease stability. 
We know that a generator having low reactance helps to increase 
stability. The characteristics of transformers and characteristics 
of transmission lines themselves must be taken into con- 
sideration. The problem is one we are just starting on and one 
that is worthy of the combined efforts of all of our best people 
who have the opportunity to study these problems. 

In general, we have not felt that the stability problem is one 
that was bothering us to any great extent, but usually when we 
have trouble there are so many things happening that we do 
know about that we concentrate on the analysis and cure of those 
particular troubles, and if we knock the system out of step we 
think it is another happening and one we have let go. Since we 
have started to study this problem, we have found ease after 
case of pure power limitations that a few years ago we should 
have passed over as being an incident rather than the real cause 
of our difficulty. 

The main problem before us is the question of the effect of 
short circuits. It has been pointed out by the authors of the 
papers that steady-state stability is something that is fairly 
definite, something we can inerease to some extent by careful 
design of our system and regulating equipment and so forth, but 
the problem of short circuits is one that we know very little about. 
We know that we ride through certain types of short circuits. 
We know that other types break up our system. The analysis of 
the difference between these varied kinds of short circuits is one 
that requires more data before we can come to definite 
conclusions. 

On high-voltage lines, we are much more likely to have grounds 
than we are to have line-to-line short circuits and I believe that 
has been the history of the 220,000-volt systems in California 
and the study made of their short circuits last fall brought me to 
the conclusion that with reasonably fast relaying, we can ride 
through a ground. It is a pretty difficult thing, however, to run 
through a phase-to-phase short circuit. 

Mr. Wilkins pointed out some of their experiences and on the 
Southern California System I found they have had many more 
grounds on the high-tension line than Mr. Wilkins has had due 
to the different conditions, but their record of relaying and hold- 
ing in step has been excellent during those times. But with 
short circuits on the 66,000-volt system which is veritable net- 
work, the short circuits are of the order of 1,000,000 kv-a. 
when they are phase-to-phase. They have had great difficulty 
in keeping the system in step. They have dropped out of step 
fifteen times from the first of January to the first of October. 
That is an extremely serious condition when the drop is a matter 
of 300,000-kw. loads during those times. 


That, you probably will say, is poor operating but operation 
hasn’t much to do with it; it is the limitations we are getting into 


in the big system where we get short circuits right in the center” 
of the system. 


H. H. Spencer: I think the electrical engineering profession 
should be most grateful to Miss Clarke for having reduced so 
complicated a problem to a slide rule and arithmetical basis 
from the more complicated methods which we have been assumed 
to use during the past two or three years that the problem has 
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been confronting us. Perhaps the most obvious difference 
between Miss Clarke’s method of calculation and some of the 
other methods which have been presented, is her choice of a 
constant generator reactance: Other investigations have 
presented methods of analysis which take into account the 
variation in synchronous reactance in accordance with the 
Blondel or similar diagram. I think it would be most interesting 
if Miss Clarke would point out what method is used in the 


selection of this constant synchronous reactance. 


Another point which is perhaps not entirely obvious in the 
equivalent circuit method of calculation is that it is possible for 
the receiver network to which a transmission line is tied, to fall 
out of step per se. That is to say, that although a transmission 
line feeding a network may of itself be stable, the network which 
is fed may go into instability by virtue of its connection with the 
transmission line. Just how that works out can be seen by 
looking at Miss Clarke’s example No. 3 on the 11th page of her 
paper. 

Suppose the receiver system had consisted of 100,000 ky-a. of 
synchronous generators at the receiver end and these generators 
had been loaded not to 45,000-kw. but to a load approximating 
their rating, say, 80,000-kw., allowing 20,000 kw. for spare 
capacity. Under such a set-up, it is quite possible that line 
would be able to transmit the caleulated load of 132,600 kw.., 
but that a reduction in the voltage at the receiver end while not 
producing instability between the receiver load and the sending 
end generators, would produce instability between the synchro- 
nous load and the receiver end synchronous generators. 

In regard to the difference between steady-state and transient 
power limits, methods of analysis are certainly developed at the 
present date to the point where given the same assumptions, two 
engineers will come out with the same answer. The difference 
between the answers which are obtained from transient stability 
analysis lies, I believe, in the difference in the fundamental 
assumptions in regard to the flux relationships in the synchronous 
apparatus at the two ends of the line. 

Now the problem of flux relationshipsin synchronous apparatus 
is not one of novelty, but on the contrary is one which has been 
dealt with for along time and with consistent success by designing 
engineers. It is necessary for the engineer who would calculate 
stability, or power limits, simply to compute the flux relation- 
ships which exist under certain known conditions by means of 
perfectly definite methods which are in common use. Having 
disposed of the problem of flux relationship, the difficulty of the 
stability problem very largely disappears and the power limits 
are readily calculable. 

Tf we concede that during a particular transient disturbance 
the flux in a generator or a synchronous motor remains essentially 
unchanged, then I think any engineer would have a tendency to 
feel that the power of limitations imposed during operation under 
the conditions which led to the development of the initial 
flux would obtain throughout the disturbance. Thus switching 
operations such as the dropping of a generator or one of two 
parallel transmission circuits will introduce no power limitations 
below those imposed by steady-state operation since disturbances 
of this sort have no tendency to reduce materially the flux in the 
synchronous generators. Short circuits, on the other hand, 
which do reduce the flux in the synchronous apparatus may very 
possibly impose power limits appreciably below these encountered 
in steady-state operations. - 

‘Several single-phase, short-circuit analyses which have been 
studied during the past few months have shown that ina system 
of ordinary design, the steady-state stability | limit is very 
markedly ‘reduced by single-phase short circuits to ground. 
However, by means of changing the circuit set-ups, introducing 
a zero sequence reactance in the transformer windings, or using 
neutral reactors, the steady-state stability limit of the transmis- 


sion system can be very closely approached. ; 
H. K. Sels: Inorder that I may present clearly and concisely 
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a number of points in some chronological order, 1 am taking the 
liberty of reading a prepared discussion. I do not wish to deal 
in personalities but to present such criticisms as I have from 
the purely abstract viewpoint of an operating engineer for a 


large and extensive system—particularly since the papers have 


not been in my hands long enough to fully acquaint myself with 
their respective contents. After three years of theoretical 
and experimental investigations I am more interested in the 
questions,—what has been accomplished and whither are we 
bound? No single organization seems to be responsible for the 
headway that is being made and I offer that as a hint to some of 
our several transmission committees. 

The question of stability is as old as the alternating current art 
itself. We have always been confronted with the problems of 
synehronizing power between large generating stations, “‘hunt- 
ing”’ of synchronous motors and the stability of rotary converters. 
A large number of papers have been presented before the Institute 
relating to these problems. The impression one gets from the 
papers which have been presented on the subject of stability is 
that we have discovered something radically new, some vital 
thing in which our power systems are unduly weak. Such is not 
the case and our methods of electric distribution are no weaker 
than they have been, by virtue of this discovery. However, 
what we do have that is new is a broader vision of the problem 
and the relation of its elements, and new methods of attack, and we 
hope, after all the facts have been analyzed, that we will obtain 
a solution which will extend the power limits of transmission to 
the ultimate. 


Fundamentally, what we are really interested in is the power 
limits of a transmission system. A large number of factors 
determine the power limits of a system. It may be the current 
carrying capacity of the wire; it may be the economical amount 
of power that can be transmitted over a given line before it pays 
to build additional lines and maintain the same continuity of 
service, or it may be the question of stability of operation, which 
are the subjects of today’s papers. 


Psychologically I think it would be better for us to speak more 
in terms of the power limit, remembering that stability is only 
one of the important factors involved. 

I believe everyone is over-emphasizing the relation of stability 
to high-voltage transmission. Of course it is true that stability 
is more likely to fall within the economic power limits of trans- 
mission at the higher voltages, but this does not reduce the 
importance of stability at all voltages and on all systems. 
Every operator is familiar with the losing of load or the dropping 
out of synchronous apparatus during system disturbances and 
fundamentally this is nothing more than the effect of instability. 
Therefore any improvements for stability apply equally well 
throughout the system. 

Just to refresh my memory on the general trend of opinion on 
the various factors entering into the stability question, I re- 
viewed recently all the papers and discussions that have been 
presented before the Institute. From an operating viewpoint 
I was very much impressed with the technicalities and, to me, the 
impractical viewpoints which were expressed. I believe that 
the average engineer would be hopelessly lost in attempting 
to follow through calculations on anything more than a very 
simple transmission system rather than a large interconnected 
system where the attempt is made to keep short circuits as low as 
possible by using synchronizing buses with reactors between 
individual generators and other complications used in the layout 
of the modern system for dispatching load; in fact it is very much 
like the mathematical conundrum of trying to solve a problem 
having more unknown variables than equations. 

In addition to the factors outlined by the various authors, let 
me indicate for a moment some of the multitudinous conditions 
which the operating engineer must consider in making any 
calculations on stability. First, today we have a certain 
distribution of power stations serving a given load in a given 
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territory connected up with a certain arrangement of trans- 


mission. Tomorrow we have a more efficient generating 
station coming into operation, a new arrangement of 
transmission to new load centers, which entirely alters 


the fabrication of the system. In actual operation the load 
conditions obtained hour by hour, day by day and year by year, 
change on account of the relative efficiency of the generating 
units on the system, the variation in load and different set-ups of 
lines in and out of service due either to failure or ordinary 
maintenanee. All of these features only serve to make an 
intricate problem more involved. In attempting to determine 
a method of calculation which can be used with some degree of 
accuracy, I believe we should use those assumptions which we 
find agree the closest to actual operating tests. 


Today’s papers indicate more than ever that the methods of 
calculation used by the different engineers do not differ greatly in 
theory, but there does seem to be some difference of opinion 
as yet on the assumptions to be made and whether the steady 
state or the transient state is more important. These differences 
apparently account for the divergence in the results of caleula- 
tions by different engineers. As I have already brought out, 
the problem is so intricate that at best the solution is a cut and 
try process in which your methods of calculation and assumptions 
must conform with the results obtained by experience. For this 
reason I believe that for the present at least we shall consider 
all calculations only qualitatively and not accept calculations 
by separate engineers as comparative unless made on the basis 
of the same assumptions. For example, I might agree with the 
general shape and relationship of the curves in Fig. 17 in the 
paper by Messrs. Nickle and Lawton, but not agree with the 
maximum power scale due to some difference in my calculations. 


With regard to the relative importance of steady-state and 
transient conditions, I believe it is evident that in cases dealing 
with high voltage, long distance transmission where the stability 
limit falls within the economic power limit of the line the steady 
state performance of the line will be of primary importance, 
because with such a large amount of capital tied up in the 
transmission system every means possible will be used to make 
failures on the transmission practically unknown. While the 
transient state does not enter so much into economies of trans- 
mission, it should be expected that continuity of service to 
local loads as well as the extreme importance of keeping a large 
high voltage system operating continuously as a whole will make 
this a factor not to be overlooked. In the case of lower voltage 
and shorter distance transmission, we can point to case after 
case of both major and minor importance in which some dis- 
integration of the system takes place during a system short 
circuit. In actual operating experience I have yet to hear of the 
case where a system designed to operate in parallel has fallen 
apart due to steady-state conditions except where the static 
limit was reached in the Southern California Edison system 


within what we might say is the economic emergency capacity of 


the line. However, I should like to ask what experience shows 
here that transient stability is not an important factor. Before 
too much discussion is entered into on steady-state and transient 
stability, it would be apropos to have the terms defined, and we 
may find more of us in agreement than is apparent at first. 
Personally I classify the steady-state stability limit as that load 
which breaks down a system when slowly applied and the 
transient stability limit as that load which breaks down a 
system when suddenly applied or during switching operations 
including short circuits. It is conceivable that under certain 
conditions of small load increments or minor switching opera- 
tions, the two limits will be the same when so defined. 
Summing up the relative importance of steady-state and tran- 
sient stability, here again I believe we must resort to actual 
operating experience to tell us where our weaknesses lie. It is 
commended that the various investigators review the interrup- 
tion records of some of the operating companies. 
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If we must rely so much upon actual operating experience, 
you may then ask, ‘““What are we gaining by allour calculations?” 
As an operating engineer, I turn to the manufacturers of elec- 
trical equipment for the answer to this question. There is 
relatively little that can be done in changing the characteristics 
of our transmission systems so as to get more power per circuit 
over them, but there is apparently much that can be done in the 
development of terminal equipment. As already indicated, 
ealeulations are of more use as a qualitative measure than as a 
quantitative measure, particularly in reducing the annual 
bickering as to the relative merits of designing equipment. 

There is a point to which I have been leading in this connection 
and that is as to whether the design engineers of terminal equip- 
ment are making its characteristics to suit special cases or 
whether the improvements are to take the form of a general 
design which will be suitable to meet the ever-changing condi- 
tions in a developing system. For example, I believe these 
improvements in design should be of a general nature because 
if we picture the developments of a twenty- to thirty-year 
period in a large interconnected system, the various load 
centers in. the network will pass through a number of 
stages in which machine characteristics of only a general 
nature will apply. Of course for periods of a longer time, 
we can, by the usual methods of accounting, charge off old 
equipment and buy new of suitable character. If we take a 
broad vision of the problem at this time, however, we have an 
opportunity for obtaining economies which otherwise might be 
lost. 

I should like to call your attention to the related problem of 
short circuits. Broadly speaking, a short circuit on a system is 
merely a certain type of load, of which the characteristics are 
rather elusive, but we can assume conditions covering a wide 
range in the hope of representing the actual conditions and apply 
the same methods of calculation carried out in studying stability. 
Here, then, we have a new method of investigating short circuits 
which takes into account the various phase relations of the 
prime movers, giving us a better picture of the duty required of 
our oil circuit breakers. From one standpoint we may be pessi- 
mistic in making calculations on the assumption that the sources 
feeding the short circuits are all in phase, but on the other hand 
I believe we have been optimistic in the way our circuit breakers 
have been performing in interrupting large short cireuits, the 
value of which has been obtained from short-circuit calculation 
on the d-c. tables. It may seem somewhat unfair to add to the 
criticisms of our circuit breaker performance but it is a question 
which is closely allied to the stability problem. The whole thing 
is like burning the candle at both ends. On one side, we are 
trying to make our systems more stable which, in a sense, means 
ereater concentrations of power and greater short circuits, and on 
the other we are trying to keep our concentrations of power to a 
minimum and thereby relieve our short circuit requirements. 
How can we have our cake and eat it? The only possibility in 
view along this line is to lay out small individual systems in- 
terconnecting them for diversity and reserve purposes only, but 
this step is in direct opposition to present tendencies in operating 
economies. 


It is easy to sit here, and I may as well add, in our offices, 
luxuriously basking in the sunshine of a successful convention 
or conference, and dispose of this and that theoretical possibility 
with some oratorical gesture, but we must remember that ex- 
perience often reverses the best of our intentions. I might 
illustrate this by an actual happening. The continuity of service 
on a given substation bus having two independent power station 
sources and two independent feeders from each of these was 
questioned and the statement was made that a shutdown was well 
nigh impossible. Approximately six hours later the impossible 
happened and the substation had an interruption measured in 
hours and the trouble was not a bus fault. We must remember 
that there are a number of links in the chain between our design 
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tables and the distribution of power to the ultimate consumer. 
We are dependent upon Tommy Riley, Buck Jones, Ted Flinn 
and the rest of the boys on the firing line, who, in weather like 
this, keep maintenance on switching to the point where we may 
expect fast relaying. The more we can incorporate improve- 
ments in the inherent characteristics of the apparatus itself the 
more we will remove the personal element and for that reason 
we should proceed slowly in getting greater stability with ad- 
ditional equipment that may not function at the critical moment. 
It is easy to set up operating conditions but often quite another 
matter to obtain them. Therefore, I believe it is more practical 
and economical to first improve the characteristics of equipment 
now in general use and then turn to the possibility of adding other 
auxiliary equipment. 

C. A. Powel: There are two points mentioned by Mr. 
Wilkins, and also by Messrs. Evans and Wagner, upon which I 
wish to comment. The first is the character of system oscilla- 
tions at times of a fault to ground. Ordinarily, one thinks of a 
short circuit as reducing the energy output of a generator. How- 
ever, in the case of a fault to ground on a large transmission 
system, the effect may be to actually increase the generator 
power output. This is due to the resistance in the ground con- 
nections from the faulty conductor to the transformer neutral. 

Three records have come to my notice, and in each of these 
eases the generator output was actually increased, and in two of 
them the prime mover input was also increased by the opening 
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of the gates. While this evidence should not be construed as 
meaning that all faults to ground will increase the power output 
of generators, it certainly does substantiate the position which 
has been taken that the resistance of faults to ground must be 
carefully considered. 

The second point is the fact brought out that there is no 
particular value for the transient limit of a transmission system. 
Loss of synchronism at times of fault is dependent not only upon 
the system layout, but also on the load being carried and on 
certain speculative elements as to location and character of the 
fault. The point seems to me important, because it involves 
the whole question of rating of transmission systems. If the 
operation is such that it is permissible to pull apart every time a 
fault occurs, then obviously it will be possible to carry a load 
not far from the static limit. [f, however, the transmission 
system is expected to ride through the majority of troubles, the 
power transmitted must be kept considerably lower. 

In view of these considerations, it is desirable to obtain data 
as to outages and to plot the results in the form of a probable 
outage curve as a function of the load. Such a curve 1s shown in 
Fig. 3. All faults on the transmission line, and in addition, 
faults on secondary systems which produce outages, should be 
considered. It will be noted that the curve shows a definite but 
small probability of outage when the system is carrying zero 
load; such outage, for example, might be due to an operating 
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error. The curve also approaches 100 per cent outage as an 
asymptote at the static limit. 


middle portion. 


It becomes very steep in the 


The smooth curve which has been drawn is based on the 
limited amount of data which has been obtained for a particular 
system. While more complete data will probably change the 
exact points through which the curve would pass, it will not 
change its general shape. 

The shape of the load curve on the transmission system must 
also affect its rating. If the power transmitted varies so that 
its peak value is only of short duration, the maximum rating 
can be kept higher with the same-risk of outage, because the 
probability of faults is independent of the load. 

Stability and not the losses in the lines determines the rating 
of a transmission system. Increasing the size of conductors 
will not appreciably increase the stability, and consequently the 
question of rating is of prime importance when deciding on the 
size of conductors to be used in a transmission system. The 
expenditure for extra heavy conductors may not always be 
justified. 

R. E. Doherty: I think that the Institute is to be congratu- 


_ lated on having the papers which have been presented at this 


session, particularly the one of great importance, Mr. Wilkin’s 
paper, which, for the first time, gives some actual operating data 
regarding these problems. 

I should like to say a few words with respect to methods 
of calculations which have been referred to in various papers. 
A new subject, or a new phase of an old subject, came up recently, 
(within the last few years), and independent investigators at- 
tacked that problem. New nomenclature appeared, and each 
man has his own notion about those matters. Until they are 
standardized, we always shall have with us the well grounded 
objection of the next-to-the-last speaker, that he doesn’t know 
what every one is talking about, and I gathered that he doubted 
whether the authors did. I have sympathy with his bewilder- 
ment. 

Bach one of us who studies this problem must make some 
simplifying assumptions. I think that there is one point on 
which we are all agreed; that a complicated power system 
network is not amenable to rigorous treatment by mathematical 
methods as we know them now, and I doubt that it ever will be. 
It is therefore necessary to make certain simplifying assump- 
tions. Mr. A may make one assumption, Mr. B another as- 
sumption, and so on; but before he acts on it, you can rest 
assured that he is going to have some data or actual experience, 
some basis for his conclusion before he takes any step toward 
actually applying it. And if their conclusions on which action 
may be based are in substantial agreement, it seems of little 
avail, and certainly misleading, to publicly emphasize trifling 
disagreement of experts on certain details. While I may appear 
to be letting the cat out of the bag, so far as this apparent dis- 
agreement is concerned, I wish to state that when it comes down 
to brass tacks on a given proposition, to a study of some proposed 
system, the agreement among engineers seems to be pretty 
complete on what can be done and what cannot be done—which 
indicates to me that the more important factors are generally 
understood and agreed upon. I am sure all of you who are not 
daily living with this problem would rather have those who are 
discuss and settle these disputed details over a table rather than 
here on the floor of the convention. I think one of the first 
things that could be settled in that way is nomenclature, and 
I propose that it should be done. 

Just one word about this discussion of static stability and 
transient stability. I don’t like to talk about stability. I 
share the view of a previous speaker, that “power limit’ is a 
perfectly definite thing. It happens that the maximum power 
in some cases is also the limit of stability, but it is not in all cases. 
You ean have a maximum power which is not the limit of stability, 
but I think all engineers are agreed on this: That there is a 
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definite maximum power which can be transmitted over a given 
system under steady state at normal voltage. It is a perfectly 
definite thing, and everybody will agree on the value of that 
limit. And if so, let’s talk about that limit. 

We have found on investigation that if one throws on any 
load up to that limit, and the system is controlled by an ordinary 
vibrating commercial type regulator, the system will carry it. 
It will not lose synchronism. There may be such cases where 
synchronism would be lost, but we haven’t found them. So 
long as the power to be carried is not greater than the static 
limit under the new condition—for instance, when a line section 
has been switched out—you can get away with it. In con- 
nection with» this, I agree with the conditions mentioned at the 
top of page 2, second column, in the Evans and Wagner paper. 
The supposition is that if you have adequate relaying system 
and can promptly clear a line-to-ground fault, it is possible 
to carry through it. 

In connection with this, Mr. Nickle states in his paper that 
the static limit appears to be a criterion for the study or deter- 
mination of power systems, and I submit that this is a reasonable 
position to take. It does not say that there are no other criteria, 
and that if it is satisfied, the system can not fall out of synchro- 
nism. It does say, however, that if it so happens, during a transi- 
tion from condition A to condition B, the system is so regulated 
that it could carry condition B under steady state, then it can. 
by virtue of that regulation and the inherent electrical and 
mechanical characteristics of the synchronous machines, carry 
through the transition and remain in synchronism. Now if this 
were true in all cases, the steady-state limit for the worst con- 
dition B would be a comprehensive criterion. Our conclusion 
is that with proper regulation and, excluding short circuits, it 
would be generally true. It is probably true in the usual line- 
to-ground short circuit. However, whether or not we speak of 
the steady-state limit as a criterion, I earnestly submit that it is 
a definite figure which is characteristic of any given system, and 
is a quantity which any informed engineer with the same data 
will arrive at. It therefore constitutes a sort of a bench mark for 
reference. 

I wish to add a word about high-speed excitation. ‘Two ele- 
ments are essential in an excitation system in order to increase the 
maximum power beyond the steady-state limit to which I have 
just referred. One is an exciter of sufficiently high magnetic 
speed. The other is an automatic regulator which would prop- 
erly control the exciter. The high-speed exciter is easily ob- 
tained. However, no commercial regulator within our knowl- 
edge at the present time has the required characteristics to thus 
utilize such an exciter. The mercury-are rectifier scheme! 
which was discussed at the Seattle Convention has the necessary 
inherent qualities. With proper regulator control there should 
be no discontinuity between the steady-state power limit ob- 
tained with the standard exciters as ordinarily regulated, and 
the limit obtained by the extremely high-speed excitation of the 
rectifier, so long as the increased exciter speed is properly applied. 
And while I reiterate that inherent characteristics of present day 
commercial vibrating regulators prevent their accomplishing 
this, it is nevertheless hoped that a regulator of proper charac- 
teristics may presently be available. 

To sum up my discussion, it is certainly gratifying that all 
engineers who are studying these matters seem to be coming to 
the same general conception of this whole problem. There are 
certain trifling matters concerning which they are not yet in com- 
plete agreement because they have started out from slightly differ- 
ent bases, some thinking one assumption is more important than 
another. But these are not of general concern. The whole 
problem, I say, is sifting down to a narrower range in which we 
can all view it from the same angle and agree, provided we are 
careful about defining the terms we use. 

1. Fundamental Considerations of Power Limits of Transmission 


Systems, by Doherty and Dewey, A. I. E. E. Journat, October, 1925, 
p. 1045. 
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C. L. Fortescue: I want to express My appreciation of the 
ingenious method Miss Clarke has developed to determine the 
static stability limit. I also wish to say, however, that the 
methods that have been used before are in reality no more com- 
plicated than Miss Clarke’s method but the apparent simplicity 
of Miss Clarke’s method is due largely to the able way in which it 
has been presented. 

Regarding the paper by Messrs. Nickle and Lawton, I want 
to congratulate them upon this paper. It is an extremely 
readable paper. I want to emphasize in discussing this paper 
not the apparent differences in opinion between our group of 
papers and this one, but more the points on which we have come 
to an agreement. There is a tendency in discussions to pick out 
the points of disagreement and discuss them only. As a result 
of that, those who read the discussions say, as I heard Mr. 
Roper remark, ‘‘Well, we can’t make head nor tail of this 
matter. Some say this is black and others say it is white.” 
The static stability limit is a very definite limit. One might 
say it is an invariant of a given system. It is quite a definite 
value and can be determined without difficulty. I shall go 
Mr. Doherty one better and say the static stability limit as 
defined by constant excitation is one of the eriteria of the stabil- 
ity of a system—not the criterion, but one of the criteria. 


In connection with this static stability limit, in considering 
ways and means to raise this limit, we found with high speed 
automatic regulators we were able to get quite an appreciably 
larger amount of power over the circuit. 

Now I am bringing out this point not to emphasize the point 
of difference, but because this artificial stability has an element 
of hope init. If you can do it with a regulator today, you may 
be able to get a regulator that will do it still better tomorrow. 
You will surely be able to get more power over a given line 
tomorrow. Maybe the automatic regulator of special design 
will be the answer; maybe an inherent regulator scheme will be 
the answer. We don’t know now, but one of these days we will 
know. 


Now regarding the transient stability as one of the criteria 
of operation, I want to say that after reading over the conclusions 
in the paper I was rather struck by the fact that transient 
stability wasn’t considered of great importance, but on reading 
over the paper itself, I found data presented there that led me to 
say that transient stability was just as much of a criterion as 
the statie stability. 

One statement in the paper, page 16, calls attention to single- 
phase faults and points out if the fault is removed instanta- 
neously, the load can be carried right up to the stability limit. 
Now if you remove a fault instantaneously, you are doing 
exactly the same thing as if you cut out a section of line on a 
loaded transmission line instantaneously. And we know if 
you cut out sections of loaded lines, the effect on the load limit 
is very small, so I think that is the answer to that. 

As a remedy, mention is made of quick operating relays; 
that is part of the remedy but we must go a step or two further 
than that. We must have quickly operating circuit breakers 
and we must have adequate voltage regulating systems, either 
high speed or inherent, and we may possibly have to help out 
with the governing system and also consider the effect of resist- 
ance of the fault. I wish to point this out because I myself 
reached somewhat different conclusions from those of the authors 
from the data they present in their paper. We can’t say that 
one limit is more important than another limit. We have sevy- 
eral limits. We have the static stability limit, and if you raise 
that, you also raise the transient stability limit as a general rule, 
so that we have several loopholes to follow in order to solve this 
problem. 

As to methods of calculating transient stability, I may say 
that we have found it practical to calculate even relatively com- 
plicated systems by the point-by-point method. It is of course 
a long drawn out tedious method. There is no doubt that a tech- 
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nique will be developed in the course of time to enable engineers to 
calculate power transients in more complicated types of systems. 
In other words, the present methods are cumbersome and long 
drawn out but they will be improved and perfected in the course 
of time. 

We do not dissent from the opinion that a dynamic model 
may be evolved, but we insist that such a model must take 
into account the essential facts, the most outstanding of which 
is that the differential equation of the motion is not linear. 
The condition with which we are concerned in transient stabil- 
ity is that unless we get instantaneous removal of the fault, 
it does not permit the use of approximately linear form in 
analysis. In fact, the problem is similar to that of a pendulum 
and the difference between the two problems is the difference 
between the cycloidal pendulum and the simple pendulum, 
between the harmonic motion and the elliptical. 

I bring this point up because I think Mr. Nickle in the course 
of time will undoubtedly get the right kind of dynamic model to 
find the answer to the problem in the proper terms. 

As to the effect of machine characteristics, the importance of 
machine characteristics has been emphasized by the group of 
engineers to which I belong. Machines designed according to 
present practise must incorporate the necessary stiffness, to use 
the authors’ term. This may be done by designing machines 
with lower synchronous impedance, that is, with long air-gaps 
or saturated poles. This applies to generators and synchronous 
condensers. In addition to this, we must have voltage regula- 
tors quickly responsive to changes in voltage. 

An alternative method which may develop is the compensated 
machine which may be a generator or a condenser. Partial 
compensation in the case of a generator may be considered of 
advantage. Investigations on compensated machines are 
being carried out now and data are being obtained which will be 
available in due course. 

In regard to the intermediate condenser, the authors have 
indicated a substantial gain with sufficient condenser capacity. 
While the capacity requirements asrepresented by them are large, 
it need not worry us as there is no doubt that in due time the 
right kind of machine which will give the desired results with 
smaller capacity will be developed. 

W. P. Dobson: Mr. Wilkins evidently relied upon telephone 
signals to obtain simultaneous oscillograph records at widely 
separated stations. In 1912 and 1913 the writer, during an 
investigation of transients on 60- and 110-kv. systems, made use 
of an automatic attachment to an oscillograph to accomplish 
this result. The closing of a switch on the oscillograph table 
operated the high-tension breaker, the film-motor and. shutter 
in proper sequence to, obtain the desired record on the film. 
Circuit breakers in distant stations were connected to the 
oscillograph control by means of the system telephone circuits. 
It was possible to obtain records of transients of short duration 
on a standard 12-in. film and satisfactory records of transients of 
over one second’s duration were obtained with a 42-in. film. 
The apparatus was designed by Professor H. W. Price of the 
University of Toronto and was used on the lines of the Toronto 
Power Co. and the Hydro-Electrie Power Commission of Ontario 
over a period of 18 months. Several hundred records were taken 
with a negligible number of failures. It is believed that this was 
thé first instance of the application of automatic control of an 
oscillograph for this purpose. 

H. B. Dwight: On the 11th page of Miss Clarke’s 
paper, there is a diagram in which leading reactive kv-a. are 
plotted downward. This is typical of the papers by several 
authors. There is also a group of writers who draw this type of 
diagram with leading reactive kv-a. plotted upward, the same 
way that leading reactive current would. be plotted. It is an 
inconvenience to have these two opposite methods in use, and 
as diagrams of kw. and reactive kv-a. are of somewhat frequent 

occurrence for various purposes, it seems that the time has come 


a 


when it is appropriate for the Institute to give decision as to 
whether leading reactive kv-a. should be considered positive or 
negative, and should be plotted upward or downward in diagrams. 


J. W. Legg: Mr. Wilkins deserves much credit for recog- 
nizing the value of reliable high-speed records, and for insisting on 
having apparatus capable of giving reliable graphs at these high 
speeds. The Esterline graphic instruments used in these tests 
were too sluggish of movement to warrant a high-speed chart 
until they were reconstructed with greatly increased restoring 
torque and more than 50 times normal power input. This neces- 
sitated a battery of special transformers and special switching 
schemes to throw the graphic instruments out of the circuit after 
operating less than half a minute, to prevent excessive heating. 

In 1914, while still a student, the writer conceived a truly 
portable oscillograph to operate with a low-voltage incandescent 
lamp, and to have wattmeter elements, and other effective-value 
elements, as well as the standard elements for instantaneous 
values. The ease of obtaining truly high-speed graphs, freely 
crossing one another, appealed to the writer as being worth the 
inconvenience of photographic development. A daylight-loading 
film holder was conceived then but not developed and perfected 
until 1921. In spite of this improvement in film-holders, all 
effort was expended to develop high-speed graphic instruments 
requiring no photographie film. Progress has been made in this 
line, but the demand for higher and higher speed records (with 
correspondingly higher-speed movements) has surpassed all 
improvements in standard graphic instruments. This is shown 
very clearly in Mr. Wilkins’ paper. The standard high-speed 
(so-called) graphic instruments were of practically no value for 
these important tests until remodelled and forced at fifty times 
normal input. C. F. Wagner saw the limitations of these 
instruments, after all the improvements he had made, and made 
up several oscillographic wattmeters to be placed inside our 
standard, portable oscillographs, and in separate cabinets using 
standard oscillograph lamps, lenses, film holders, ete. These 
confirmed the writer’s predictions and proved very successful 
in these tests. 


Several years ago the writer figured on an instantaneous, 
polyphase, reflecting, wattmeter-element, with a natural period | 
of approximately 2000 cycles per second. A single-phase watt- 
meter element, with a natural period of 5000 cycles per second, 
would be very simple, but not particularly valuable on account of 
the high (double) frequency oscillation of the power wave on 
a-c. lines. The quick-acting (but not instantaneous) elements, 
pushed through for these tests, proved so successful that they 
will be commercialized, in'an improved form, very soon. 

A nine-element portable oscillograph, considerably smaller 
than its three-element predecessor deseribed in the JouRNAL of 
February 1923, has been designed to give nine simultaneous - 
records on one 7-in. width of film. Three of these oscillograph 
elements may be replaced by high-speed wattmeter elements, or 


“by other effective-value elements when they are developed. 


Such an instrument will be ideal for stability tests and for 
operation on chance disturbances. A daylight-loading long- 
film holder has been developed to take films 614 in. wide and 
either 3, 6, 8, 16, or 24 ft. long. Twenty-four-foot films were 
used for the first time in these stability tests, passing through 
in less than six seconds. For lower speeds the film-holder can be 
made to operate quite reliably for daylight-loading and daylight- 
unloading. 

During the discussion of the writer’s paper, in 1923, on “Ex- 
pansion of Oscillography,” J. R. Craighead seemed to doubt 


if the oscillograph could be made to function, automatically, — 


quickly enough to show what happened before the oil cireuit- 
breakers functioned. All that the writer claimed then, and more 
too, has been done since then. Our portable oscillographs have 
been set up in substations and have operated, repeatedly, on 
chance disturbances, and have given valuable information as to 
the disturbance and breaker operation. Furthermore the new 
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single-element oscillograph (the OSISO) can be set up to record 
chance disturbances within less than one-thousandth of a second 
after the closing of a quick-acting relay. The 4-volt lamp is 
initially excited by a condenser charged to 110 volts, d-e. The 
lighting of the lamp is quick enough to obtain a perfect oscillo- 
gram of the chance rupture of the are in a quick-acting circuit 
breaker on d-c. lines. With the proper quick-acting relay, 
operating on the steepness-of-wave-front principle, the oscillo- 
graph will function perfectly within two-thousandths of a second 
after the very start of a short circuit, before the quick-acting 
breaker can reduce the short-circuit current. The photographic 
film must be kept rotating all the time, for such extremely quick 
operation. 

The advantages of such apparatus are being better and more 
universally recognized, and oscillography will continue to expand 
and be a greater and greater help to others besides the electrical 
manufacturer. 

Svend Barfoed: In designing transmission systems to 
safely earry a specified load, I have in the past used methods that 
are very direct. They involve the use of diagrams in which the 
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various factors affecting the power limit of a transmission system 
appear together and may thus be studied more easily. As yet 
I have not found any necessity for transmutation of the diagram 
and method into others which, as far as can be seen, are the 
exact equivalent. The accompanying diagrams illustrate such a 
study. 

Fig. 4 has been described several times. The load lines are 
shown advancing by eights up to full load; to scale they are meas- 
ured in position in kw. The magnetizing power is measured 
parallel to the load lines to the same scale in kv-a., being for 
example c F at unity power factor of load at full load or PF’ F at 
a power factor of 0.95. The magnetizing effect of the charging 
current is given by ac. Thus all factors affecting the trans- 
mission limit of power of the line and transformers are had at a 
glance. It is at once apparent that all factors are very definite 
and do not admit of discussions of a qualitative nature. For 
any given relation the line and the transformers have character- 
isties which are fixed and quantitatively known. It can easily 
be seen that the smaller the resistance compared to a given 
reactance the higher the power limit, and highest for zero 
resistance. In other words, the more nearly vertical line ce 
is, the higher the power limit. On the other hand, with nearly 
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zero reactance the power limit would be very low indeed. The 
eriterion-is the tangency of a load line to any one of the circles 
shown on which it may be desired to operate. Tangeney repre- 
sents the static load transmission limit. Swinging the unity 
power-factor line c e around ¢ as center to the right, representing 
a designed decrease in reactance for the same resistance, makes 
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the maximum load lines become tangent to the circles at smaller 
and smaller loads and when finally the load lines become nearly 
vertical the ability of the system to transmit power almost 
vanishes. It is thus seen that in order to transmit power with 
alternating current the proper relation between resistance and 
reactance must prevail and it is evident that low resistance lines 
are highly desirable since the reactance of the line can be changed 
but little due to clearance limitations. Similar reasoning holds 
for the transformers, but with them it is also desirable that the 
reactances are no greater than required for the strength of the 
mechanical structure during short circuit. At previous meetings 
when power transmission limits have been discussed, the charac- 
teristics of the synchronous machinery have been included, but 
in no very definite manner. It is with respect to the synchronous 
machines that it is ventured to hoist a warning signal. It is 
seldom that a large power plant contains but one machine. 
Tf there are several it is imperative that they have such character- 
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istics that they will operate properly in parallel under all con- 
ditions of load and can readily be synchronized. There must be 
no hunting between them. If for the sake of increased power 
transmission limit the synchronous reactance is very much 
reduced, hunting will surely occur between generators running | 
in parallel in the same station, and stability, possibly, may only 
be secured again by adding reactors external to the machines. 
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This is an old story and is visually shown in Figs. 5and6. In 


Fig. 7 the ratio a z 


permits the proper synchronizing force 
a 


to develop between machines due to a large amount of «power 
possible of transmission between them. In Fig. 6 the ratio 


lor 


a 


is such that the limit to the synchronizing force is very 


quickly reached with the machines liable to fall out of step. 
_The effect of the load power factor is given at once by these 
diagrams, and there is nothing vague about the amount of mag- 
netizing power required to compensate for power factor, either 
for voltage regulation or for a given power transmission limit. 
The synchronous condenser is a very admirable machine to give 
or consume magnetizing power in the required amount. It will 
perform exactly as desired if the V curve of zero power load 
coincides with the magnetizing power curve of Fig. 7. 
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From the above it is seen that the line and transformer char- 
acteristics and the charging current do not lend themselves to a 


discussion of power transmission limits. They are to be con- 
sidered known and fixed within narrow limits. As long as we 
transmit power with alternating current, the charging’ current 
- eannot be removed and to say that it is detrimental to a higher 
power limit is like saying that the current flowing in a coil of wire 
is undesirable because it heats the coil. 

The power limit of a given transmission system is therefore 
influenced chiefly by the characteristics of synchronous appara- 
tus. I accept the statement that the machine designers know 
how to design machines for maximum transmission of power. 
That being so, the transmission line designer would like to know 
in what manner this is done. He would like to know how the 
synchronous reactance is apportioned between self induction 
and armature reaction, how compensated for, whether means to 
affect a quick response to excitation power is counteracted by. 
means to affect damping of power swings, and whether a machine 
designed for maximum power limit is a suitable machine for 
installation in a plant where there are several which must safely 
operate in parallel on the same*bus bars. 

It has been said that power factor has much to do with the 
power transmission limit. To be sure it has, but in a perfectly 
definite manner. Power factor lagging means that magnetizing 
power must be furnished by synchronous machines either at one 
end of the line or both; power factor leading means that magnet- 
izing power must be absorbed by synchronous machines or by 


EVANS AND WAGNER: STUDIES OF TRANSMISSION STABILITY 89 


some other variable tractor. If the rate of change in magnet- 
izing power is such that the excitation power of the field struc- 
tures cannot follow at the same rate, oscillations will be started. 
Tests on actual systems cannot reveal much in this connection 
since the magnetic structures cannot be changed, Such tests 
belong on the test floors of the manufacturer. With machines of 
conventional design it appears that transmitting power at 220 
kv. up to 250 mi. is safe when the lines are loaded to one ampere 
per 2200 cir. mils and condensers located only at the receiving 


end. 'This can be improved by suitable engineering of the line 
itself. A discussion of this would, however, lead too far at this 
time. Only this,—there must not be added further apparatus 


in power houses, substations or elsewhere until circuit breakers 
for 220-kv. operation have been improved to the point where 
they no longer constitute the present limit to transmission of 
power. ‘The circuit breaker must perform its function without 
destroying itself too soon and it must open the circuit at such a 
rate that a power are on the line will not have time to seriously 
injure the conductor. The circuit breaker must be relied upon 
to transfer without distress the energy from a line section in 
trouble to a parallel line. The normal energy to be transferred 
is of the order of 130,000 kw. It is comparatively easy to com- 
pute power swings and to provide a sufficient margin of safety. 
It is far more difficult to design economically a system where 
disturbances causing power oscillations will inherently be reduced 
to a minimum. The first problems to solve are 220-ky. circuit 
breakers and line insulation. 


F. L. Lawton: It is certainly in order to compliment Mr. 
Wilkins and his associates on the courage and initiative dis- 
played by them in attempting investigations of system stability 
on a power system of the magnitude described. Further, the 
addition of field tests of this type to the theoretical studies 
undertaken in the past few years affords an opportunity of pass- 
ing judgment on the assumptions made in those studies. 


It is indeed encouraging to note the real agreement between 
the conclusions reached by Mr. Wilkins and those presented by 
Mr. Nickle and myself, today, and also those in a recent paper’. 

The writer disagrees with Mr. Wilkins’ observations anent 
the place filled by the use of artificial lines and miniature equip- 
ment. It is, of course, true that test data, whether obtained on 
an actual network or on miniature systems as used by Mr. 
Nickle and myself, apply only to specific conditions on given 
systems. However, and this is important, it is virtually im- 
possible to assign the right values to the factors affecting the stability 
of a real network, of anything like the complexity of the Pacific 
Gas and Electric Co.’s transmission and distribution system. 
With the miniature system, methods of analysis can be studied, 
actual cases® checked, and the methods of analysis may then be 
applied with real confidence in the soundness thereof to the solution 
of stability problems. In this respect, the miniature systems 
with synchronous apparatus up to a few hundred kvy-a. capacity 
have been of great assistance but it is not suggested that a 225- 
kv-a. system be used for the solution of stability—or rather, 
power limit—problems. For these there are available: 


(a) The miniature system of Spencer and Hazen®. 

(b) The equivalent-circuit method of Nickle’. 

(c) Proved methods of computation. 

(d) Experience. 

When anyone conversant with the difficulties involved in 
analyzing system power limits by theoretical methods visualizes - 
the physical data applying to the system in Fig.1, he will have a 
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better appreciation of what a miniature-system method of 
stability analysis means. 

When results of good engineering accuracy, directly applicable 
to proposed or existing power networks, can be obtained rela- 
tively easily and expeditiously by use of a miniature-system 
method and proved principles, it is presumed that. they will be 
used and “actual quantitative values for this fundamental 
data’’ will not need to be “‘measured.” Such miniature systems 
and principles, it would appear, are already available. 

Regarding the contention that system stability, as a problem, 
is inextricably entangled with operating economics, this is largely 
true but nevertheless good progress can be made in determining 
the power limits of transmission systems under the majority of 
circumstances likely to arise. 

The results obtained by Mr. Wilkins when the 220-kv. line at 
Pit No. 1 was switched out under a load of 24,000 kw. agree 
quite closely with those obtained by Mr. Nickle and the writer. 
I think that a little closer consideration will convince Mr. 
Wilkins that the cause of the greater disturbance on closing 
the line was entirely due to the effect of the line charging current 
in changing the phase and magnitude of the ‘‘open line” voltage 
relative to that on the generator side of the closing circuit 
breaker. 

In connection with the above, it might be added that an 
oscillographic wattmeter with characteristics similar to that 
described was used throughout the major part of the miniature- 
system tests previously referred to. 

To conclude, it appears that the first extensive investigation 
of power limits on an actual system of a fairly high degree of 
complexity leads to conclusions in substantial agreement with 
those presented by Mr. Nickle and myself, as well as others, 
entirely from the results of miniature-system studies, coupled 
with field experience and office analysis. 


A. P. Mackerras: A pleasing feature of this paper is the 
use of graphical methods. Graphical solutions are usually 
sufficiently accurate for practical purposes; and, in addition to 
their rapidity, they give a better physical conception of the prob- 
lem than algebraic formulas, and indicate more readily the effect 
of changes in the quantities involved. 

In the construction of Fig. 3B, it has been pointed out that the 
locus of points at which P Q subtends a constant angle is a circle 
with centre R. But it may also be of interest to note that 
the locus of points the distances of which from A and B are ina 
fixed ratio isalsoacircle. Ifthe line A B is divided internally at 
N and externally at N’ in the given ratio H,/Ez, this circle has 
N N’ for its diameter. 


In Appendix C the equation 
1 = 
Power ey hes iene 


is given. The truth of this equation may readily be seen from 
the accompanying diagram. Let O A be standard phase, and 
let HZ and I be the voltage and current vectors the magnitudes of 
which are e and i. Then the conjugate vectors # and T will also 
have magnitudes of e and 7, and their angles with O A will be equal 
and opposite to those of Hand J. Tomultiply the vector E by the 
vector], we multiply their magnitudes and add (with due regard 
to sign) the angles they make with O A. The vector # T will 
therefore have a magnitude of ei and will make an angle ¢ 
_ above 0 A, where ¢is the angle between H and J. Similarly the 
vector E£ J will have a magnitude of e i and make an angle ¢ below 
OA. Then clearly, the vector sum # J + ET will be equal to 
O B, or 2e¢icos ¢, which is twice the power in the circuit. 


Sidney Withington (communicated after adjournment): 
Since the limit of power transmission is a function of the system 
frequency, it is entirely conceivable that in the transmission 
of large amounts of power over long distances it may be found 
desirable to adopt relatively lower frequencies than the standard 
60 cycles; for instance 25 cycles or even lower. In this case there 
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would be large frequency-changing substations at the centers of 
distribution. The frequency-changer sets might perform also 
the function of synchronous condensers, and the increment of 
cost would be relatively small compared to the total transmission 
line cost. 

If this occurs and a low frequency is adopted for long distance 
transmission, it is entirely within the range of possibility that it 
would be economical for the electrified railroads of the country to 
obtain their power direct from these major transmission lines 


Fic. 9 


without the medium of rotary apparatus, perhaps balancing the 
load among the phases in sections. This is significant, consider- 
ing the possibilities of railroad electrification, and may be a con- 
trolling factor in developing a standard system. 


C. F. Wagner (communicated after adjournment): Miss 
Clarke has presented methods for the calculation of static 
stability for constant field current in a clear and concise manner. 
It should be noted in passing, however, that these limits do not 
represent the ultimate when automatic voltage regulators are 
used to maintain voltage. Miss Clarke uses the logical device of 
representing loads where possible by static networks. This 
results in considerable simplification. 

Using the various devices pointed out by Miss Clarke, the most 
general case in which the problem can still be reduced to a single 
synchronous machine at each end is that shown in Fig. 9, herewith, 
in which the three rectangles represent general networks, Ey, 
and Eq the internal voltages and b and c the points at which the 
voltages are known. 

Messrs. Evans and Sels in the July 1921 number of the Electric 
Journal have indicated how three general networks in series can 
be combined into one equivalent, so that the following expression 
is obtained. 


=Aveat+ Bola (1) 
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where Ay and By are the general circuit constants for the three 


combined networks, eq and eg the star voltages at a and d re- 
spectively and /q the current at d. 
Transposing equation (1) 


pene oe pte er 
aca vce a. 2 
The power at d 
; ahs i Lageeey ce? A 
Patj Qa =3eala = =~ Haka - Ee 
ala. a a Ha B Eq (3) 
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ae E, and Hq are phase volts at a and d respectively. Now 
: 5 


Ea = Eqe and B, = E, (4) 
1 : A 
Pa+jQa=—-~ EqE,-i? ~~ 2 
By 1 By Ea (5) 


r 
The real component of the above expression Pg becomes a 
maximum when 


@ = tan-! 


ao 


where a» and by are the components of By = ao +jbo. This 
determines the angle ¢ between a and d for which maximum 
power is delivered at d. It is necessary to calculate only the 
Bo constant for the combined network. 


Bo = Ai (Bs Aes = Ds Bo) == Bi (Bs Ca sf Ds D2) 


iInpedonce ‘ 
Angle of By ~~ 


| 

G Lepedance 
Wan Gee! 
eats 
&s 


Surg 


a 
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Having obtained the maximum over-all angle corresponding 
to maximum power delivered, the actual value of power delivered 
ean be determined by the following graphical means. From a 
knowledge of As, Bs, C2, D2 and the voltages at b and c, the send- 
ing and receiving-end power circle diagrams for the middle section 
can be drawn as shown by the heavy linesin Fig. 10. For any 
angle ¢2 between the voltages at b and c the power flow at these 
points is indicated by the points m and x. Every point such 
as m on the supply circle must also represent a point on a receiv- 
ing circle for the first section. This latter circle is represented 
by the expression 


1 ; Ai 
j = E,e«I% — —— Ee? 
Jias ae i) (Oks B, Ey Eye Seek 
Een. Ai : 
The center of this circle is located at — B E,?. It will be 
1 


noted that all of these quantities are known and can be plotted 
at the point p. Now while the value of the voltage H, is un- 
known (and incidentally will not be necessary to determine) 
the reference vector from which the angle ¢:is measured can be 
drawn making an angle with the horizontal equal to that of 
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The center of the circle g is determined by % 
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1 
mB which angle is the same as the angle of Ai, i. e., 


By 


bi 


tan - where £1 =a; +7b;. As stated previously, the 


ay 


point m must lie on the circle, therefore, and angle ¢, between 


Fig. 12 


pm and the reference line indicates the angle between the 
voltages at a and 6 for the power transmitted at c corresponding 
to point n. 

A similar construction applies to the receiving-end network. 
The power at c into this network is expressed 
5 1 E, Eq «ti# 


Po +90; = Ee m 


3 


Ds; 


E2 and the 


3 


Power in Kw. 
Ss 
oO 


| 
80}—t =a 
pale ot sas 
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Icey als} 


reference line makes an angle with the horizontal equal to that of 


1 © 
——j— , 1. e., tan where B3 = a3 +7 b3. 
Bs a3 
The angle ¢; between n q and the reference line indicates the 
angle between the voltages at cand d. Therefore ¢: + ¢2 + $3 
gives the total angle between the voltages at a and d for the 


power conditions at c corresponding to the point n. After a few 
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trials the point can be determined for which ¢1 + ¢2 + $3 = ¢. 
This value of power indicates the maximum that can be trans- 
mitted at c. 

The general method can best be illustrated by means of a 
solution of a particular case. The example chosen is that 
indicated on the eighth page of Miss Clarke’s paper which 
involves the determination of the steady-state limit fora 270,000- 
ky-a. generator, transformers, a 250-mi. line and a 170,000- kv-a. 
synchronous motor. Complete details of line and machine 
characteristics are given on the sixth page of the paper. The 
voltage at the generator terminals will be maintained at an 
equivalent of 220 kv. and that at the receiving end at 200 kv. 
by hand regulation. 

The combined constants for transformers and line are: 


A, = 0.8431 +7 0.0279 

By, = 39.6 +7 232.1 

C, = (0.0104 + 7 1.248) 10 
Dy = 0.8428 + 7 0.0280 


These constants enable one to construct the sending and 
receiving power circle diagrams in the ordinary way. These 
are indicated by the full lines in Fig. 11. 

The center of the receiving circles for network 1 is located at 


— = #,2. Since this network contains only the generator 
1 
reactance 
Ai — 1.0 
ey = 0) Seg AG 
and 
Ai 1 
Bi Ear. 9) Xi 
Ai , Hy? 
2 eee 
bee SX: 


__, 220 x 220,000 
che! 179.2 


Incidentally, this is equal to the sustained short circuit kv-a. 
at 220 kv. This point is indicated by the letter p on Fig. 3. 
The reference line coincides with the axis of reactive power. 

The center of sending circles for network 3 is obtained in a 
similar manner. 


= — j 270,000 kv-a. 


Dy =e 10 
Be SW) sey 2G 
ee eae 
Bs j Xs, 
The center is located at 
Deere 
Bs —j X3 
— 200 x 200,000 ) 
=F 500 = j 200,000 


This point is plotted at q, the reference line being the axis of 
reactive power. 

Now give ¢2 an arbitrary value, say 34 deg., and determine 
mand n for this value. Draw mp and nq and measure $1 and 
2. 

o1 = 22.3 deg. 

o2 = 26.0 deg. 

$1 + $2 + $3 = 82.3 deg. 
The total angle between internal voltages is then equal to 82.3 
deg. for 100,000 kw. transmitted at receiving end. Choose a 
different value of ¢,and repeat. By this means the curve shown 
in Fig. 4 can be obtained. ~ 

Substituting in the equation for By, this constant is found 
equal to 
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By, = 28.6 +7 506.7 
bene tea 506.7 
28.6 
= p13.7 
= 86.7 


From Fig. 4 the maximum power, which occurs for ¢ = 86.7 deg., 
is equal to 106,500 kw. which value checks the result obtained 
by Miss Clarke. 

C. A. Nickle: There seems to be a misunderstanding of 
what the authors intended to convey by their use of the terms 
“steady-state power limit” and ‘“‘transient-load power limit.” 
To make this matter clearer, let us consider three cases of load 
change which may be classified as transient changes. 

First, let us consider the change involved in throwing ona load. 
Before the load is thrown on, the line will have a certain voltage 
and the synchronous machines will have their magnetic circuits 
excited to give this voltage. Under this adjustment, the line 
will carry a definite maximum load of the type to be thrown on. 
What the authors intended to convey was that it makes very 
little difference in the ability of the system to carry the load 
whether this load is thrown on gradually or rapidly or even 
instantaneously. 

Second, consider dropping a section of the line. We do not 
intend to say that the steady-state power limit to be used is 
that of the line before the section is dropped. The steady- 
state power limit to be used is the limit of the line with the section 
out and our tests again indicate that we can drop a section of a 
line which is carrying power so as to leave the remaining section 
with a load equal to its steady-state value and that this may be 
done gradually or quickly. 

Third, consider the case of short circuits. In the case of. three- 
phase short circuits, of course, no power ean be transmitted 
beyond the short circuit; that is, the final steady-state power has 
been reduced to zero, and the load at that point will be dropped 
unless the relays relieve the condition very quickly. In the case 
of single-phase short circuits, the line has been weakened in its 
ability to carry steady-state power but the amount will be a 
definite value. If we take this same line with the short cireuit 
permanently on and calculate its steady-state power limit,—that 
is, for loads slowly applied,—this will give the same value as when 
the short circuit is suddenly applied, the magnetic adjustment 
of the synchronous machines remaining unchanged. 


It is very important that we choose the proper steady-state 
power limit. The reason single-phase short circuits are severe 
is because they reduce the value of the steady-state power which 
the system can carry. When we were able to carry 31 per cent 
of the steady-state power of the line before short circuit it 
meant that the steady-state value to be used was the value 
with short circuit on the line. If we increase the steady-state 
power limit by means of special excitation systems, such as 
mereury are and other schemes, we also increase the transient 
power limit to the same value. In every case where we have 
tried this on the miniature system, we have been able to create 
any condition suddenly that we could produce slowly and still 
maintain synchronous operation. 

Edith Clarke: Mr. Evans and Mr. Wagner have stated in 
their discussions that the methods used in my paper to obtain 
the maximum power which can be transmitted over a given 
transmission system under steady state are applicable for con- 
stant field currents and when the voltage is regulated by hand, 
but do not apply when there is an automatic voltage regulator 
onthe system. Mr. Spencer has asked how the constant genera- 
tor reactance, which is to be used in the calculations for maximum 
power, is selected. 


In order to answer satisfactorily, it will be necessary to define 
constant field or fixed excitation and hand regulation and to 
explain what is meant by equivalent synchronous impedance. 
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For simplicity, assume a synchronous generator and motor 
on the same bus with constant and equal fields on both machines; 
then inerease the load until the machines fall out of step, plotting 
power delivered vs. terminal voltage. If this is done for a number 
of different field currents, it will be noted that there is one curve 
in which maximum or breakdown power occurs at normal 
terminal voltage. On the curves corresponding to lower field 
currents, Maximum power occurs at voltages below normal, 
while on curves corresponding to higher field currents, maximum 
power occurs at voltages above normal. With given fixed 
excitations maximum power will not in general occur at normal 
voltage. When hand regulation is used and load is slowly added 
so that normal voltage is maintained, the maximum power limit 
is usually understood to mean the power corresponding to that 
fixed excitation for which breakdown power occurs at normal 
terminal voltage. 

It has been found by tests that with regulators such as are used 
commercially today, it is not possible to transmit more than the 
maximum power limit as defined above by hand regulation. I 
agree with Mr. Evans that if regulators were fast enough to 
maintain terminal voltage, the machine impedance could be 
neglected; or if fast enough to maintain constant flux, then leak- 
age reactance could be used; but until something is done to in- 
erease their speed of operation, the maximum power limit with 
voltage regulators will be the limit obtained by hand regulation. 

Equivalent synchronous impedanee is a fictitious value used 
for convenience to obtain maximum power. The field current 
corresponding to it is a fictitious current and does not represent 
actual field current. The justification for using equivalent 
synchronous impedance is that by its use the calculations have 
been greatly simplified and the caleulated maximum power has 
been found to give a satisfactory check upon test values. 


For a given machine, the sustained impedance which replaces 
leakage reactance and armature reaction is not constant, except 
for a machine of zero saturation, but varies with terminal voltage, 
power factor and load. The equivalent synchronous impedance 
likewise is not constant for a given machine but depends upon 
terminal voltage, power factor and load. In steady-state 
stability problems a voltage regulator is assumed; therefore 
maximum power is obtained at normal terminal voltage. The 
power factor on the generator for long lines heavily loaded is not 
far from unity. The load on the generator may be estimated 
after one approximation. Therefore, terminal voltage is known 
and power factor and load can be estimated. 


When the leakage reactance, the armature reaction, and the 
saturation curve of a generator are given, the following equiva- 
lent synchronous impedance has been found to give a good ap- 
proximation for maximum power. 


Equivalent synchronous impedance = (leakage reactance) 


slope of saturation curve ) 


plus (armacur reaction slope of air gap line 


The leakage reactance will be given in per cent values. The 
armature reaction should be expressed in per cent of the air-gap 
ampere-turns corresponding to no-load normal voltage. The 
slope of the saturation curve should be obtained at a point 
corresponding to virtual voltage. Virtual voltage depends upon 
terminal voltage, power factor and load, and may be estimated, 
but in general the slope of the saturation curve at normal ter- 
minal voltage may be used. 

With voltage regulators or with hand regulation, the maximum 
or breakdown power will oceur at normal terminal voltage so 
that the same value of equivalent synchronous impedance will 
be used and the same value for maximum power will be obtained 
in either case. With fixed excitations, however, the conditions 
are different since the voltage at which maximum power occurs 
is not given. The procedure is not so direct as where normal 
voltage is maintained but equivalent synchronous impedance 
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may be estimated and maximum power obtained after one or 
two approximations. 


R. D. Evans and C. F. Wagner: Mr. Sels makes a plea for 
a definition of stability limits, so that we may all know what the 
other fellow is talking about. We might refer to the definition 
as given in our paper in which we say that the stability may 
be defined as the capacity of a power system to remain in equi- 
hbrium under steady-load conditions and its ability to regain a 
state of equilibrium after a disturbance has taken place. The 
first part of the definition is referred to as static stability and 
the second part as transient stability. 

Mr. Sels believes that the static limit is of the utmost impor- 
tanee. He believes that in the future it will be possible so to 
improve insulation that insulator failures will be very rare. 
We hope that such will be the ease, but we are living in the pres- 
ent, not the future. For that reason, we believe that transient 
stability is of more importance at the present time than static 
stability. 

Mr. Sels also stated that we have the stability problem present 
in all metropolitan systems. In general, however, the stability 
ealeulations for metropolitan systems are much more difficult 
and complicated than for long-distance transmission systems. 
In the latter the line constitutes the greater part of the impedance 
between the two points considered, the impedance of the terminal 
equipment acting more in the nature of a correction factor. 
In addition, generators at each end of the transmission line can be 
grouped together and considered as units. In metropolitan 
districts the connecting impedances are much more complicated 
and in most eases it is not permissible to simplify the problem 
by grouping the generators into two groups. The effect of 
faults and changes in voltages is more problematic. 

The curve presented by Mr. Powel showing the relation 
between transmitted load and the probability of outage is both 
interesting and important. It would seem desirable to obtain 
similar data on the operation of other existing systems. Such 
data might be analyzed in a number of ways, one of which would 
be the plotting of the number of outages for different loads. Such 
a curve would take into account the load eyele under which the 
system is operated, and also the variation in the probability of 
failure during different parts of the day. Ater a considerable 
amount of data were available, it would be possible to plot 
curves for each of the various types of disturbances, such as low- 
tension faults, three-phase faults, and flashovers to ground; 
and from a study of these curves to determine the amount of 
consideration which should be given to each type of disturbance 
in making additions to existing systems, or in laying out new 
projects. In order fo compare data on different systems, it 
would be desirable to plot the outage curve in terms of the angle 
between supply and receiver ends. This function would form the 
basis of comparison of operation of different systems. The 
collection of such system-operating data can best be obtained by 
the use of such recording instruments as described in the paper 
by Mr. Wilkins and in the discussion by Mr. Legg. 

In connection with Mr. Doherty’s discussion, we agree with 
him that the static limit is a more definite quantity than the 
transient limit. The point which we wish to emphasize is that 
system stability under disturbances is the more important 
problem and that the transient stability limit is the more im- 
portant limit. We agree that with fixed excitation in machines, 
the maximum limit is quite a definite quantity. However, 
this limit is not the same as the limit of a system operating with 
voltage regulators for the case of slowly increasing loads. Under 
this condition of operation, the true static limit will be in excess 
of the limit determined by fixed excitation. This arises because 
of the phenomenon which, in our paper, is termed ‘‘artificial 
stability.” It is stated in the paper by Nickle and Lawton, 
and is endorsed by Mr. Doherty, that the only function of the 
regulator is to increase automatically the excitation as the load 
is applied, the actual limit being the same as that for hand con- 
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trol. Our paper presents results of analytical work on this 
problem which indicate that a condition of artificial stability in 
which the system is held together merely by the action of regula- 
Since this paper was written, these results 
The set-up consisted of a 


tors, is possible. 
have been verified by experiments. 
d-c. motor, a-c. generator, artificial line, an a-c.. synchronous 
motor, and a d-c. generator loaded on resistors. With hand 
regulation, increasing the excitation to maintain constant 
terminal voltage as the load was slowly applied produced a 
limit of 65.1 kw., and with voltage regulators 79.6 kw., an in- 
crease of some 20 per cent. Mr. Doherty states that tests which 
he has carried out have not shown the existence of stable opera- 
tion for loads beyond the static limit determined by hand control. 
He does not deny the possibility of such operation, but merely 
states that he has not found such a ¢ondition. It is possible that 
this disagreement may be ascribed to differences in the mechanical 
inertia and in the time constants of machines, particularly of 
exciters. 

While we point out that this additional limit is available, 
we do not wish to imply that we advise working to this limit 
in ordinary operation. It should be recognized that this limit 
is available, and that advantage could be taken of it for emer- 
gency operation. This matter of artificial stability, however, 
is largely one of academic interest. We do not wish to emphasize 
it too strongly. The real limit of practical importance which we 
have pointed out, and have tried to emphasize, is the transient 
limit. Itis gratifying to find that the tests of Messrs. Nickle and 
Lawton on miniature systems bear out this contention. 


Prof. Dwight has called attention to the difference in the 
method of plotting reactive kv-a. in power-cirele diagrams. 
In the absence of an A. I. E. E. standard governing this practise, 
the various investigators have used the convention that seemed to 
them most logical and convenient. We heartily endorse Prof. 
Dwight’s plea for A. I. E. E. standardization ruling on this point. 


Mr. Barfoed brings up the matter of line insulation and 
circuit-breaker performance for 220-kv. systems, as affecting the 
general stability problem. In addition, Mr. Wilkins has called 
attention to the fact that 220-kv. circuit breakers may have a 
small time lag between the opening of the three poles. This 
difference in time in the test described by Mr. Wilkins was due 
to the failure to secure simultaneous mechanical opening of the 
three poles of the circuit-breaker. This is evidenced by the fact 
that the time required for opening the breaker was closely the 
same and independent of the load carried in the various tests. 
The oscillograph records also showed the time of arcing was 
approximately the same on the three poles, and could not be 
responsible for the period of about 0.2 seconds from the beginning 
of arcing on the first pole to the final interruption of the circuit. 
The 220-kv. circuit breakers can be adjusted to open the contacts 
on the several poles in about a cycle, as measured by the cycle 
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counter. Furthermore, it may be pointed out that in the new 
breakers for 220-kv. service, further improvements have been 
made which secure more positive action, and facilitate adjust- 
ment in the field. Tests of a type similar to that described in 
the paper have been made subsequently, and in these it was 
found that the difference in time of operation at the three poles 
was less than two cycles. 

Mr. Withington has called attention to the fact that the 
power limits at 25 cycles are considerably higher than at 60 cycles. 
This is a pertinent point in connection with the selection of the 
frequency to be used for railway electrification and general 
power purposes. 

Mr. Roy Wilkins: It might be worthwhile to give the actual 
operating experience to reassure those who contemplate building 
such lines that they can be operated. One line has been in 
operation for twenty-two months and the other about nine 
months. There have been twenty-six total cases of trouble, 
of which two were mechanical, four were caused by birds (which 
was definitely known since the birds were killed), two by light- 
ning, and five were located but the cause not known. The 
remainder have never been located. Four of these interruptions, 
of which two were mechanical and two caused by lightning, 
caused interruptions of one line of longer than three minutes. 
The balance were momentary line interruptions and the line 
went back without any change whatever. These lines are nor- 
mally charged from the generating plant at reduced frequency, 
usually thirty-five cycles, in which they build up with the field 
circuit open, to the normal voltage and little above normal 
current. The condenser is then put on at the receiving end 
and they are brought up to full frequency and paralleled at the 
receiving end. Thereafter the load is pulled up and they are 
paralleled at the sending end. Customarily, this is carried out 
without any dispatching whatever, and the whole procedure 
has been carried out in approximately one minute. In times 
of great stress, for instance, if one line goes out over the peak 
when the load is high, we charge the full 202 miles back to the 
system and parallel at the power house. This gives a voltage 
rise at the substation end of 10 per cent and is not customarily 
carried out. 


The two lines, by the ordinary method of analysis, will carry 
about 198,000 kw. each. We plan never to run over 120,000 
kw. on them. At such time that the load increases above this 
point, segregating points will be added in the line. When de- 
velopment requires, there will be four complete lines. 

The question has been brought up about the oscillographie 
wattmeter and meters. This oscillographie wattmeter is more 
or less of a novelty. It is felt that it is reasonably accurate. 
It requires so little power that the ordinary bushing-type trans- 
former will supply it without serious error in ratio and it will 
record disturbances lasting as short a time as about !/29 see. 


——— 


Transmission Systems with Over-Compounded 
Voltages 


BY H. B. DWIGHT: 


Member, A. I. E. E. 


Synopsis.—A usual method of calculating a transmission line 
with transformers, in which the voltage is held constant at both ends 
by synchronous condensers, is to use the circle diagram method. 
It is often advisable to use ‘“‘over-compounded”’ voltage instead of 
constant voltage; that is, to increase the voltage as the load increases. 
Methods of calculation are given in this paper for two cases, first 


voltage, in which case the diagram is a circle, and second, with over- 
compounded voltage at both generator and receiver, in which case the 
diagram is an ellipse. Examples are given and the diagrams are 
shown in Fig. 2. 
A short discussion is given of the advantages and limitations of 
using over-compounded voltage. 
* * * 


* * 


with over-compounded generator voltage and constant receiver 
L. is avery usual practise to control the station 

voltages of transmission systems by automatic 
voltage regulators, which adjust the field currents of 
generators and synchronous condensers so that the 
desired voltages are obtained. In such cases, very 
great advantages are obtained in many stations by 
maintaining a higher voltage at a time of heavy load 
than at a time of light load. This may be called 
“over-compounded voltage,’ and can be easily ac- 
complished by means of a simple arrangement with an 
automatic voltage regulator, which is often called line 
drop compensation. One of the most common methods 
of producing line-drop compensation is to put a few 
turns of winding, carrying current from series trans- 
formers, on the magnet of the relay which controls the 
voltage. These series ampere-turns usually amount to 
not more than about 25 per cent of the ampere-turns of 
the shunt winding, which is the main winding. There- 
fore, the result is that, at no load, the main winding 
operates the regulator so as to produce a certain 
voltage. With load conditions and the series winding 
opposing the shunt, a higher voltage is necessary before 
the regulator will operate; therefore, a higher voltage 
than at no load is maintained. 

A somewhat similar arrangement to give over-com- 
pounded voltage is frequently provided with induction 
voltage regulators. — 

ADVANTAGES OF OVER-COMPOUNDED HIGH-TENSION 
VOLTAGE 


The statement is sometimes made that the voltage 
supplied to a certain customer or city by a transmission 
system should have not more than a specified amount 
of variation, say five per cent. Where such a statement 
is made, it practically always refers to “‘under-com- 
pounded” voltage; that is, the voltage variation is 
caused by the load and the voltage is low at times of 
heavy load. It is evident that, if a voltage of 12,000 
volts or higher is under-compounded, then circuits of 
2300 or 115 volts will be still more under-compounded 
due to the drop in the intervening transformers and lines 
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at fullload. If the higher voltage is over-compounded, 
then the drop in transformers and lines tends to decrease 
the variation in the distribution voltage instead of 
increase it. 


It can be stated that, in general, twice as much over- 
compounding as under-compounding of a circuit of 
12,000 volts or higher can be allowed for the same 
amount of inconvenience and for the same necessity 
of using feeder voltage regulators. In reality, the 
circuits which feel the disadvantage of voltage variation 
most are 115-volt circuits, where changes in voltage 
are noticeable at once in the changed brightness of 
lamps. Voltage variation in 2300-volt circuits is often 
inconvenient mainly because it causes variation in the 
connected 115-volt circuits. Slightly over-compounded 
voltage on a motor circuit is not very disadvantageous, 
for low voltage is most liable to occur out of working 
hours, when there is light load on the power system. 
Such an arrangement is the least troublesome, and 
further, is economical, for the core loss of transformers 
and motors is reduced during the night when they are 
giving what is often practically only stand-by service. 
Good speed and good starting torque and pull-out 
torque in induction motors are especially desirable 
when loads are heavy, and these are all helped by 
over-compounded voltage. 


It may be said that over-compounded voltage on 
circuits operating at greater than 115 volts is more 
desirable than constant voltage or under-compounded 
voltage, inalmost every case. Thisistruefor practically 
any customer, city, or place where there are generators, 
synchronous condensers or induction regulators to give 
control of the voltage; but it is particularly true of the 
generating end of long transmission lines. Where there 
is an appreciable amount of charging current, at no 
load the equivalent voltage at the generator terminals 
must be lower than at the load end with no synchronous 
condensers connected, due to the reactance of the 
transformers and of the line. However, it would not be 
economical to operate the generators always at this low 
voltage, since this would involve greater resistance loss 
and a larger rating of synchronous condensers if such 
are used for voltage regulation. The generators at full 
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load should be operated at full rated voltage. Itis also 
inadvisable, in many cases, to operate the generators 
at constant full rated voltage, for this produces too high 
a voltage at the distant end at no load, necessitating 
delay when starting to put the synchronous. condensers 
on the line for even a small amount of load, or for 
paralleling with other lines. Unduly high voltage 
increases strain on the insulation and produces 
trouble in the generating station in handling the 
charging current. Accordingly, if automatic voltage 
regulators are used, as is generally the case with long 
transmission lines, they should, if possible, be adjusted 
for a moderate amount of over-compounding of the 
voltage rather than for constant voltage. It is for- 
tunate that the over-compounding is practically 
proportionate to the true kilowatt load, and is not 
appreciably affected by the quadrature charging 
current. 

Where there are several generators in a station 
often only one or two are used to carry the load in the 
middle of the night. At such time each generator 
should have less amount of compounding than it would 
have when the entire station is operating. However, 
since the over-compounding or line-drop compensation 
feature can be reduced or cut out by merely turning a 
dial on the voltage regulator, it is not difficult to do this 
at times when the number of generators operating in 
the station is changed. It is also possible to take the 
current for the series coils of the regulators from a 
current transformer carrying the total load of the 
entire station. This will give the same over-compound- 
ing for the station regardless of the number of genera- 
tors in operation. 


Most ADVISABLE AMOUNT OF OVER-COMPOUNDING 


The question as to how much over-compounding of 
the voltage should be used in a transmission system is 
not so much a question of design as of operation, for 
the over-compounding will be limited in most cases 
to a comparatively small percentage by operating 
considerations. 

Transmission lines over 100 miles long cost consider- 
ably more than the synchronous condensers used to 
control their voltage. Consequently, it pays to 
install synchronous condensers sufficient to maintain 
the line at nearly rated voltage in all parts when it is 
fully loaded. If the line current at the load end has a 
very low leading power factor, its resistance loss and, 
what is more important, its stability will usually be 
improved by putting part of the synchronous condens- 
ers in an intermediate substation. 

The voltages to be maintained with long lines at 
light load and no load will depend mainly on the 
method considered desirable for starting up the trans- 
mission system; whether the generators are to be 

thrown on the line alone or on sections of it; whether 
the synchronous condensers are to be started and 
adjusted for lagging power factor before connecting 
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on any load; or whether the generators are to be 
brought up from zero speed, together with the synchro- 
nous condensers. 

With lines shorter than 100 miles, the cost of syn- 
chronous condensers becomes of greater relative 
importance, because the cost of the lines is proportion- 
ately less. The cost of condensers is usually compared 
with the cost of more or heavier transmission circuits. 
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Fig. _1—ScHEME OF CONNECTIONS OF TRANSMISSION SYSTEM 

The question of the amount of voltage variation to 
be allowed on low voltage circuits depends on the 
standard set in different localities for different classes of 
load. This standard is maintained in practical opera- 
tion by installing more circuits, transformers and 
induction feeder regulators in the lower voltage parts of 
the system, as well as by improving conditions in the 
higher voltage parts. 

A certain amount of over-compounding on the 
higher voltage circuits will generally help to maintain 
the above standard. How far this can be carried is a 
matter on which only a small amount of data has been 
collected or published. An investigation on actual 
systems as to how much over-compounding can be 
used under different conditions before real practical 
disadvantages are encountered would be valuable. 

Where there is no load to be supplied close to the 
generators, over-compounding up to about 25 per cent 
at the generators can be used. If loads are supplied 
directly from the generator bus-bars, a smaller amount 
of over-compounding must be used, the amount 
depending on whether the power passes once or twice 
through transformers before it is used by motors or 
lamps, and on whether the load curve of the local load 
throughout the day corresponds closely with the load 
curve of the generator load. 

In conclusion, it is generally advisable to use as 
much over-compounding at any point as experience 
shows can be used without interfering with the ac- 
cepted standards of good maintenance of voltage in the 
different low-voltage circuits of the system. A small 
percentage of over-compounding can be used on high- 
tension circuits at load points and a larger percentage, 
amounting in some cases to as much as 25 per cent, 
can be used at generating stations. 


CALCULATION OF LINES HAVING OVvER-COMPOUNDED 
VOLTAGE 

A very convenient method of calculating the elec- © 

trical behavior of a transmission line or system pro- 

vided with synchronous condensers is to draw the circle 
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diagram showing the reactive kv-a. required from the 
synchronous condensers at various loads, the step-up 
and step-down transformers being taken into account?. 
In the present paper, the method of calculation is 
extended to cover the case of over-compounded genera- 
tor voltage and constant receiver voltage, for which 
case the diagram is a circle. An extension of the 
calculation is also given to cover the case of over- 
compounded voltage at both generator and receiver 
and in this case, the diagram is not circular but ellip- 
tical. Examples are given and the resulting diagrams 
are shown in Fig. 2. 
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A solution for the case of over-compounded generator 
voltage and constant receiver voltage has been pub- 
lished using the method of the equivalent 7 line’. 


CALCULATION FOR LINE AND TRANSFORMERS, WITH 
OVER-COMPOUNDED GENERATOR VOLTAGE AND 
CONSTANT RECEIVER VOLTAGE 


Numerical values, except for (P +7Q) which 
always appears, are to be found for the following 
quantities: i 
_ Current in secondary of recewving transformers: 


I, =P+7Q +P, amperes per conductor (1) 
Voltage induced in recewing transformers: 
1 
E,=E+ a I, (Ri +7 Xi) volts to neutral (2) 


Current in primary of receiving transformers: 
IT, =1,+ Ea. (Gu +7 Bir) amperes per conductor 
: (3) 
Voltage at receiving end of transmission line: 


FE, =EHat 5 I, (Ri + 7 Xir) volts to neutral (4) 


2. “Electrical Characteristics of Transmission Systems,’’ 
by H. B. Dwight, Trans. A. I. EH. E., Vol. 41, 1922, page 781. 

3. ‘Regulator Settings for Long Lines,”’ by L. F. Woodruff, 
Electrical World, August 30 and September 6, 1924. 
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Voltage at a point f where the conductor or spacing 1s 
changed but not where the voltage is controlled: 


Mow4a Y?Z? 
5 — ) 
é SLES e Sa Cg vage x4 
Vai Zi ie Zi 
Ae Set oer ae ie) 
; volts to neutral (5) 
Current at point f: 
YZ VEOVA 
iy = da( 14 Fie ae A ae 
¥yZ; Y?2Z2 ) 
+BY (1+ 535 PISS a Sas ote 
amperes per conductor (6) 


Y, and Z; are the admittance and the impedance of the 
line from 6 to f. 
Voltage at supply end of transmission line: 


n= (1 Y.Z2 Y.2 222 ) 
7 REA ley REE a ela ROT RL 
LZ (1 Ys, Zo YZ? ) 
TW SELEA SSC ES UGE ROMP ENET aya 
volts to neutral (7) 
Current at supply end of transmission line: 
I if Y.Z, Y.2 Z22 ) 
. = 1,( See ds yaar 
gee (1 YZ, YeZ2 ) 
sag? Nahin up acon 2Xx3x4x5 7 
amperes per conductor (8) 


Y. and Z, are the admittance and the impedance of the 
line from f to c. 
Voltage induced in supply transformers: 
1 
Ey= EH, + 9 te (Ri, +7 Xi.) volts to neutral (9) 
Current in primary of supply transformers: 


I, =I, + Ea (Gis + 7 Bis), amperes per conductor. 
= C+ 7D = current at generator terminals. 


(10) 
Voltage at generator terminals: 
i 
Bee Bot os Ta (Ris + J Xts) Volts to neutral 
=A+ 7B 
=E,.+ Lela (11) _ 
Equation for circle diagram: 
E,,=H, — L, Ia volts to neutral 
= B+ 7h" + (P +9Q) (R47 2X’) (12) 


Quantities required for above equations (referring to a 

three-phase system): 

P+ jQ = Load current + reactive current from 
synchronous condensers. This is always 
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expressed by letters in the above calcu- 


lation. 

P, = Current for average loss in synchronous 
condensers. 

E = Equivalent high-tension voltage at low- 
tension side of receiving transformers, in 
volts to neutral. 

R,, = Equivalent high-tension resistance from 


line to neutral of receiver transformers. 

If the resistance is given in per cent, 
Per cent resistance X E? 

= 100,000 x kv-a. per phase 

X,, = Equivalent high-tension reactance from line 


to neutral of receiver transformers. If 
the reactance is given in per cent, 


(13) 


Ri 


Per cent reactance < i? 
100,000 x kv-a. per phase 


Xp = (14) 

It is assumed in equations (2) and (4) that, so far as 
the magnetizing current is concerned, the transformer 
impedance is equally divided between the primary and 
secondary. If the division is more accurately known, 
the actual values of primary and secondary impedance 
can be used. 

G..tj Bi-=Admittance (equivalent high-tension) for 
core loss and magnetizing current of 
receiver transformers at average voltage. 
If these characteristics are given in per 


cent, 
Per cent core loss 1000 x kv-a. per phase 
Se 100 * E 
(15) 
and 
ee Per cent magnetizing current 
a5 5) 100 
1000 « kv-a. per phase 
per p (16) 


FE? 


B,, is a negative quantity. 

The characteristics of the supply transformers are 
denoted by the letters ¢ s as in F,,, etc. 

The point f denotes a place in the transmission line 
where the line characteristics change due to different 
conductor or spacing. A constant load may be as- 
sumed for this point without changing the form of the 
calculation. However, it is not to be assumed that 
the voltage is controlled at this point, for if it were, a 
circle diagram would have to be calculated as far as f, 
and another diagram for the remainder of the trans- 
mission system. Other points g, h, etc., similar to f, 
can readily be included in the calculation. . 

Y, = G, + j Bi, the admittance of the line from 6 to f. 
Z, = R, +7 X,, the impedance of the line from 6 to f. 

The subscript (2) denotes the characteristics of the 

line from f toc, as in Yo, etc. 
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The series in Y Z are very convergent at commercial 
frequencies and can be quickly calculated. It may be 
noted that 
YiZ1 VER ——— 
aaa = cosh /YiZ 
1 Se 5) a3 x4 cosh VW Yi 41 
and 
i V2 Yeac i 
bigs Wie Sede ee lee to ame 
_ sinh a/ a hs, 
J YiLs 


E,, is a quantity whose absolute value is equal to 
that of the equivalent high-tension voltage at the 
generator terminals at no load. Only the absolute 
value of E; is made use of in the calculation in this 
paper. The phase of the quantity E’.,; changes as the 
load changes, and so E,, cannot be considered as a 
constant nor as a complete representation of the no- 
load voltage. The reason for this is that the automatic 
regulator maintains the absolute value of the voltage 
according to the last part of (11), but it has no power 
to alter the phase of the voltage. 

L, is a measure of the over-compounding of the volt- 
age, or the line drop compensation. It is equal to the 
rise in equivalent high-tension voltage produced by 
one ampere of current (equivalent high tension) in 
phase with E,. 

Circle Diagram. Since equation (12) is of the same 
form as the equation for a constant-voltage transmission 
line, a circle diagram may be drawn for the transmis- 
sion system with over-compounded voltage at the 
generator end. Since E, the load voltage, is constant, 
the values of current may be multiplied by 


3,E 

1000 
to give kw. and reactive kv-a. as in Reference 1. 
However, where the voltage is varying, it is desirable 
to keep account of the current and voltage rather than, 


the kv-a., and so the circle diagram equations are given 
here in terms of amperes. 


The center of the circle is the point (a’, b’) where 


’ Be R’ + TING Xe 
C= — am Raa Gs i - amperes (17) 
} jk 2 ge HA R’ 
(eg MEU Te ees xX" amperes (18) 
The radius is 
’ EB os 
Cae VR? +X" amperes (19) 


The circle shows the reactive current at the receiver 
end of the line plotted on values of in-phase current at 
the receiver end. 


= 
mes 
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In order to plot the reactive current required from 
the synchronous condensers, first draw a straight line 
at angle @ below the base line, where cos @ is the power 
factor, lagging, of the load. If the power factor is not 
the same at all loads, the line will not be straight, but 
will be a curve showing the reactive current of the load 
from no load to fullload. By meansofa pair of dividers 
add the reactive current of the load to the corresponding 
ordinate of the circle, thus plotting the curve of current 
required from the synchronous condensers. This 
curve is an ellipse when cos @ is constant. (See Fig. 2.) 
Circle Diagram Limit of Load. 

Maximum Load = c’ + a’ in-phase amperes (20) 
This is numerically less than c’ when a’ is a negative 
quantity, and greater than c’ when a’ is positive. It 
may be read from the circle diagram, as it is the farthest 
distance to the right reached by the circle. It is a 
useful point to locate on the diagram before drawing 
the circle, as is also the bottom point of the circle, 
(a’,6’— cc’). It assists in drawing the circle to have 
these two points through which the circle is to pass. 

The “stability limit’’ of load is usually somewhat 
less than the circle diagram limit, and of course, in the 
operation of a transmission line, neither limit must be 
reached. 

Calculated Value of Reactive Current. 

A direct calculation of the reactive current is more 
precise than a reading from the circle diagram, and is 
less work than a trial and error method. The value of 
the reactive current in the circuit, Q, for a given in- 
phase current P, may be found from the following 
equation: 

(ho — 1) =e eae Pat)? (21) 
First, find the value of the right hand side of the equa- 
tion. Then take the square root and subtract b’. The 
reactive current required from the synchronous con- 
densers is equal to 


in 6 
Q+P = amperes (22) 


. cos 6 
where the in-phase current is P amperes and the lagging 
power factoriscos @. It should be remembered that 
b’ is a positive quantity and a’ may be positive or 
negative. It is worth while checking the results of 
equations (21) and (22) by drawing the circle diagram 
and obtaining the same results graphically. 

Concentric Circles. Since a’ and b’ which give the 
center, are independent of H’,, and since the radius c’ 
is directly proportional to E,,, a number of circles 
corresponding to different values of L',, may be drawn 
about the same center. 

Total Losses. The losses in the transmission system 
for a given power load are 

3 
1000 
P is determined by the power load. Then Q must be 


(AC +BD-EP) kw. (23) 
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found from the circle diagram or equation (21). Then 
A, B, Cand D can be found from equations (10) and 
(11), for which numerical coefficients have already 
been obtained. 


Efficiency of the transmission system 


100 EP 


Efficiency = AGCHBD P& cent (24) 
Kw. at supply end of system 
3 
1000 (A C + B D) kw. (25) 
Ko-a. at supply end 
TENGE ele kv-a. (26) 
1000 
Power factor at supply end 
100 (AC + BD) 
B,./C? 4D per cent (27) 
Reactive kv-a. at supply end 
aan, (AD — B Cy kv-a. (28) 


1000 


When this quantity is positive the reactive kv-a. and 
the power factor are leading, and when it is negative 
they are lagging. 


OVER-COMPOUNDED VOLTAGE AT BoTH SUPPLY AND 
RECEIVER ENDS OF SYSTEM 


The receiver voltage can be over-compounded when 
there are synchronous condensers, by using exactly 
the same kind of apparatus as that used to provide 
over-compounded voltage at the supply end. The 
diagram in. this case is not a circle, but an ellipse, and 
so values of Q for different values of P are found by 
ealculation. | 

If LZ, is the rise in equivalent high-tension voltage 
at the receiver end produced by one ampere of current 
(equivalent high-tension) in phase with EL, then 

He=HE-L,P-jL,Q 
as in eq. (12). The phase of FE’, in the above expression 
changes as the load changes. Its absolute value is 
equal to that of the equivalent high-tension voltage at 
the receiver end at no load. P isin phase with E. 
The absolute value of EH, is equal to 


(L, Q)? 


OS NTT DS ee 


L, P is usually less than 25 per cent of # for any load 
that the line is to carry. If L, Q is 20 per cent of rated 
voltage, the third term of (29) is less than three per 
cent of H. It is therefore seen that the quadrature 
current Q has very little effect on the voltage, and the 
over-compounding of the voltage or the line-drop. 
compensation is practically proportional to the in- 
phase current or the true kilowatt load. 


100 


In the calculations in this paper the third term of 
(29) isneglected, and we write 
Bos Ey, el P (30) 
Now evaluate expressions (1) to (12). The quantity 
(P +37 Q) will not bea factor as it was in the previous 
case, but P and Q will now have different numerical 
coefficients. The final expression as given by (12) is 
E,, = E,—- Usa 
If a numerical value is assigned to P, this becomes an 
equation in complex quantities involving Q. Eo.” is 
equal to the square of the real part of the right 
hand side plus the square of the imaginary part. This 
is equivalent to multiplying each side of the equation 
by its conjugate, that is, by a complex quantity equal 
to itself except that the sign of the imaginary part is 
“changed. The result is an ordinary quadratic equation 
in Q, of the form 
— a4Q@+bQ+c=0. 
Q is given by 


—bp—a/V—44¢ 
20 


GLS 


The minus sign of the radical is to be used so as to give 
the normal working part of the curve, corresponding 
to the lower part of the circle diagram for constant re- 
ceiver voltage. 

EXAMPLE | 


Draw the circle diagram for the following line and 
transformers, with constant receiver equivalent high- 
tension voltage 200,000 volts between conductors, no- 
load equivalent high-tension voltage 183,000 volts 
between conductors at generators, and 220,000 volts 
at generators with in-phase current of 355 amperes. 

Length of line = 200 miles. 


Frequency = 60 cycles. 
R+jX = 23.2 +7160 ohms. 
¥ = + 70.00106 mho 
YZ : 
1+ oF +... = 0.91637 + 7 0.01195 
Z 
1+ 33. + _ = 0.97197 + 7 0.00403 
P = 8.66 amperes 


Bax = § Ge = 1.33 + uh 24.0 ohms. 


Gy+tjiBy = 0.000,022,5 — 7 0.000,187,5 mho 
Rieti Xu .= 1.6147 29.0 ohms. 
Gi +jBs = 0.000,018,6 — 7 0.000,155,0 mho. 


The calculation is the same as for Example I, Refer- 
ence 2, as far as the equation, ~ 
E, = 107,050 + 7 3840 + (P +7 Q) (23.9 + j 204.4) 
Then the absolute value of H,, = 105,850 volts t 
neutral. 


127020 — 105850 
Denes er age ee 


355 
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E,. = 106,310 — 7 1610 + (P=EG Oye 31.3 4 203.6) 
=F’ 4+ 7E"+(P+37Q (R’+9X) 
The center of the circle is the point (a’, b’) where 
a’ = + 86.2 amperes 
and 
b’ = + 509.2 amperes 
The radius of the circle is 
c’ = + 5138.8 amperes. 
See Curve I, Figure 2. 


EXAMPLE II 


Draw the diagram for the same line and transformers 
as in Example I, with the same over-compounding of 
the voltage at the generator end, and with over-com- 
pounding at the load end from 182,000 volts at no load 
to 200,000 volts at 346 in-phase amperes. 

115,470 — 105,000 

Lie = 346 = 30.2 

E = 105,000 + 30.2 P 

I, =P+j7Q04+87 

E, = 105,000 +7100 + P (30.9 +) 12.0) 
+ 7Q (0.674 + 7 12.0) 

I, = P.(1.003 — 7 0.006) +7 Q (1.002 + 7 0.0002) 
11.1= 9 19.7 

E, = 105,240 + 7 220 + P (81.6 + j 24.0) 

+7Q (1.8 + 7 24.0) 

99,740 + 7 2760 + P (51.5 + 7 178.4) 

+ 7°Q (22.8 +7 178.0) 

I. = P (0.894 +7 0.039) +7 Q (0.894 +9 0.013) 
+ 9.7 + 7 90.5 


ee 
f 


E, = 98440 + 7 2970 + P (51.6 + j 191.4) 
+7 Q (23.3 +7 191.0) : 
Iq. = P (0.925 + j 0.035) +7 Q (0.924 + j 0.018) 
4+ 12.04 + 7 75.2 
E, = 97360 + 7 3200 + P (51.8 + j 204.8) 


+ 7Q (23.8 + 9 204.4) 

E,. =96640—3.4 P—203.6 Q—j(1800— 202.7 P+31.4 Q) 

In calculating the point on the curve for P = 300, 
En. = 95620 — 203.60 Q + 7 (59510 — 31.4 Q) 

Absolute value of E,, = 105,850. 

Dividing by 100 and then squaring the real part and 
the imaginary part, 

4.244 Q? — 4267 Q + 148,000 = 0 


4267 — 3961 
8.488 


= + 36.0 amperes. 
This is plotted on Curve II in Fig. 2. 


EXAMPLE III 


Draw the circle diagram for the same line and trans- 
formers as in Example I, except that there is to be con- 
stant voltage at both ends. This is the same as Exam- 
ple I, Reference 2, except that the results are expressed 
in amperes. The result is Curve III, Figure 2 of this 
paper. 
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Discussion 3. The curves of constant amounts of compounding, but 
L. F. Woodruff: One of the chief proplemarencountered various phase angles, comprise a family of circles whose centers, 
in the calculating of the most advantageous amount and phase for a constant load voltage, all lie on a straight line passing 
of compounding for the generator-end voltage of a transmission through the center of the circle diagram for ordinary constant- 
line is the determination of the settin gs required to locate the voltage operation, and another point in the third quadrant 
receiver power circle center at a predetermined point. This corresponding to theoretically infinite compounding. The 
problem is more involved than that of finding the center of the CUTVeS of constant phase angle, but varying amounts of com- 
circle for given regulator settings, and while it is possible of pounding, comprise another family of circles passing through the 
explicit solution, such a solution is so cumbersome and involved two points just mentioned. The phase of the compounding can 
that it is practically useless. Yet the logical approach to the 
problem is to try different circles of load power until the one is 
found which affords most economical operation, considering line 
and transformer losses, synchronous reactor losses and costs, 
voltage rise on the line, and stability. Then, having located the 
circle from economic considerations, the problem becomes that 
of finding the regulator settings required to make this the 
operating circle of the system. 
Mapping of Power Coordinate Plane to Show Effect of Various 
Degrees of Compounding. I have found that the best method of 
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solving this last problem is to draw on the load-power coordinate 
seale curves which map out the region in which the center is to 
be located in terms of parameters which indicate the amount of 
compounding. Certain features of these curves render their calcula- 
tion and construction very much simpler than is at first apparent. 
Fig. 1 herewith shows the amount of compounding required | 
to locate the center of the load-power circle a aes desired mee ais Fic. 3—Euuipese Diagram or Loap PowWER TRANSFORMED TO A 
for a transmission circuit consisting of a 250-mi. line with terminal Chet Dee AP ardent aeons 
transformers. This figure has already been published', and the 
details of line, transformer and regulator constants may be  {f the original angle of this axis with the horizontal is 6 degrees, 
found in the original references. In connectionwithitnowIwish the change to 45 deg. may be accomplished by using a vertical 
to point out these facts: scale equal to the horizontal scale multiplied by tan 6. Now 
1. The center of the load-power circle, with constant load  gyppose the major and minor axes of the new ellipse to be of 
voltage and with generator voltage compounded, may be located lengths A and B respectively. By skewing the axes as shown 
anywhere on the chart. 5 ae in Fig. 3, so that the angle between them in the first quadrant is 2 
2. For a given amount of compounding, the location of the i 
center depends largely on the phase of the compounding. tant (+), the ellipse is transformed into a perfect circle, 
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1924. Also, Principles of Electric Power Transmission (Wiley), 1925. and so may be drawn at once with a compass. 
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Synopsis.—The first report of the Committee on Electrical Insula- 
tion of the Division of Engineering and Industrial Research of the 
National Research Council laid a plan for a review of existing data 
and information and its coordination, looking to a comprehensive 
plan of experimental attack. The whole field was divided into a 
number of divisions which have since been assigned to several groups 
of investigators. The present paper constitutes the second report 
of the Committee on Electrical Insulation, and in accordance with 
the plan described presents the results of an extensive review of the 
literature on dielectric absorption and theories of dielectric behavior. 

The paper presents briefly the fundamental classical theory of 
dielectrics as based on the work of Cavendish, Faraday and Maxwell, 
and devotes its principal attention to the anomalies or departures 
from that theory. The principal experimental facts of anomalous 
behavior under continuous potential are reviewed and classified, 
together with the various theories proposed to account for them. 
These theories are divided into four classes: (1) those wn which the 
fundamental magnetic equations are retained and the anomalies 


attributed to anomalies of the structure of the dielectric, (2) those 
in which the anomalies are attributed to special laws of dielectric 
displacement, without explanation of underlying mechanism, (8) 
those in which explanation of displacement and its anomalies is 
traced to the motion of electrons within the atom, and (4) those 
invoking anomalies of conductivity in explanation of dielectric 
behavior. 

The behavior of dielectrics under alternating electric force is treated 
as a separate division of the report. The history of the observation 
and study of these losses is reviewed and the most reliable experi- 
mental indications for the variation of loss with voltage, frequency, 
and temperature are collected and reviewed. The review of the work 
of those who have attempted to find an explanation of dielectric loss 
indicates that from the time of Hopkinson tt has been suspected that 
dielectric absorption would account for the major portion of dielectric 
loss. The most recent work has confirmed this idea. The paper 
closes with a brief summary and review presenting conclusions of 
the study. 


Jl. INTRODUCTION 


F the various component parts entering into 
electrical systems of all characters, the insulation 
is the least susceptible to exact computation and 
design. In few if any cases of even simple and pure 
materials are the dielectric properties, resistivity, 
dielectric strength, specific inductive capacity, either 
constant or uniform; and in the cases of composite and 
fabricated insulations of manufacture the variations 
are extremely wide. As results, in all cases liberal 
factors of safety to cover the worst probable conditions 
must be allowed, resulting further in increased size and 
cost, and in undesirable magnitudes of other proper- 
ties, such as dielectric loss and phase difference, volume 
and surface conductivity, circuit capacity and con- 
ductance, etc. Little if any attempt has been made 
to control the inherent characteristics of simple di- 
electrics, or to study their influence in combinations. 
Physicists appear to have all but forgotten the unsolved 
problems of dielectric behavior, or perhaps to have 
given them up. The control of manufactured insula- 
tion appears to be limited to heat treatment, princi- 
pally for the purpose of elimination of moisture— 
a sufficiently important object—and to the obtaining 
of pure raw materials. Studies of the properties 
of these materials in their bearing on those of the 
composite final form of the insulation have not ap- 
peared in any quantity. 
The Committee on Electrical Insulation of the 
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Division of Engineering and Industrial Research of the 
National Research Council was formed for the purpose 
of pointing out the directions in which research in this 
field would be most profitable, and if possible to pro- 
pose a plan for concerted experimental attack. 

The literature describing work already done on 
dielectrics, from the points of view of both theory and 
practise, is enormous in volume. Many important 
data are hidden in this mags, as well as much careful and 
competent theoretical analysis. In order, therefore, 
to have as clearly as possible before it the results of all 
this work, the Committee has deemed it its first 
important duty to review the entire literature of 
dielectrics and insulation and to attempt to gather 
together the important results of the work of others 
into a series of reviews; and further, to draw from these 
reviews conclusions as to the most promising directions 
for future work. 

It will be recalled that the Committee’s first report 
(JouRNAL A. I. E. E., June 1923) divided the entire 
field to be studied into seven divisions based generally 
on the more common properties of insulating materials. 
Two of these divisions, both entrusted to the present 
writer, were ‘‘Dielectric Absorption” and “Theories 
of Dielectric Behavior.’ Of a number of important 
attempts to give theoretical explanations of the proper- 
ties of dielectrics, nearly all concern themselves prima- 
rily with theanomalous property of dielectric absorption. 
Therefore, the two topics, “‘Theories’ and ‘‘Dielectric 
Absorption,” separated in the first report, will be 
considered concurrently in the following review. 


II. HISTORICAL OUTLINE 
Dielectric theory may be said to have had its origin 
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in the work of Cavendish* (1773). Although looking 
for different values of induced charges amongst various 
substances, and not apparently noting the distinction 
between conductors and dielectrics, he nevertheless 
showed clearly the influence of the specific inductive 
capacity of the latter, and his measurements give a 
seale of relat ve values. 

Faraday’s elaborate studies on the exact equality 
between inducing and induced charges on concentric 
conductors, with and without dielectrics and conductors 
between them, led to his famous conception of a point- 
to-point transference through the medium of the influence 
of an electric charge, at a point, or on a conductor, at a 
distance. Following immediately therefrom are his 
well-known ideas of lines of force, tubes of induction, 
and dielectric polarization. Maxwell’s matchless genius 
appreciated the importance of Faraday’s work and 
theory, and saw the applicability of the theory of 
potential, as already developed by Poisson for the 
magnetic field. Maxwell introduced the conceptions 
of volume distribution of charge—the polarized mole- 
cule—as the active part of the medium demanded by 
Faraday, electric displacement and its magnetic effect, 
and built up the theory of dielectric behavior which has 
ever since constituted, without rival, the foundation 
of all subsequent physical research and of all electrical 
engineering application. 

The outstanding features of the theory thus briefly 
outlined, are the idea of dielectric polarization as 
developed by Faraday, and Maxwell’s generalized 
analysis of the dielectric field. The treatment built 
up assumes constant values for dielectric susceptibility 
and specific inductive capacity, and it is interesting to 
note that these assumptions are common today in elemen- 
tary text-books, and even in more advanced treatises, in 
spite of our long knowledge of the limitations pertaining 
to such a view. The explanation is apparently found 
in the facts that a few substances show little or no 
dielectric absorption, and thus constant values of sus- 
ceptibility, and that with care in preparation, the error 
arising from dielectric absorption may be reduced for 
many substances to small value. In other words, it 
seems to be generally assumed that the phenomenon of 
dielectric absorption, which is not accounted for by 
fundamental theory, is an anomalous property of 
certain dielectrics, which would probably disappear if 
sufficient care were taken in the elimination of im- 
purities. As a matter of fact, however, there are few 
substances which show no absorption, and many 
show it in conspicuous degree. Absorption, therefore, 
should rather be considered a normal property of all 
dielectrics, although not yet rigidly susceptible to 
expression in terms of fixed constants or definite 
functions. 

Dielectric absorption made its appearance in the very 
earliest days of electrostatic experiment in the residual 
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charge of the Leyden jar (1746). It is described at 
some length in the experiments of Benjamin Franklin 
(1748). It was thus well recognized by Faraday and 
Maxwell. In fact, as well known, Maxwell gives us the 
first attempt at a theoretical explanation, in terms of 
the normal constants of specific resistance and specific 
inductive capacity, as described in further detail 
below. Since Maxwell’s time there have been many 
studies of the property of absorption, mostly by 
physicists, and for a long period it was apparently 
considered an interesting anomalous property, of 
interest chiefly in its bearing on theories of the nature 
of dielectric behavior. Its practical importance as 
probably the most important factor determining di- 
electric loss in an alternating field is just beginning to be 
realized. The use of static condensers in alternating 
circuits quickly developed (Siemens, 1864) the sub- 
stantial magnitude of the energy lossesin the dielectrics 
of condensers. For some time it was generally con- 
sidered that these losses were of the nature of a hys- 
teresis similar to that in magnetic materials, but in 
recent years with further investigation, the difficulties 
in the way of this explanation have led to its abandon- 
ment. In its place, we have substantial proof that the 
phenomenon of absorption is sufficient to account for 
the principal facts in the matter of dielectric loss. 
In fact, it is a principal conclusion of this report that 
since in many cases the failure and life of insulation is 
certainly due to heat arising in internal losses, and 
since these losses are probably directly related to the 
magnitude of the dielectric absorption, and since there 
are numerous methods open to us for the study of 
absorption, the most promising field for experimental 
study looking to improvement in all forms of composite 
insulation is that of dielectric absorption and its 
control. 
II]. DIELECTRIC ABSORPTION AND RELATED 
PHENOMENA 

We may conveniently describe the phenomenon of 
dielectric absorption and other allied properties of 
dielectrics in terms of the behavior of a simple parallel 
plate condenser. In accordance with fundamental 
theory, in which a dielectric is considered as subject to 
polarization but free from conductivity, if a constant 
potential difference Hy is applied at time ¢t = O to 
the terminals of the condenser, there flows in the 
connections a “normal charging’”’ current 7,(t) which 
varies with the time. The time variation of this normal 
charging current may be determined experimentally or 
may be computed from the well-known differential 
equation: 
d? 1, 

ieee ae 


diy 14 


sane ee, (1) 


L 


‘Land R being respectively the self-induction and 


resistance of the connections, and C the capacity of the 
condenser as computed from its dimensions and the 
specific inductive capacity of the dielectric. The 
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solution of the equation shows that 7,(t) is either a 
periodic function with decreasing amplitude, or de- 
creases to zero with aperiodic amplitude, according to 
well-known relations between L, R, and C. With the 
usual small values of L and R it always results that the 
normal charging process is practically ended after a very 
small fraction of a second. 

Since it is probable that no dielectric or insulator 
exists which is entirely free from conductivity, it has 
been customary, since Maxwell’s classical analysis, to 
consider that in all dielectrics the polarization and 
conduction currents are superposed on each other. 
We may, therefore, extend our definition of a “normal” 
dielectric to include also the property of conductivity. 
Therefore, in the above case we must also recognize 
the presence of a conduction current, 7,, added to the 
charging current 7;(¢). The value of 7, depends on the 
instantaneous value of the potential difference on the 
plates of the condenser, and on the dimensions and 
specific conductivity of the dielectric. On discharge 
of the condenser by short circuit, since EZ) = O, there is 
no conduction current in the dielectric, and the normal 
discharge or displacement current 7, follows the same 
law as 7; but in opposite direction, 7. ¢., 22 (t) =— 1 (¢). 

The theoretical variation of the charge and discharge 
currents, described above, is observed, however, in only 
very few actual cases, as for example if the dielectric is 
either a vacuum or a gas. In the cases of fluid and 
solid dielectrics usually the charge and discharge 
currents show not only the initial sharp decrease, 
ending within a very short interval, but the currents 
persist as so-called “residual”? currents, In some cases 
for days, or even for months. In these cases the 
stationary condition as regards the potential of the 
plates is reached following the same formula as in the 
earlier case. That is, the charge and discharge currents 
due to the polarization or displacement in the dielectric, 
follow in a practically indefinitely short time either as 
highly damped oscillations or usually as periodically 
damped currents, these currents then merging into the 
relatively much smaller slowly diminishing residual 
currents referred to above. Hopkinson has shown that 
for a certain flint-glass condenser 97 per cent of its total 
charge was discharged in 0.000059 sec., that this amount 
was not changed up to 0.0125 sec., and that the specific 
inductive capacity of the glass was constant up to 
5000 volts per mm. Hopkinson states that Sir Wiliam 
Thomson found a similar result. Thus, as based on the 
initial transient charge or discharge, the condenser has a 
constant value of capacity and so the dielectric has a 
definite value of specific inductive capacity. This 
capacity is generally referred to as the “geometric” 
capacity of the condenser. Thus, even in dielectrics 
showing the residual charge and discharge currents 
mentioned, the specific inductive capacity correspond- 
ing to a rapid charge has a definite value, although the 
residual currents may show wide variations among 
several samples of the same material. We shall see 


later in the discussion of the influence of the residual 
currents on the apparent capacity under alternating 
voltage, that with increasing frequency this capacity 
approaches the “geometric capacity” as limiting 
value. 

These residual or “anomalous” currents occur follow- 
ing both charge and discharge, dying away more or less 
slowly in each case. We will designate the “anomalous” 
currents on charge and discharge respectively by 
i! (t) and 721 (t). The total currents on charge and 
discharge are thus given by: 

I,() =1( +4, +71 @ 
I, (t) = te (t) + 22! (2) 

According to the type of relation between the 
“anomalous” charging current 7,! (¢) and the “anomal- 
ous” discharge current 72! (é), von Schweidler dis- 
tinguishes two types of anomalous currents: 

(a) the ‘irreversible anomalous current” in which 
case i! (t) vanishes, and (6) the “reversible anomalous 
current,” for which we have the relation 17,' (¢) 
= — 7;' (t), as for the normal displacement current. 

However, it often happens that both these types of 
anomalous current are present in the same material. 
The various dielectrics show the several types of normal 
and anomalous current in different amounts. Granier 
has made their behavior as regards these currents the 
basis of another classification of dielectrics as follows: 

(a) These discharge instantaneously the total quan- 
tity they have taken up on charge. Examples: air, 
sulphur. 

(b) On discharge these give up their total charge, but 
slowly. Examples: certain samples of mica and 
ebonite. 

(c) These give up only a portion of the quantity of 
electricity taken up in charging. 

This classification does not emphasize the fact that 
the conductivity in dielectrics is of two types, one, best 
observed in liquids, but also in some solids, not obeying 
Ohm’s law; and the other, found in solids only, follow- 
ing Ohm’s law. With this addition the classification 
is in accord with that of von Schweidler. Apparently 
there are few if any dielectrics having conductivity 
and no residual effects. 

Dielectric Absorption as Observed in Experiment. 
Referring to our elementary condenser, the application 
of continuous voltage is followed by the instantaneous 
charging of the geometric capacity, current 7; (t), 
a conduction current, 7,, which may or may not obey 
Ohm’s law, and a slowly decaying “anomalous,” 
or “absorption,” or “residual” current, 7;! (t). If this 
current, 7,! (¢), is all of “reversible” type as is usually 
the case in solid dielectrics, it builds up the stored or 


t 
residual charge, Q; = f 7:! (t) . dt, which after the 


initial discharge of the geometric capacity, appears as 
the building up of a difference of potential between 
the plates if the condenser stands open, or as 


Feb. 1926 


a slowly decaying discharge current giving a charge, 
t 
Q2 = Sf 1% (t) dt, if the condenser is short-circuited. 


In such cases (7. e., if Q. = Q;), 71! (t) will be called the 
“reversible absorption current.” In liquid dielectrics 
there is also a steadily decreasing residual current 
2,1 (t), but this does not in general obey the same laws 
as in the case of solids, and in nearly all cases there is no 
corresponding discharge current 7.! (t). In such cases 
v1 (t) will be called the “‘irreversible’’ absorption 
current. 

The Reversible Absorption Current. This is the 
absorption current commonly observed in good solid 
insulators, free from moisture, and there is good 
experimental evidence that the charge and discharge 
currents have the same form, 7.e., in equation (2) 
2:1 (t) = 72! (t). Systematic and reliable studies of the 
mode of the variation of the absorption currents of 
charge and discharge, may be said to have begun with 
Kohlrausch (1854). They received a great stimulus 
in the experiments of Sir John Hopkinson who made 
extensive studies in the period 1876 to 1897, and in 
which he appears to have had the benefits of Maxwell’s 
advice (Paper No. 19). Maxwell was deeply in- 
terested in the phenomena in dielectrics and treats 
them at great length. 

Kohlrausch, Hopkinson, Giese, J. Curie, Schweidler, 
Shuddemagen, Jordan, Tank and others have found 
that the time variation of the reversible absorption 
current may be expressed with close accuracy by the 
empirical formula: 

al O eae ae (3) 
Others have found that the following formulas express 
their observations more closely: 

By J. Curie, Malcles, Wagner, Steinmetz: 


i} (t) = ae (4) 
By J. Curie, von Schweidler, H. A. Wilson: 
— is a 5 
By Trouton and Russ: 
i! " (6) 
V1 (t) = bet ae ie 
By Fleming and Dyke, Thornton: ’ 
it (t)=ae"+e (7) 


Among these various formulas, (3) appears to express 
the results of experiment in a single term better than 
any of: the others. On the other hand, it has often 
been noted that by using the sum of several terms of the 
form of equation (4), all with n = 1 and with different 
values of the other constants, an expression may be 
written for any set of observations (Hopkinson, 
Schweidler, Wagner, Steinmetz). Probably a similar 
result could be found using formula (3). When a 
single expression is needed in discussions of theory 
both (3) and (4) are used—(Tank, Lahousse), the 
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latter generally with two or three terms but rarely 
more. Maxwell’s theory of dielectric absorption ex- 
plains the exponential form of (4), and so the latter is 
generally used by supporters of Maxwell’s theory. 
Several observers (Fleming and Dyke, Thornton, 
Schreiber) have noted that the charging current curve 
has a region of linear change with the time, gradually 
changing into an asympotic decrease. 

General Formula. With change in the value of the 
applied voltage, or of the thickness of the dielectric, the 
time rate of variation of the current is unchanged, but 
the values are increased in proportion to the voltage 
gradient (Curie, Wilson). The stationary final value 
of the charging current also obeys Ohm’s law in most 
cases, and so may be considered as a normal conduction 
current. In a few cases, this conduction current is 
either absent or negligibly small, although the absorp- 
tion may be quite large; e. g., ebonite (Gaugain, 
Malclés). Generally, therefore, we may write: 

ti (t) = B.C Ey = ¢ (t) (8) 
in which B is a constant and ¢ (¢) a definite function 
for the material of the dielectric, and C the geometric 
capacity proportional to the area and inversely as the 
thickness. 

Temperature has a marked influence on the absorption 
current. Hopkinson was one of the earliest investi- 
gators, and he showed clearly that the absorption in 
glass increases with the temperature. It has been 
generally supposed from the work of von Schweidler, 
Wagner, Zeleny and others that in formula (8) B 
increases with the temperature but that the form of the 
function ¢ (t) suffers little or no change. Lately 
Wagner (Die Isolierstoffe, Schering), proceeding from 
Maxwell’s theory of a layer dielectric (see below) and 
observations on a paper condenser, concludes that the 
effect of temperature is to increase the rate of decay of 
7,' (t), at the same time increasing its initial values so 
that the amount of absorbed charge is unaffected. 
Granier notes the same effect but further evidence is 
needed to support the generality of this conclusion. 
There is universal agreement, however, that tempera- 
ture increases both the currents 7)! (¢) and 7,! (t), as 
well as the final conduction current. 

Other Facts. Other facts noted in connection with 
7,! (t), some of which need further study, are the follow- 
ing: Some substances (e. g., ebonite—Gaugain, Malclés) 
show notable residual or absorption currents, and no 
final conduction current. If the electrodes are 
separated from the dielectric the final charge on the 
electrodes is less than if an equal thickness of metal is 
substituted for the dielectric, indicating that absorption 
is not due to conductivity alone. In this case the 
absorbed charge is not removed by exposure to radio- 
active substances. A dielectric withdrawn from its 
electrodes, affects an electroscope, but shows zero total 
charge in a Faraday cylinder, thus indicating a polar- 
ized condition. 

The Principle of Superposition. One of the earliest 
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features noticed in the phenomenon of residual charge 
was the occasional reversal of its sign as related to the 
foregoing charge. Hopkinson (Papers No. 18 and 19) 
studied this property in glass at great length. Apply- 
ing a succession of charges and discharges at irregular 
intervals and polarities, he showed that the discharge 
curve had widely different forms, and frequent reversals 
of polarity as related to the type and succession of the 
foregoing charging periods. He quotes Sir Wm. 
Thomson (Lord Kelvin) as saying: “The charges come 
out of the glass in the inverse order in which they go 
in,’ and developes an equation for residual potential 
analogous to the equation for the angular twist of a 
torsion thread under a succession of couples of various 
magnitudes and direction. Each couple, applied for 
some time, is supposed to cause a slow time yield, 
7. é., increase of angular displacement, and the decay of 
these is reflected in subsequent twisting couples. He 
states that this view was suggested to him by Maxwell; 
it is essentially the same as used by Boltzmann for the 
“afterworking”’ of any mechanical strain. From many 
experiments he concludes that his equations are only 
roughly approximated, but that “it seems safe to infer 
that the effects on a dielectric of past and present 
electric forces are superposable.’’ The principle thus 
proposed by Hopkinson was confirmed beyond question 
by J. Curie in a careful and accurate study of the specific 
inductive capacities and the conductivities of quartz, 
a number of other crystals, and of mica, sulphur, gyp- 
sum, ebonite, porcelain, etc. Working with a piezo- 
electric cell as a balancing source of charge, he developed 
a zero method permitting the measurement of the 
absorption current from 0.1 sec. after the application of 
the charging potential. Three brief laws announced 
by Curie are worth repeating: 


1. The ordinates of the curve of charging current as 
function of the time are rigorously proportional to the 
electromotive force. 


2. For the same e. m. f. the ordinates of the curve of 
charging current are inversely proportional to the thick- 
ness of the dielectric. 

3. Law of Superposition. Each change in the value 
of the e.m.f. applied to the two faces of a dielectric 
layer, acts as if it were the only one, adding to any 
preceding curve its own curve, 7. e., the curve it would 
produce if it acted alone. 

The following more exact statement of the principle 
of superposition is due to von Schweidler. After any 
change, A E, in the voltage, the actual observed current 
takes on an additional term, and is made up of a term 
representing the undisturbed variation of the original 
current, and a superposed current which so varies as 
though a voltage of the absolute value of the change in 
voltage, A E, had been applied to the uncharged con- 
denser. If, therefore, at time ¢ = 0, the voltage E, 
is applied, and then at times ¢,, to, t3, etc., any positive 
or negative changes of voltages A, H, A, HE, A;E are 
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applied then we have as the value of 7;' at any instant t. 
i (t) = BC [Ey ¢ (t) + AH. g — th) 

SRO ont te) (9) 
Obviously the conduction current is not included in the 
above expression. Thus, if the final conduction current 
is subtracted from the charging current, it is seen that 
the equality of the reversible charge and discharge 
currents (i;1 = — i!) is merely a special case of the 
principle of superposition. 

Still more generally it follows, if the principle of 
superposition be true, that for any continuous variation 
of the voltage as expressed by the function FE (¢), the 
reversible absorption current is given by: 


in) =BC. fs Ew)).et-wau (10) 
0 U 


in which ¢ is the instant at which 7,! (¢) is measured and 
u is the elapsed time controlling the variation of EF. 
We shall see that formula (10) is of great importance as 
a means for computing the value of dielectric loss due 
to alternating electric stress. It also permits analysis 
of the rate of loss of charge of an open condenser, after 
brief charge, or after brief short circuit following a 
long charge, as investigated experimentally by Kohl- 
rausch, and analytically in another manner by Maxwell. 
The bibliography contains references to the important 
work of many others, but in studying the phenomenon 
of absorption one can not afford to omit any part of the 
beautifully simple papers of J. Curie. 

The Irreversible Absorption Current. In equation. (2) 
the component 7, of the charging current is pure con- 
duction current and, therefore, is not present when the 
condenser is discharged by short circuit. It is, there- 
fore, irreversible, and flows only on charging. The 
irreversible absorption current also flows only on charg- 
ing, but differs from 2, in that it varies with the time, 
decreasing usually very slowly (often expressed 
i (t) = b.t-”). Its final constant value is reached 
earlier and earlier as the voltage is higher and higher. 
This final constant value may not be considered as a 
normal conduction current since it does not obey 
Ohm’s Law. With different values of EF the final value 
of the current is not proportional to EL’ but generally 
increases more slowly than the voltage. In some cases 
an apparent saturation current is observed, and on the 
other hand in a very few instances the final current 
appears to increase more rapidly than in proportion 
to the voltage. This type of irreversible absorption 
current is observed particularly in liquid dielectrics. 
Sometimes, however, it is noted in composite solids, as 
for example built-up laminated insulation, impregnated 
paper, etc., particularly in the undried state. Experi- 
mental investigations of this current in liquids are 
numerous, but very few in the case of solids, beyond the 
simple observation of a difference between the values 
and shapes of the currents of charge and discharge. 
A notable exception is the work of Evershed on the | 
influence of moisture on the conductivity of paper. 
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His results show several of the properties of the irre- 
versible absorption current as mentioned above, and 
are reviewed in greater detail in another paragraph. 
The general trend of the conclusions from the studies 
on liquids is that this current may be due in part to 
dissociated impurities (sometimes eliminated perma- 
nently by prolonged flow of current), but more generally 
to ions more or less free to move, and which obey the 
laws of gaseous conduction. . A more extended descrip- 
tion of the phenomena in liquids appears to lie outside 
our present purpose of discussing the phenomena in the 
commoner forms of electrical insulation. We leave the 
subject therefore with a list of references in the bibli- 
ography, and in pointing out that so far as theirreversible 
absorption current in solids is concerned, there is good 
evidence that it is associated with the presence of mois- 
ture, or of impurities giving it an electrolytic character, 
and that with the progressive elimination of both, this 
type of current is reduced to very small proportions if 
not completely eliminated. Some further discussion 
of this type of conduction will be found in the para- 
graph dealing with anomalous conductivity as a theory 
in explanation of absorption. 

Phenomena in Rotating Electric Fields. If a cylindrical 
block of dielectric be suspended with its axis normal 
to a rotating electric field, it will turn about its axis. 
If it be set in oscillation about its axis its rate of damp- 
ing will be increased if it is subjected to an electric field 
normal to the axis. These facts have been attributed 
to dielectric absorption; expressions for the torque 
acting on the block have been derived, and a number of 
investigators have used the method for studying the 
phenomenon of absorption itself. However, it may 
be shown that a normal dielectric, 7. e., one possessing 
conductivity and dielectric susceptibility, will also 
develop similar turning moments under similar condi- 
tions. As it is not easy, in such a method, to separate 
the two influences, many of the experimental results are 
open to question. The bibliography contains a number 
of references to work in this field. 


IV. THEORIES OF DIELECTRIC PHENOMENA 


Even the simplest natural phenomena leave us 
groping when we seek their ultimate understanding 
as a sequence of cause and effect. Such questions soon 
lead us into the realm of metaphysical speculation. 
For the most part, therefore, in the field of physical 
phenomena, we are usually content if we can express 
them in terms of the fundamental mechanical relations 
of force, mass, motion, and energy. And in the 
special fields of electricity and magnetism it is only by 
means of their manifestations through the laws of 
mechanics, that we are at all able to bring within the 
science and art of engineering application, these most 
mysterious of all natural phenomena—save only that of 
life itself. Explanations and theories are thus relative 
- terms only, and we are usually satisfied to consider that 
we have a theory of any new natural phenomenon if we 
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can explain it in terms of more fundamental phenomena 
whose laws are well recognized, even though they may 
not themselves be completely understood. Thus, 
since the earliest discoveries of the properties of 
dielectrics many explanations of their origin and nature 
have been suggested. Few if any of these suggestions, 
however, have risen to the dignity of a theory sub- 
stantiated by quantitative experimental test. 

Specific inductive capacity is one of the simplest of 
electrical phenomena. The phenomenon of induced 
charge as affected by the medium, was noted by several 
early investigators, chief among them being Cavendish, 
but it was not until Faraday’s time that the complete 
influence of the medium was recognized, and the ap- 
parent action at a distance explained by a point-to- 
point transference through the ultimate particles of the 
medium. Thus there is introduced the idea of a 
separation of the charges on the ultimate particles of an 
insulating medium, by the inductive action of the 
electrodes. This is known as “polarization”? and the 
internal separated charges contribute to the total 
force. These ideas are sufficient to explain all normal 
dielectric properties, and are the basis on the classical 
development by Maxwell with the aid of Poisson’s 
theory of potential (1823). Of earlier suggestions of 
the nature of the structure of the medium we need 
mention only one or two. Mossotti and Clausius 
assumed that a dielectric contains a certain number of 
spherical conducting particles, which leads to a value 
of K depending on the volume density of the particles. 
Helmholz proposed that the molecules contain charged 
particles which are drawn out of their natural positions 
by the external field—thus forecasting (1870) the 
electron theory. Another suggestion (Debye and 
Schrodinger) was that the molecules are already 
electrically polarized, and that they are oriented in an 
external field. 

Faraday’s idea was completely developed by Maxwell 
whose theory forms the basis of all subsequent electrical 
theory and speculation. The development and con- 
sequences of Maxwell’s theory are so well known 
as to need no comment here. It may be mentioned, 
however, that so far as the nature of specific inductive 
capacity is concerned Maxwell pictured an electrically 
elastic ether pervading all space and matter. The 
electric field displaces the medium, the displacement is 
opposed by the elastic forces, and these latter are 
different in the presence of the molecules of matter, 
thus explaining the varying dielectric properties of the 
latter. 

The fact that many dielectrics have a measurable 
conductivity was also recognized early, and Maxwell 
assumes that dielectric displacement and conductivity 
are contemporaneous phenomena. The conductivity 
is treated as though it were similar to that in conductors; 
little if any suggestion appears in the fundamental 
theory as to its origin or the laws of its variation. We 
now know, however, that so far as a definite specific 
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conductivity, similar to that in metallic conductors, is 
concerned, it is probable that no dielectric possesses 
it, for the laws governing variations in the two cases are 
quite different, as appears in other sections of this 
paper. 

We thus see that even in the matters of the so-called 
normal properties of dielectrics we have very little 
certain fundamental theory upon which to proceed. 
Modern physical theory has added little or nothing 
in these particulars to the ideas of Maxwell’s time; 
for while it has greatly extended our knowledge of the 
structure of the atom, and its relation to the great 
phenomenon of the electromagnetic radiation arising in 
the motion of the electrons, it has not yet uncovered 
knowledge warranting even an approximate explanation 
of such familiar fundamental phenomena as electric 
conduction and induction. If, therefore, these older 
fundamental properties of a dielectric have so far 
withheld the secrets of their origin, it would appear 
well nigh hopeless to attempt a theoretical explanation 
of the anomalous properties described above. The case 
is not quite so bad as this, however, if we recall that an 
explanation in terms of simpler and more familiar 
phenomena is often to be accepted as a theory. 

Theories of Dielectric Absorption. Ever since the 
phenomenon of residual charge was recognized there 
have appeared suggestions and hypotheses as to the 
general nature of the underlying processes. Beginning 
with mere suggestions in the early days, asfor example, 
the slow penetration or “soaking in” of the charge, 
(readily shown to be untenable) they have increased 
in elaboration and complexity as further knowledge of 
the phenomenon has been gained. In reviewing these 
theories today we are presented with such pictures as a 
viscous yielding of the dielectric, frictional motion of 
molecules and electrons, infinitesimal conducting par- 
ticles embedded in insulating sheaths, the free motion 
of electrolytic ions, dielectric hysteresis, the capillary 
motion of water, etc. It is impossible within a limited 
space to give a complete view of all these theories. 
It appears best, therefore, to attempt their classification 
into a few groups and to give one or two conspicuous 
examples in each group, with some attempt to outline 
the reasoning and evidence in support. 


Most physicists offering explanations of absorption 


have apparently considered that the observed phenom- 
ena in anomalous dielectrics are not consistent 
with the fundamental equations of the electromagnetic 
field, and have built other equations based on new 
special properties of the dielectric, not embraced in the 
older theory. There is, however, one conspicuous 
instance, that of Maxwell, in which the fundamental 
equations are taken as a basis. We may, therefore, 
select two of our groups in accordance with these two 
views, and add a third to include those looking to 
present theories of the internal structure of the atom 
as bases for the explanation of dielectric behavior. 
There is also a possible fourth group as proposed by 
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yon Schweidler, in which anomalies of conductivity are 
invoked, but the evidence in support is not so strong 
as in the other groups. 

Our classification of theories of dielectric absorption 
is then as follows: 

1. Those in which the fundamental magnetic 
equations are retained, and the anomalies of dielectric 
behavior are attributed to anomalies of the structure 
of the dielectric medium. 

2. Those in which the departures from the funda- 
mental laws are attributed to anomalies of dielectric 
displacement without reference to underlying mecha- 
nism. Dielectric displacement is not proportional to 
field strength, but dependent on the preceding state 
of the dielectric. 

3. Explanation of displacement and its anomalies is 
traced to the motion of electrons within the atom. 

4, Explanations based on anomalies of conductivity, 
such as the free motion of ions, electrolytic dissociation, 
water in bulk or in capillary filaments. 


Group I 


Mazwell. The great outstanding exponent of this 
group is J. Clark Maxwell. Others have followed him, 
but always as supporters and with adherence to the 
simple principles laid down by him. His theory is 
clearly sufficient to account for the ordinary phenomena 
of absorption and residual charge. While it does not 
account for all the observed anomalies, it nevertheless 
has far more adherents and much firmer support than 
any other single theory, and always constitutes the 
starting point of modern dielectric discussion. 

All students of dielectric theory are familiar with 
Maxwell’s treatment of absorption. He starts with the 
assumption that all dielectrics have both specific 
inductive capacity and conductivity as we know them 
in normal dielectrics, and that under electric force they 
function simultaneously and independently of each 
other. The assumption is justified by the experimental 
facts that conductivity may be observed in even the 
best insulators, and that poor insulators with very high 
conductivity also manifest specific inductive capacity. 
No further assumptions, as for example as to the origin 
of these properties, are necessary in Maxwell’s develop- 
ment. He then shows by means of Poisson’s equation 
A2V +47 p = 0, and the equation of continuity of 
current flow, that in-a homogeneous dielectric—. @., 
one in which r, the specific resistance, and K, the specific 
inductive capacity, are uniform and constant through- 
out—there can appear no residual charge. After 
charging, standing open, and then on short circuit, such 
a condenser discharges in accordance with the normal 
circuit equation, and no residual charge can appear. 

For simplicity he then assumes a dielectric as built up 
of a number of plain strata of different materials of 
thickness ai, ds, etc., stating that a medium formed 
of a conglomeration of small pieces of different materials 
would behave in the same way, although the case is not 
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susceptible of exact analysis. The obvious assumption 
then is that every dielectric which shows absorption 
consists of a mixture of two or more different materials, 
even though under our closest examination it may 
appear to be homogeneous. Considering unit cross 
section, let X1, X., etc., be the electric intensities in the 
several strata, f,, fo, etc., the displacements, ky, k2, ete., 
the reciprocals of the specific inductive capacities, 
T1, 72, ete., the specific resistances, p,, Po, etc., the con- 
duction currents, and we have at any instant: 


Xe 
Dare (11) 
X, 
fi Yr ky (12) 
and 
Ai 1 d Xi 13 
EMG eg Ana 13) 


in which w is the current in the outer circuit and so in 
each layer. Similar equations hold for the other layers. 
The total e. m. f. on the condenser is the sum of X 1s 
Xo, X3, etc. From equations (13) the X’s may be 
evaluated as similar functions of 2:, in terms of the differ- 
ent values of r and k, and so an expression may be had 
for w in terms of E, 7. e., the charging current of the 
condenser as function of EH, the constants of the material 
and the time ¢. Maxwell does not derive this expres- 
sion, but states that if there are n layers of material 
having different values of the ratio r:k, the combined 
general equations (13) will form a linear differential 
equation of the mth order with respect to FE, and the 
(n — 1)th order with respect to uw, t being the indepen- 
dent variable. He also shows that if the ratio r :k 
is constant for all layers the case reduces to that of a 
homogeneous dielectric. 

Maxwell thus does not derive the equation of the 
reversible absorption current 7,' of equation (2). For 
the case of two layers only, however, it may readily 
be shown (Wagner), following Maxwell’s method, that 

t 


11! = Aer 
in which A is its initial value and 7 a function of the 
constants of the material. Thus, according to Maxwell 
the absorption current follows the negative ex- 
ponential relation to the time. 

The treatment is more complete for the building up 
of a residual voltage. Suppose that Hy is suddenly 
applied, then 

Xi 1 

Q= fudt= 11 4a kK, 

and in the first instant since X, is finite the first term 
on the right is negligible, and: 

BE, =47Q (kid: + koa. + . 2 % w) (16) 

that, is the instantaneous charge is that corresponding 


dt + (15) 


tothe geometric capacity, and the initial division of the 
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total e. m. f. over all the layers is that corresponding to 
the series connection of the geometric capacities. If 
now K) is applied for a long time, the unequal conduc- 
tion currents in the several layers, due to initial e. m. fs. 
determined by the geometric capacities, cause charges 
to accumulate on the surface of separation until finally 
an equilibrium condition is reached in which, by formula 
(13), the division of the total e. m. f. over the several 
layers is determined only by their conductivities. 
The absorption currents of charge and discharge are 
thus seen to be due to the change from a voltage 
division due to the different specific inductive capacities, 
to one due to the different values of resistance or vice 
versa. The treatment shows by similar methods that 
after charge the instantaneous discharge is that due to 
the geometric capacity, and that if then opened the 
condenser will build up an e. m. f. 

4arky 


E=E f (mn 4 bc ) n 
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(17) 
in which -R is the total resistance and C over all geo- 
metric capacity. The exponential form of the variation 
of the component terms is obvious. The instantaneous 
discharge at any instant ¢ willbe HC. Iftheratior :k 
is the same for all strata, the exponents are all equal, 
and the total of the other terms is zero (in two series) 
and thus H = 0, 7. ¢., there is no residual e. m. f. or 
charge. 

Experimental evidence in favor of Maxwell’s theory 
is very meager, and chiefly limited to indirect and 
broadly qualitative confirmatory observations. Cohn 
and Arons tested the assumption that polarization and 
conductivity occur independently by means of parallel 
condensers of different dielectrics and found good 
agreement. Mixtures of xylol and anilin showed a 
10,000-fold variation of resistance with only a 1g 
variation of dielectric constant. Rowland and Nichols 
showed that in perfect samples of calcite and possibly 
quartz, probably the most nearly homogeneous sub- 
stances available, there is no absorption. Hertz 
showed that benzine, a homogeneous fluid, when impure 
shows absorption, which disappears on purification. 
Arons claims that carefully purified paraffin shows no 
absorption; this is disputed however by Dessau and 
others. Wagner finds extremely low values of power 
factor at 5000 cycles for ceresin and paraffin, but that 
for a 50 per cent-50 per cent mixture the power factor 
was increased several times. Muraoka by careful 
purification found no absorption in parraffin oil, 
petroleum, resin oil, turpentine and xylol. For layers 
of air and paraffin absorption appears. Many ob- 
servers have found that the observed curves of charge 
and discharge currents, while not obeying the exponen- 
tial law with a single term, can nevertheless be repre- 
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sented readily by several such terms, as ealled for in 
Maxwell’s most general case. The principle of super- 
position as observed by Hopkinson and Curie has been 
shown by von Schweidler to be a necessary consequence 
of Maxwell’s theory. However, its firmest basis is 
found in the fact that it introduces no new phenomena 
nor assumptions, but relies only on properties of 
matter already well known, and on fundamental 
electrodynamic equations. This, more than any ex- 
perimental confirmation, accounts for the firm hold 
that this theory has on the mind of the physicist of 
today. 

The chief disadvantage that the theory suffers is that 
it not only has had no quantitative nor exact experl- 
mental confirmation, but many experiments appear to 
offer actual contradiction. Many observers have found 
other expressions than the exponential for the absorp- 
tion current, of whom particular mention may be made 
of Curie, Fleming and Dyke, and Trouton and Russ. 
The phenomenon of conduction in a dielectric may be 
based on ionic conductivity (Bialobjeske), and so 
follow a law different from that of metallic conduction. 
Anderson and Keane have shown that a movement of 
free electrons in the medium, accumulating at the 
positive electrode, and returning to their equilibrium 
distribution on discharge, will account for absorption 
and residual charge. Further, it has been shown that 
the conductivity of dielectrics may be increased by 
exposing them to the influence of ionizing radiation. 
Muraoka found that solutions and certain liquid 
mixtures show no absorption. Particularly in the 
behavior of dielectrics under alternating stress, dis- 
cussed in later paragraphs, noticeable discrepancies 
have been found by Curtis and others. Comparatively 
few serious attempts have been made to check Max- 
well’s theory quantitatively. This is largely due to the 
very general, if not sketchy, form in which itis developed 
by its author. In particular, attempts to extend his 
equations to the alternating case encounter great 
mathematical difficulties. 

It should, however, be possible to extend the few 
efforts which, in the light of Maxwell’s analysis, have 
been made to study the case of two simple substances, 
carefully controlled as to purity, and carefully examined 
as to electrical properties separately and as a combina- 
tion. Such studies are particularly desirable in view 
of the occurrence of pronounced absorption in many 
substances which can have in them only relatively 
small amounts of impurities. While the further re- 
moval of these often lowers the absorption, there is 
some doubt that it ever completely disappears and it 
appears remarkable that a combination of such ex- 
tremely disproportionate amounts of two substances 
should still function in accordance with the theory. 
Further, if these small amounts so function should not 
greater amounts function in increasing degree? If the 
amounts of impurities sufficient to account for absorp- 
tion are too small to control or even observe, then there 
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is little hope that the theory will ever be rigidly 
confirmed. 

Wagner. Maxwell's development assumes successive 
layers of different dielectrics, each having different 
values of rand K. Many layers must be assumed to 
account for the results of experiment, and this leads to 
mathematical difficulties. The charging curve for 
two substances obeys the negative exponential relation 
to the time as already noted. Using this relation, 
K. W. Wagner examines the curves taken on various 
substances, and states that only a very few exponential 
terms are necessary in any case to account for the 
curves of experiment, and moreover that the time 
constants of these terms group themselves more or less 
closely about a principal value 7’. He is therefore 
led to attempt a picture of a model dielectric which 
provides the variation in conductivity and in specific 
inductive capacity called for by Maxwell, but which 
avoids the simultaneous occurrence of each in a single 
dielectric substance. He proposes a pure dielectric 
medium without conductivity, but with conducting 
spheres imbedded in it, small compared with their 
distances apart. He investigates this model mathe- 
matically at great length; the different time constants 
of the several terms in the absorption curve are provided 
by different sets of conducting spheres, mixed with the 
surrounding dielectric in different proportions. He 
arrives at equations for the electric displacement, 
residual charge, time constant, etc., which agree with 
those of Maxwell’s theory in their general form but 
which involve fewer terms. He also gives an expression 
for the grouping of these terms involving only two con- 
stants of the dielectric medium. He considers the 
behavior of the model under change of temperature 
and states that it conforms to the results of observation. 
Wagner states that such a model has been built by 
Schering and Schmidt, but does not report their results. 
The development is highly speculative and pictures a 
highly specialized interrelation of dielectric and im- 
bedded conductor. It seems doubtful whether it could 
ever be subjected to satisfactory experimental confirma- 
tion, and its chief value seems to lie in its offering of a 
mental picture of a type of structure accounting for 
Maxwell’s assumptions, while retaining the idea of a 
homogeneous dielectric free from conductivity. 


Group 2. THEORIES BASED ON ANOMALOUS 
DISPLACEMENT 


As the phenomena of anomalous charge and discharge 
were known long before the discovery of the electron and 
ionic conductivity, it is natural that early theories as 
to their causes should have taken the form of analogies 
with other elastic and viscous phenomena. Thus, one 
of the earliest, that of Hopkinson, adopted the relations 
found in the elastic residual properties of ordinary 
materials under mechanical distortion. Electric dis- 
placement is assumed analogous to mechanical dis- 
placement. But electric displacement in the funda- 
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mental theory is proportional to the electric intensity, 
and not so in anomalous dielectrics, and so practically 
all the theories in this class assume a more or less com- 
plicated relation between the field E and the displace- 
ment D, and of such a kind that D is determined not 
alone by the instantaneous value of HE, but also by the 
foregoing condition of the dielectric. Such relations 
exist between deformation and force in elastic media, 


and between induction and field strength in magnetic 
media. 


Hopkinson developed the Boltzmann formula for 
elastic residual phenomena into the following general 
form: 
Dd) = 


K . 
Eq ¥UO+ SEC—4).¢(u).du (18) 
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that is, the actual displacement D (t), at any instant (t) 
is determined first by the instantaneous value of the 
field E' (t), but also by the residual effects of all foregoing 
values of EF, considered as a function of an elapsed time 
u. The expression, therefore, has the important prop- 
erty of showing the variation of the displacement when 
the electric field strength has varied in the past in 
accordance with any given function of the time E (t). 
Every such residual effect of foregoing values of E 
decreases with the elapsed time uw in accordance with a 
definite function ¢ (uw) and the single residual effects are 
superimposed on each other. Thus, the principle of 
superposition, observed experimentally, is a funda- 
mental assumption of Hopkinson’s theory. He makes 
no special assumption as to the particular form of the 
continually decreasing function ¢g (¢). From his re- 
sults he concludes that two exponential terms are not 
sufficient, but that possibly a greater number of such 
terms might be sufficient to express them. 


Houllevigue has extended Hopkinson’s theory so as 
to place the apparently viscous behavior of the dielec- 
tric in the relation between the molecule and the ether. 
He assumes the displacement in an imperfect dielectric 
to consist of two pdrts—(a) an instantaneous displace- 
ment of the ether until the elastic forces between the 
ether and the molecules are in equilibrium, and (6) 
an additional gradual yielding of the molecules under 
this tension, so that there is added to (a) the displace- 
ment of the mean position of the molecules. The first 
part (a) is the normal displacement of a perfect dielectric 
as called for by Maxwell’s theory. The second part 
involves a frictional reaction dependent on the velocity 
with which the displacement occurs. This latter leads 
to the heating of the dielectric under alternating force, 
and Houllevigue developed his equations for both the 
continuous and the alternating cases. Grover examines 
this theory in the light of his own observations on con- 
densers. He finds that for increasing frequency the 


theory calls for a minimum value of the apparent 


capacity, smaller than the geometric capacity, increas- 
ing thereafter. As this is contrary to the results of his 
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observations and those of others the theory appears to 
be untenable. 


Pellat also considers the displacement as divided into 


two parts. The first is that of the fundamental theory: 
D' (t) = Ew (19) 
the second part D” (t) is assumed to obey the equation 
d Dp" (t) D" ” 
TT = @LD" (@) - DY) 
K 
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that is, that D’ tends to a final value D ( ~ ), proportional 

to E',and the rate of change of D” is always proportional 

to its difference from the final value. Pellat calls 

D' the “fictitious” and D” the “true” polarization; 

Schweidler, who has developed this theory further, pre- 

fers the terms “normal” and “‘viscous” displacement. 
Thus for constant Ey, and t > 0 we have: 
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and the function showing the time variation of the 
reversible anomalous current takes the simple negative 
exponential form. 

By integration of the above equation, we have for 
any type of variation of the electric force E (t), re- 
membering the principle of superposition 
PG) eae ee CAE 
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and so: 
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Thus, the variation of the displacement satisfies the 
principle of superposition, and the theory of Pellat is 
seen to be a special case of that of Hopkinson, in which 
yg (w) is proportional to e~*®. 

The simplicity of Pellat’s assumption as to the varia- 
tion of the displacement, and the close approximation 
to observations which results in the form of the anoma- 
lous charging current, make a strong appeal, in spite 
of the absence of all suggestion of underlying explana- 
tion. In order to supply this deficiency, von Schweidler 
has extended Pellat’s proposal in considerable elabora- 
tion, with the aim first to bring it more nearly into 
accord with observation, and second to present a 
picture of underlying mechanism. 
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von Schweidler. It has already been noted that 
many observations show a departure of the anomalous 
charge and discharge currents from the simple exponen- 
tial relation with the time. von Schweidler, therefore, 
modifies the Pellat theory through the assumption that 
the anomalous displacement D” consists of a number 
of terms, each one of which satisfies the Pellat differen- 
tial equation, but for each of which 7» and a@ have 
different values. This leads to expressions for the 
displacement and current which contain sums of terms. 
The dielectric is characterized by the normal constants 
K and r, and in addition by a so-called “distribution 
function” defining the mode of occurrence of the 
constants of y and a. The analysis, therefore, has the 
character of a mathematical fiction and is somewhat 
analogous to the expression of a periodic function by 
means of a Fourier series. In order to give the theory 


a physical interpretation he proposes that, in addition — 


to high frequency oscillations of molecular charges 
involved in the phenomena of dispersion and absorption 
of electromagnetic waves, there are also present some 
molecules the oscillation of whose charges is aperiodically 
damped, and which even in relatively slowly changing 
fields return to their equilibrium positions with a notice- 
able time lag; moreover that there are as many 
different kinds of molecules as are required by the 
“distribution function.” In order to simplify the 
determination of the distribution function he proposes 
the method used by Wiechert in a theory of elastic 
“after working,” and which was utilized by Wagner in 
his extension of Maxwell’s theory already described. 
By this expedient the various sets of constants group 
themselves about a single predominating set, and the 
number of sets and their proximity to the central set 
is indicated by a single constant of the material. von 
Schweidler states that in general only three sets of 
constants, 7. e., three terms of the Pellat type, are 
sufficient for a calculation of all measured values both 
continuous and alternating. 
As regards experimental confirmation Grover, with 
-a-c. studies of paper condensers concluded that of 
several theories examined, the Pellat theory as modified 
by von Schweidler was the only one that could be made 
to give quantitative results in agreement with the obser- 
vations. The quantities studied were changes in 
capacity and phase difference, with frequency ‘and 
temperature. It is to be noted, however, that Grover 
did not examine Maxwell’s theory as extended by 
Wagner, which appeared later, and which involves the 
same type of variation of the anomalous charging cur- 


rent, and an entirely analogous method of assuming a 


number of terms and of studying their grouping. 
It appears certain that an equally good agreement would 
have been obtained from Wagner’s equations. In 
fact, it is safe to say the same of any theory providing 
for the medium a sufficient number of terms, all obey- 
ing a continually decreasing function ¢ (t) of relatively 
simple form, but with different values of the constant 
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terms. It appears not improbable that Wagner, not 
caring for von Schweidler’s idea of slow period molecular 
oscillations, set out to picture a structure of an anoma- 
lous dielectric which would involve only the funda- 
mental properties of specific inductive capacity and 
conductivity, thus adhering to Maxwell’s ideas. 

Dielectric Hysteresis. The term hysteresis has ap- 
parently never been clearly defined. If it be assumed 
to apply generally to any phenomenon in which the 
value of the effect of a force depends not only on the 
value of the force but on the preceding history of the 
system, then there are certain grounds for using the 
term to describe anomalous dielectric behavior. For 
this property is possessed by magnetic, dielectric, and 
elastic media. The term as applying to dielectrics was 
apparently first used by Steinmetz shortly after his 
famous work on magnetic hysteresis. It has been so 
generally used ever since as to make it evident that 
there is wide feeling that the two phenomena are similar 
in underlying character. The grounds for this are 
probably (a) the close parallel between the fundamental 
theories of magnetic and pure dielectric phenomena 
u and k); (b) the cyclic electrification of anomalous 
dielectrics often showing the relation between HE, the 
electric force, and Q, the total charge, as a closed curve; 
and (c) the dielectric loss per cycle being proportional to 
E”, n in certain cases having beenreported aslow as 1.6. 

But if the word is understood to describe the complete 
phenomenon as it occurs in magnetic material, then it 
should not be used as applying to dielectrics, for the 
behavior of the latter differs in important particulars 
from that of the former. The work of Hess, Beaulard, 
Germanischskaja and others has shown the following 
essential differences in dielectrics as compared with 
magnetic materials. 

(a) Thereisnosaturation region, D being proportional 
to E, up to breakdown (b) The stationary final value 
of the displacement is always proportional to the field 
strength, for both ascending and descending values, 
although a time element is involved. (c) The di- 
electric loss per cycle varies widely with the frequency, 
while the magnetic loss does not (except in the extreme 
upper range). (d) There is no dielectric permanent 
residual displacement nor coercive force. (e) The 
anomalous charging current may not be explained on 
the basis of hysteresis. Hess discusses the difference 
between hysteresis and viscosity and considers that the 
phenomena in dielectrics have the properties of the 
latter rather than of the former. In hysteresis there » 
are two values of B for every value of H, dependent only 
on the direction from which H is approached and on 
Hunaz» They are independent of the rapidity of the 
cycle of H within a wide range. In a viscous medium, 
however, there can: be any number of B’s for the same | 
H, dependent on the rapidity of the cycle of H, but-for 
very slow cycles there is only one value of B for each . 
value of H. Thus hysteresis is clearly evident under 
slow cycles in iron, but not in dielectrics. 
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GROUP 3. THEORIES BASED ON THE STRUCTURE OF 
THE ATOM 


The idea that electric displacement is due to the 
movement of charges within the molecule or atom is an 
old one dating back to Helmholz (1870), and has fre- 
quently been invoked in a general way to explain 
anomalous displacement. Thus, as already noted, 
Anderson arid Keane have proposed the drift of elec- 
trons to the electrodes as the explanation of anomalous 
charge and discharge currents; and von Schweidler used 
the idea of the damped motion of charges within the 
molecules; the notion of dielectric hysteresis involves the 
motion of charges within the molecule. These, how- 
ever, are little more than suggestions, as compared with 
the single outstanding theory of this class, viz., that 
of Décombe. 

Décombe, in seeking an explanation of the heating of 
condensers, notes the remarkable and very general 
fact that most thermodynamic modifications are 
inseparable from noticeable electric phenomena. Thus, 
mechanical deformations are always accompanied by 
both heat and electrification (tribo-, and piezo-electric 
effects); capillary deformations, shock, cleavage, etc., 
all result in both heat and electric manifestations. 
Similar effects are noticeable in chemical relations, as 
in the thermal variations of crystals, the thermo-elec- 
tric cell, the Thomson and Peltier effects, etc. He 
thus concludes that dielectric absorption and losses are 
also to be explained in terms of motionsor deformations 
of electrons within the atom, and he bases an interesting 
and extended development of this theory on the general 
electron theory of Lorenz: 

Separating the displacement of the ether from that 
of the material, as in Maxwell’s theory: 

E 25 

Q = re +P (25) 

Q being the total charge, and P the “polarization.” 

P, he assumes to be due to electron displacement and 
it therefore obeys Lorenz’s equation: 

2 


| ke | oe ae 


a (26) 


aP 
+bP+¢ di 


E being the electric intensity and a, b, and ¢ constants 


‘of the reactionary forces of acceleration, elasticity, and 


friction respectively. He assumes further that for 
frequencies less than those of light the first term on the 
right is negligible, and so 


dP ' 
eset TAG 5 (27) 


dt 

He shows that (27) obeys the principle of superposi- 
tion, and’also that it is satisfied by a value of alternating 
polarization computed from oscillograms taken by 
Hochstadter on high tension cables. He shows further 
that Maxwell’s equations as extended by Hess, when 
applied to the alternating case, reduce to the same form 
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as his own, and so by inverse reasoning, account is 
made for residual charge. Moreover, he shows that 
Pellat’s arbitrary expression for the variation of the 
displacement follows immediately from his own equa- 
tions. He shows also that under alternating e. m. f. 
the equations lead to a loss proportional to the square 


se ae d P 
of the polarization current ( ERS ), and a loss per 


period independent of the frequency, as shown experi- 
mentally by Steinmetz, Hochstadter and others. The 
general conclusion is that all residual effects are due to 


fihd 
the term ¢ oo representing a frictional force (electric) 


within the atom, 7. e., to a viscous property of the atom. — 

The theory is very striking in its agreements with the 
results of observation and in its simplicity. It is 
strengthened by the firm basis now attained by the 
electron theory, and its explanation of many phenom- 
ena in the upper ranges of frequency. It leaves some- 
thing to be desired, however, in its explanation of 
residual charge, and in the extent of the experimental 
confirmation, notably in the matter of loss. Moreover, 
it is to be noted that theories in this and in the fore- 
going class do not account for the pronounced effect, 
on both dielectric absorption and loss, of very small 
quantities of moisture and impurities. 


Group 4. THEORIES BASED ON ANOMALOUS 
CONDUCTIVITY 


There are no theories in this class sufficiently 
developed to merit the name. Yet there are so many 
significant facts in the matter of dielectric conduc- 
tivity, and they have been discussed so widely in their 
bearing on other anomalous properties, that any dis- 
cussion of possible underlying causes of absorption 
must give them a conspicuous place. It has often been 
suggested that dielectric absorption is in fact due to a 
varying conductivity giving rise to the motion of mov- 
able charges of “ions” within the dielectric. Experi- 
mental investigations of this idea as applied to solids 
are very difficult, but the irreversible anomalous current 
of a poorly conducting liquid offers very much wider 
opportunity. It will be recalled that this current does 
not obey Ohm’s law but the apparent conductivity 
falls off with increasing voltage, just as in the case of an 
ionized gas. This has led to the suggestion that the | 
conductivity of dielectrics is of the same nature as that 
in gases. Qualitatively this gives a satisfactory agree- 
ment with the results observed in liquids. With the 
continued application of electric force the ions are swept 
to the electrodes and the current falls off; with greater 
e. m.f. ions are drained off more and more rapidly as 
compared with their rate of formation, and so the final 
conductivity falls off. The theory applies especially 
well to liquids having very low conductivity, in which 
an increased conductivity is induced by radio-active in- 
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fluence. In this case the liquid shows the characteristic 
behavior of ionized gases, @. g., saturation current, etc., 
and methods have been worked out for the determination 
of the important quantities, é. 9., mobilities of positive 
and negative ions, coefficients of recombination, etc. 
The case is not so clear for the “inherent conductivity” 
of liquids, as this shows marked departures from the 
laws of gases. These departures are at times found to 
be due to an influence of the electrodes, to dissolved or 
free impurities, but even with these removed it has 
been found necessary in attempts to bring these liquids 
into line, to assume different types of ions, having 
different mobilities. An excellent review of the work 
in this field is found in the article by von Schweidler 
in Graetz; ‘Handbuch der Elek. u. Mag.,”’ 1;157,1918. 

Efforts have been made also to extend the same ex- 
planation (7. @., ionic conduction) to the anomalous 
charge and discharge currents of solids, but with little 
success. von Schweidler has maintained that in an 
ionized medium the reversible anomalous current can 
not arise; also that the principle of superposition can- 
not be explained in this way, and offers as proof the 
absence of residual charge in liquid dielectrics. On 
the other hand, Anderson and Keane have shown 
that the drifting of free electrons to the positive elec- 
trode will result in a space variation of charge sufficient 
to account for residual charge in accordance with 
Maxwell’s theory, and have checked their conclusions 
with observations on sulphur. The behavior of glass 
is especially significant in this connection. The final 
conductivity of glass has undoubtedly an electrolytic 
character. Sodium is deposited out of glass on the 
electrodes, with resulting decrease of conductivity, 
and the latter may be maintained by providing an 
anode of sodium amalgam. Lithium may also be used, 
but apparently no other metals of the chemical group. 
Moreover the electrolytic action is in accordance with 
Faraday’s laws. It must be remembered, however, 
that glass is not a homogeneous substance and in fact 
is generally considered to be a solid solution, and so of 
highly special character. On the other hand similar 
behavior has been observed in quartz, certainly not a 
solution, but in which small quantities of sodium and 
lithium are usually present. Mercury, quartz, and 
sodium form an electrolytic cell giving about 0.5 volts. 
H. H. Poole has shown the relation x = e’*’* for the 
conductivity of glass, a being the thickness and X the 
field intensity; 7. e., the conductivity increases with the 
field strength. Gunther-Schulze sees in this an evl- 
dence of ionic conductivity and ionization by collision 
asin gases. Thus, while we may not be sure that glass 
presents a behavior typical of all anomalous dielectrics, 
it unquestionably is significant as showing the possi- 
bility of ionic conductivity in solids. | 

Perhaps one of the most significant facts under this 
heading is the close relationship which exists between 
the final conductivity and the anomalous charging 
current curve, as affected by electromotive force and 


temperature. In all dielectrics well freed of moisture, 
these two properties appear to vary absolutely in unison. 
The final conductivity is obtained by subtracting from 
the charging current curve corresponding ordinates of 
the discharge curve; the result is generally a horizontal 
line representing the constant conductivity of the mate- 
rial. Under variation of e. m. f. proportionate changes 
in both absorption and conductivity result. Under 
temperature variation the final conductivity approxi- 
mately obeys the relation, \, = Ae °°, swith corre= 
sponding change in the ordinates of theabsorption curve. 
In these cases the evidence is very direct that absorp- 
tion and conductivity are definitely related properties. 

The Influence of Movrsture. Many porous and 
fibrous dielectrics absorb water from the surrounding 
atmosphere. Their conductivities are markedly in- 
fluenced thereby, and in many cases their absorptive 
properties as well. Once taken up, and doubtless due 
to its retention in capillary spaces, the moisture leaves 
the insulation but slowly and only under elevation of 
temperature. Hence fibrous insulation exposed to the 
air and operating at low temperatures is apt to deterio- 
rate steadily. Curtis has shown that between 90 per 
cent and 25 per cent saturation of the air, and standing 
at the latter 40 days, the resistances of bakelite, fiber, 
marble, and celluloid all increase from 5 to 300 times 
according to the material, and a steady condition not 
yet reached. Shellac was an exception showing no 
change of resistance though taking up considerable 
water. 


Cable paper absorbs up to 10 per cent or even 20 
per cent by weight of moisture, rapidly at first and then 
more slowly. Under continuous voltage when com- 
paratively dry (2 per cent to 3 per cent moisture) it 
shows a typical absorption curve in accordance with 
formula (3), i: (t) = at-”. With increasing moisture 
the ordinates increase, and the curve flattens out, be- 
coming horizontal (except for a short initial descending 
portion) at about 7 per cent moisture. Above this the 
curve of charging current with time rises gradually 
(Liibben). These increases are all of the nature of 
conduction current, for the discharge current does not 
take on corresponding increases, and follows equation 
(3) in all cases. Thus, the difference between charge 
and discharge currents, which usually measures the 
insulation resistance, increases continually with time 
after the application of voltage (Wagner). This 
indicates that the continued application of voltage 
causes a decrease in resistance. Moreover, the final 
steady value of resistance is found to depend on the 
voltage; so that we have the following approximate 
relations for the resistance 7, the conductance g, and 
the conduction current 7, in a fibrous dielectric contain- 
ing moisture: 


A 


= 
VE 


g = gE"; 1 = tl? (28) 
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—& being the voltage and A, Jo. M, %, p constants. 
Thus equation (2) becomes 


May ty lias Pao ee” (29) 


The second term is the conduction current due to the 
moisture, often negligible for low moisture content. 
The third term is the absorption current of the dry 
material, and this is completely obscured at high 
moisture content. The discharge current does not 
contain the second term. 


An ingenious explanation of many of the above rela- 
tions has been offered by Evershed who supposes that 
the water is in part contained in the capillary tubes of 
the fibers of the material. The water is separated by 
air bubbles, but the walls of the tube surrounding the 
bubbles are wet with a thin film of water. These films 
constitute the principle resistance of the complete water 
path. Under the electric field, water is forced from the 
drops into the films making their walls thicker and so 
increasing their conductivity. In the thin state of the 
films they are very sensitive to slight water addition, 
but less so as the walls get thicker, corresponding to 
the observations of experiment. Evershed constructed 
a model containing a large number of glass capillary 
tubes, and studied its behavior under the microscope. 
He found that it gave the typical resistance, voltage, 
time relations found for fibrous insulation, and that the 
water films behaved as already stated. 


D. DuBois has suggested a somewhat different 


mechanism for the behavior of water in dielectrics. . 


He assumes that the moisture in dielectrics exists in the 
form of small globules or drops, and that under the 
electric field these globules stretch out into filaments 
supposedly in openings or fissures in the dielectric. 
Sometimes these filaments stretch the entire distance 
between electrodes, and sometimes they are of limited 
length. Since they are conducting they carry current, 
consume energy, and in the slow process of stretching 
cause a slow variation in the distribution of electric 
flux. Proceeding on this picture he shows that they 
should account for the anomalous charging current, 
residual charge, dielectric loss as function of the voltage 
and temperature, and several other phenomena as 
observed in the experiment. The agreements here 
have been largely qualitative only, and the interesting 
suggestions would seem to require further experimental 
confirmation. 

J. Curie showed the important part water may play 
in materials containing no fibers but which are porous. 
By maintaining porcelain at different degrees of mois- 
ture he reproduced different types of charging current 
curve, among them typical absorption curves as ob- 
served for dry substances. Moreover, this moist 
porcelain polarized up to several hundred volts, gave 
typical discharge curves and in fact obeyed the princi- 
ple of superposition. Curie suggests in explanation the 
linking up of a number of internal individual electrolytic 

cells due to water and local conducting impurities. 


V. DIELEcTRIC BEHAVIOR UNDER ALTERNATING 
ELECTRIC FORCE 


General. A condenser containing a perfect insulator 
as dielectric, if subjected to alternating e. m. f., would 
consume no power, its current leading the applied 
e.m.f. by exactly one-quarter of a period. The only 
condensers approaching these conditions are those with 
gases as dielectrics. All solid dielectrics have some 
conductivity, and so even if free from absorption, they 
consume some energy. A condenser containing such 
a dielectric should show a value of capacity independent 
of the frequency and a power factor (or phase difference) 
varying inversely proportionally to the frequency. 
Such dielectrics, however, are unknown, and condensers 
made with the best insulating materials, most carefully 
prepared, all show power factors much higher than 
that corresponding to their conductivities, and capac- 
ities much higher than their geometric values. More- 
over, the power factors do not vary inversely as the 
frequency, but very much less rapidly (sometimes even 
increasing) and the capacity decreases slowly with 
the frequency. 

The alternating losses in condensers were first noted 
by Siemens (1864), and since then they have been 
studied by many observers. In fact the problems of the 
laws governing these losses and their explanations 
have probably received greater attention than any 
others in the field of dielectric behavior. The volume 
of the literature is enormous, embracing the attacks 
of physicists working with pure materials, and research 
engineers extending the ranges of voltage and frequency 
in the effort to improve the qualities of commercial 
insulation. 

For a long time and even up to the present, many 
have assumed that the cause of these losses is to be 
found in some special and unknown property of dielec- 
trics, usually called dielectric hysteresis and sup- 
posedly arising in some undiscovered molecular phenom- 
enon, similar to that in magnetic materials. It is 
remarkable that this illusion should have maintained so 
persistent a hold, for it is easy to see that the phenome- 
non of absorption causes a lag of charge behind e. m. f. 
and so is sufficient to account for the energy component 
of current. 

Theories Based on Absorption. Beaulard in 1894 and 
Hess in 1895 gave convincing arguments against the 
idea of hysteresis, and Hopkinson in 1897 made alter- 
nating measurements, attempting to link up absorption 
with the values of capacity and loss currents. Ever 
since then careful students of dielectric behavior have 
sought to explain the losses in dielectrics in terms of the 
phenomenon of absorption as observed with continuous 
potentials. Naturally this has led to points of view and 
analyses differing in accordance with the several theories 
of the nature of the phenomenon of absorption. 

Rowland extended Maxwell’s theory of absorption to 
the case of a sinusoidal e. m. f. and derived expressions 
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showing variations with the frequency, of both the 
capacity and the phase difference. He developed a 
sensitive electrodynamometer, many special types of 
bridge connection, and with his co-workers made numer- 
ous studies of dielectric loss, failing however to find 
close agreement with the Maxwell theory. The 
measurements of Curtis in 1910 also failed to agree with 
this theory. 

von Schweidler. Grover in 1911 made a similar 
effort not only with the Maxwell-Rowland expressions, 
but also by extending the theories of Houllevigue, 
Pellat, von Schweidler, and Hopkinson, to the alter- 
nating case, and checking them with measurements 
on a number of condensers for frequencies up to 1000 
cycles, and temperatures between 10 deg. and 35 deg. 
He found that von Schweidler’s extension of Pellat’s 
theory was the only one which could be made to give 
quantitative results in agreement with the observations. 
It will be remembered that this theory assumes the 
presence of aperiodically damped molecules in the 
dielectric, and that in order to conform to experimental 
observations of absorption, it is necessary to assume 
special laws of distribution for several types of such 
molecules. Grover finds that three types of distribu- 
tion, 7. e., three sets of constants in the formulas, are 
sufficient to account for his observations. 

It is to be noted that Pellat’s theory results in the 
same type of function for the variation of the anomalous 
charging current with the time as called for by Maxwell. 
The equations of the latter are not easy to handle, 
however, for the case of several different substances or 
impurities in the dielectric, and von Schweidler’s idea 
of the oscillation of molecules was apparently adopted 
largely because of the possibility it offers for mathe- 
matical manipulation. Thus, von Schweidler’s picture 
of a number of distributions of aperiodically damped 
molecules may be described as a mathematical fiction 
used for the solution of Maxwell’s equations for a 
dielectric containing an equal number of different 
substances. 

Wagner. Much the same may be said of the analysis 
of Wagner, who has always adhered to Maxwell’s 
view that differences of resistivity and specificinductive 
capacity are sufficient to account for absorption, but 
who, as already shown, finds it necessary to picture a 
series of special types of conducting particles imbedded 
in the dielectric in order to account for the results of 

observation on anomalous charging current. 

Wagner has also extended his picture of the Maxwell 
dielectric to the alternating case in a series of papers 
dating from 1913, and of which the latest and perhaps 
the clearest is the opening chapter in Schering’s Die 
Isolierstoffe der Elektrotechnik (Julius Springer, 1924). 
He assumes the simplest possible case of a two-layer 
Maxwell dielectric, and further that the conduction and 
displacement currents flow simultaneously, that the 
total currents are equal in each dielectric, and that the 
alternating electromotive force on the condenser is the 
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vector sum of the e. m. f’s. on the two layers. This 
leads at once to a complex expression for the impedance 
of the condenser, from which the following values of the 
variable dielectric constant (and so the capacity) and 
the variable angle of phase difference appear at once: 


a | 
Ko=K[1+ Peer 


i le 31 
tar Fee ere (31) 

in which K is the specific inductive capacity correspond- 
ing to the geometric capacity, T' the time constant in the 
exponential expression of the anomalous charging 
current, k a simple function of the electric constants of 
the two materials, and w = 27 ws 

These two equations are in some degree in qualitative 
accord with the results of experiment. The former 
(30) indicates a capacity starting at a finite value and 
decreasing with the frequency to the geometric value 
at infinite frequency. This behavior is universally 
found in experiment. The latter equation (31) indi- 
cates a phase difference starting at zero, at 0 frequency, 
and with increasing frequency passing through a maxi- 
mum and then steadily decreasing toward zero at infinite 
frequency. This general behavior has also been 
frequently observed. At times the maximum value of 
tan 6 may not appear, the frequency at which it occurs 
being determined by the constant k, and often lying 
outside the available range. On the other hand many 
other observations do not follow the comparatively 
simple relations indicated by (30) and (31). In order to 
account for these variations Wagner introduces the idea, 
already described above, of a homogeneous dielectric 
with small conducting particles imbedded in it. In an 
extended mathematical discussion he arrives at the 
conclusion that such a combination behaves as does the 
Maxwell model with certain modifications of the con- 
stants. New expressions are derived for K wand tan }, 
in general similar to (30) and (31), but also involving 
the relative quantity of the imbedded conducting 
material, 7. ¢., impurity. Several such impurities may 
be present. Each will contribute its own effect, and 
their total may show curves differing markedly from 
those of (30) and (31). In order, therefore, to bring 
theory and observation into line it is only necessary to 
assume a sufficient number of impurities present, and 
Wagner has been able to do this in several apparently 
complex cases, claiming that generally only a few sets 
of constants (i. e., different impurities) will benecessary. 
Wagner’s chief contribution is his extended discussion 
of the number of terms necessary to account for the 
results of observation. Much the same types of dis- 
cussion are possible with von Schweidler’s picture, and 
also in adhering to Maxwell’s original equations. In 
fact Wagner’s equations in several cases are readily 
transformed into those derived much earlier by Row- 
land, Curtis, and Grover. 


(30) 
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Décombe has extended his electron theory of the 
anomalous behavior of dielectrics, already described 
in connection with absorption, to the explanation of 
alternating losses. Noting that the element of absorbed 
energy in a condenser is E' dq, substituting for q and 
E their values in terms of the polarization p, he finds 
the energy loss per cycle 

hg 
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; (32) 


that is, proportional to the square of the polarization 
current and, therefore, to the square of the e.m.f. 
Noting that in conformity with the results of Hoch- 
stadter the polarization must lag behind EF by a phase 
angle @, and substituting its value in the above inte- 
gral, he reaches the conclusions that the loss per period 
is proportional to the phase difference 6 and indepen- 
dent of the frequency. The last conclusion, as to the 
influence of frequency, although in agreement with 
early observations of Steinmetz and Hochstadter is not 
confirmed by more recent work, which indicates that 
the loss per period decreases with increasing frequency. 
F. Tank has studied the Pellat-Schweidler theory 
for the alternating case, computing the loss as due to 
absorption, measuring the latter and also measuring the 
loss, and comparing with the computed value.. The 
method used for computation is typical in the main 
of the methods used by several others (Wagner, La- 
housse) and is briefly as follows: The alternating 
current due to ane.m.f.,H =E,sin wt, flowing in a 
condenser circuit may be expressed 
i= (t) =asinwt+ bcos wt; (33) 
further by the principle of superposition, see formula 
(10), the anomalous charging current is: 
t/ dE (u) 
MoaipCy(——— 


—o 


)eou-uwdu (34) 


t being the instant at which the current is considered, 
and u the elapsed time since the application of EF. 
Equating the two values of 7 (t), the coefficients a and 
b may be obtained thus showing the influence of absorp- 
tion on both the capacity and the apparent conductance 
of the condenser. This operation depends on the 
possibility of evaluating the integral in equation (34). 
Tank examines the von Schweidler- Wagner forms of the 
function ¢ (t) which, it will be recalled, embrace a num- 
ber of sets of constants, but concludes that in his work 
it is sufficiently represented by ¢ (t) = Bt", as often 
indicated (Hopkinson, Curie, et al). Of special 
interest is his investigation of the accuracy of this as- 
sumption for very small values of #, 7. e., comparable 
to the duration of an alternating cycle. Byapendulum 
method he measured residual voltage for time intervals 
between’ 0.32 X 10-* and 0.22 secs., and found that in 
three out of six condensers studied the current closely 
follows the relation above, values of n being 0.73 — 
0.82, 0.73 — 0.78, 0.62 — 0.68; agreement in the other 


cases was not good. 
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Adopting this simple form of ¢ (t), the integral is 
readily evaluated and the loss component of the current 
computed. Tank found a remarkable agreement be- 
tween the measured and computed losses and currents, 
the per cent differences for the former in the six cases 
being 3.8, 4.1, — 0.4, 1.6, 18.8 and 23 per cent. He 
concludes from his work that the alternating losses in 
solid dielectrics are almost entirely accounted for by 
absorption, resistance loss being less than 1 per cent of 
the total, and no evidence of other losses. Owing to 
the simple form assumed and measured for the function 
g(t), this work may hardly be considered a confirma- 
tion of von Schweidler’s theory as claimed by the author. 
However, it is apparently the only effort so far made 
for a direct check between measured loss and loss com- 
puted from measured absorption. 

Lahousse adopts a slightly different method of ap- 
proach for computing the loss from the absorption. 
If E is the electric intensity, J the polarization, and k 
the dielectric susceptibility (K =1+47k), 


ele id 
I=kE@) + sk( Bw) )et- udu (35) 


For a closed cycle, the loss per cycle, w, is: 
=f Hdl=— (id (36) 
Substituting # = FE) sin w t, and introducing two new 
constants a and 6 whose values are determined by the 
integral in (35); 
I=KE\[sinwt+asin(wt— 8B) ] (37) 
This is the equation of an ellipse between I and Ey, a 
result independent of the form of ¢ (t). Such ellipses 


have been shown experimentally by Granier. (See 
below:) 
Further, from (36) and (37) 
w=Tvwkak?sing (38) 


or the loss is proportional to the square of the applied 
e.m.f. as often observed. Both the foregoing rela- 
tions are independent of the form of ¢ (¢), which is 
contained in g. If ¢ (t) = me-” (Maxwell, Curie, et 
al), and if 7 is small as usually observed, the loss per 
cycle becomes 


2keameE - 2km HE re 
(ae eas ararag apa a (39) 
and the total loss 
kmE? 
Wires BSE (40) 
‘Te . 


that is, the loss per cycle is inversely proportional to the 
frequency, and the total loss independent of the fre- 
quency. As indicated below, these relations have some 
apparent support, but the weight of the evidence of 
experiment shows a loss increasing with the frequency. 

Lahousse has also extended the Pellat theory of 
anomalous displacement to the alternating case and 
shows that it leads to the same.values of W and w as 
given above, for moderate values of the electric inten- 
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sity, but that for high values the loss would increase 
a little less than as the square of the voltage. And he 
shows further that expressions for the loss given Hess, 
Pellat, and Beaulard are substantially of the same form 
as his own. 

J. Granier has investigated in very elegant manner 
the losses due to absorption alone for alternating fre- 
quencies between 0.3 and 150 cycles. He interrupts 
the steady alternating excitation at different points 
on the cycle, and by a careful zero method obtains the 
total residual charge. This permits the plotting of the 
absorption-voltage relation for a complete cycle at 
each frequency. Plotted in rectangular coordinates the 
curves are found to be almost perfect ellipses, as called 
for by theoretical analysis (c. f. Lahousse above). 
The areas of the ellipses, representing the loss per cycle, 
continually decrease with increasing frequency, also in 
general accord with theory. The ellipses become quite 
flat within the range mentioned, and the study of the 
influence of frequency is continued up to 1500 cycles, 
using bridge methods. Within the entire range the 
total loss increases, but less than in proportion to the 
frequency; the relation found is very consistent over 
the entire range and for several condensers studied is 


Wa= mf (41) 

W being the loss per second, f the frequency and m and 
n constants. The following values of n were found: 
paraffined paper, 0.4; wax paper, 0.5; glass, 0.78; gutta- 
percha, 1 (in this case the phase difference being very 
small even at low frequencies). The results also show 
both the capacity and phase difference decreasing 
steadily over the whole range of frequency in each case. 
VI. COMPARISON OF ALTERNATING THEORY AND 

EXPERIMENT 

The above review indicates that almost without 
exception, students of the theory of alternating dielec- 
triclosses agree in attributing these losses to the phenom- 
enon of dielectric absorption. Moreover, although 
there are various theories as to the ultimate nature of 
absorption, they all conform sufficiently to the results 
of experiment as to make it difficult to make choice 
among them. But it is really unnecessary to do so, if 
we are only concerned with an explanation of the origin 
of alternating dielectric losses. For the results of the 
analyses of all the authors cited above agree quite 
closely as to the general laws governing loss, phase 
difference, and capacity as influenced by voltage, 
frequency and temperature, although they start in 
one or two cases from quite different premises. Thus, 
Wagner starts from Maxwell’s theory which says that 
absorption is purely a matter of conductivity and spe- 
cific inductive capacity. This leads, however, to the 
exponential form of the anomalous charging current, 
and as this form also follows from Pellat’s theory, 
the alternating analyses of Wagner and Lahousse are 
in close agreement. Tank’s analysis is also based on 
Pellat’s theory, although he assumes a different type 
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of variation of the anomalous charging current 
(ila): Nevertheless, he arrives at expressions 
coinciding quite well with the results of observation. 
Granier’s work is based on the same assumptions as 
that of Lahousse, adds experimental confirmation, 
and proves beyond question that alternating dielectric 
losses in solids arise almost entirely in dielectric 
absorption. ; 

So far as agreement between theory and the results of 
experiment goes, it will have been gathered that such 
agreement is approximate only, and is to be found only 
in the mode of variation of the several dielectric prop- 
erties with the variation of external electric and 
other conditions. Absorption itself cannot be con- 
trolled or predicted, and so it is not to be expected that 
definite expressions and constants may be laid down for 
the behavior under alternating electric intensity. 
With this limitation in mind the following agreements 
between theory and experiment appear to place beyond 
question the seat of the principal part of the dielectric 
loss in solid dielectrics in the fundamental phenomenon 
of dielectric absorption. 

Loss-Voltage. There is-almost universal theoretical 
agreement that the rate of loss varies as the square of 
the electric intensity. Many observers have studied 
this relation (see bibliography), and the extreme range 
ofthe exponent of the electric force appears to be from 
1.3 to 2.7. However, the great mass of the evidence 
centers about the value 2. It is difficult to account 
for the values lying below 2, but those lying above 
permit quite probable explanation. As already noted 
most dielectrics contain some moisture and probably 
possess some electrolytic conductivity. The latter 
decreases with increasing voltage and the former causes 
a conductivity increasing with the voltage, and each 
would cause a corresponding negative or positive incre- 
ment to a normal absorption loss varying as H?. The 
total loss is extremely sensitive to temperature change, 
and as the loss increases the temperature, this doubt- 
less accounts for many of the higher values of the 
exponent. In built-up insulation internal ionization 
also adds an additional loss, and it has been shown that 
the prevention of this loss reduces the exponent from 
higher values toward the value 2. One striking 
exception should be noted in the work of M. A. Frigon 
on impregnated paper, which shows the exponent 
decreasing from 2.7 at 15 deg. to 1.9 at 118 deg. cent.; 
this work should be confirmed, as there is no 
obvious explanation in the light of the above theories. 

Loss-Frequency. In the matter of frequency the 
several theoretical developments are notin entire accord. 
Wagner shows the loss proportional to both frequency 
and phase difference and as the latter first increases and 
then decreases with the frequency, a uniform variation 
in the loss is not always to be expected. Lahousse 
deduces a loss per cycle inversely proportional to the 
frequency and thus a loss per second independent of the 
frequency, for all but very low values. The experi- 
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ments of Granier show a loss per cycle decreasing with 
the frequency up to 150 cycles, and a loss per second 
increasing only as the 0.5th and 0.6th power of the 
frequency, thus seeming to lend some force to Lahousse’s 
conclusion. M. A. Frigon reports the losses in im- 
pregnated paper increasing nearly in proportion to the 
frequency between 20 and 60 cycles. H. J. MacLeod 
working on such good insulators as glass, pyrex, par- 
affin, cresin, mica,and with unusually careful conditions 
finds the losses varying as the 0.85th to 0.9th power of 
the frequency. Many other observers have reported 
losses increasing with the frequency but usually in less 
than direct proportion. Addenbroke reports three 
types of variation, (a) direct proportion, to be found 
only in the best insulators.such as crown glass, gutta- 
percha; (b) loss independent of frequency, for insulators 
containing much moisture; and (c) a relation lying 
between these two, to be found in materials having low 
insulation resistance, e. g., celluloid. 

On the other hand, Wagner has examined the varia- 
tion of the power factor with frequency over a wide 
range, and finds that the maximum value of the phase 
difference may occur for different substances in the 
range of 4 to 1000 cycles per second, and higher. This 
means that within the commercial range and far be- 
yond, the phase difference may either increase or 
decrease with the frequency. This is probably the 
chief cause of the general confusion to be found in 
attempting to coordinate the results of different 
observers, and the reason why no simple empirical law 
has appeared expressing the influence of frequency on 
dielectric loss. Wagner has studied the combined in- 
fluence of temperature and frequency on the phase 
difference, and finds that temperature variation pro- 
vides a very convenient means for bringing out the 
comparatively slow frequency change. Using this 
method he has reported some remarkable experimental 
checks with the theoretical expressions already given. 
It will be seen, therefore, that a general simple relation 
between loss and frequency is not to be expected, and 
observations at different frequencies can only be 
interpreted through knowledge of other properties such 
as phase difference, temperature and moisture content. 

Loss-Temperature. The influence of temperature on 
dielectric loss is very great, the loss rapidly increasing 
with the temperature. But here, too, it doesnot appear 
possible to expect a definite law owing to the indirect 
influence of temperature on other properties. For 
solids in which the temperature has no marked effect 
on the structure, e. g., glass, the losses are apparently 
proportional to some power (from 3rd to 4th) of the 
absolute temperature, and leakage is still negligible. 
Substances about to melt but still pasty show large 
increase ‘in loss due to absorption but not that due to 
leakage. Passing into the liquid state the losses due 
to absorption are transformed into those due to con- 
ductance. These facts are very significant in their sug- 
gestion that the influence of temperature is chiefly that 
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of increasing the mobility of electric charges or ions in 
the dielectrics; first in limited paths, and afterwards in 
the liquid state in paths quite unrestricted. This view 
is still further borne out by the behavior of impreg- 
nated paper, which does not pass over into the conduct- 
ing state when the compound is liquified, the paper 
acting as a barrier to the passage of the ions. 

The only considerable attempt to account for the 
influence of temperature from a theoretical stand- 
point is that of Wagner. He carries it back to its effect 
on the time constant of the material, 7. e., the factor 
multiplying t, the time, in the exponential variation of 
the anomalous charging current. This enables him 
to bring it through into the alternating case, in its effect 
on phase difference, and so on the loss. He reports 
some remarkable general agreements with the results 
of observation, and his work stands out as a striking 
support, in the matter of temperature, of Maxwell’s 
theory. 


VII. SUMMARY AND CONCLUSIONS 


1. Dielectric absorption is a conspicuous but obscure 
and little understood phenomenon. Its general charac- 
ter is well known as shown by the decay, with time, of 
the charging current, residual charge, etc. However, 
exact and definite forms of even the empirical laws are 
still lacking. 

2. Only solids show the complete absorption phe- 
nomena of charge and discharge. Liquids often show 
an apparent absorption in charging but no residual 
phenomena. Nearly all solid dielectrics show some 
absorption. In some substances in a very pure state, 
e. g., sulphur, quartz, paraffin, it is very small, if not 
negligible, in amount. 

3. Large changes in the absorption in solids may be 
caused by extremely small changes in composition. 
Impurities and moisture in very small amounts may 
cause large changes in absorption. 


4. The charging absorption current merges into a 
final steady conduction current. Both are strongly 
increased by increase in temperature, the absorption 
finally disappearing or changing into conduction. 

5. The alternating losses in solid dielectrics are due 
almost entirely to absorption. This is shown by 
theoretical analysis, and confirmed by experiment. 
The losses due to conductivity are usually very small 
compared with those due to absorption, and there is 
no evidence of losses of other types. There is nothing 
to indicate a hysteresis loss of the character pertaining 
to magnetic materials. 

6. Theories of the ultimate nature of the phenom- 
enon of absorption are: (a) That it arises in the mix- 
ture of two or more dielectrics, and depends only on the 
known quantities, conductivity and specific inductive — 
capacity. This is the theory of Maxwell. (b) That 
it is due to anomalous relation between electric dis- 
placement and electric force, the seat of which is within 
the molecule or atom. Pellat, (c) That it may be 
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explained by Lorentz’s theory of electron motion with- 
in the structure of the atom. Décombe. (d) That 
it is due to water in capillaries or interstices in the body 
of the dielectric. 

7. The most satisfactory theory is that of Maxwell 
though it is far from firmly established. The evidence 
is mostly indirect and it still needs quantitative proof. 
Probably its firmest support is found in the extension 
to the alternating case in which it explains a number of 
experimental observations. However, the theories 
of class (b) are susceptible to much the same 
extension. ! 


8. From the standpoints of both theory and practise 
there is great need and fine opportunity for further study 
of the phenomenon of absorption. Thoroughgoing and 
careful efforts to test Maxwell’s theory have been re- 
markably few in number. It should not be difficult to 
plan a comprehensive series of experiments for that 
purpose. Much the same may be said as to the question 
of the presence of electrolytic conduction in dielectrics, 
and its importance as a:factor in explaining absorption. 
Moisture is difficult. to eliminate completely from many 
dielectrics. It influences profoundly the permanent 
conductivity, and probably the absorption. Whether 
or not it is a definite factor in all absorption is a question 
needing, and apparently susceptible of, experimental 
solution. 

On the practical side, speaking generally, absorption 
is a conduction phenomenon, and therefore in all cases 
of varying applied electric force, occasions a current 
component in phase with that force. This means an 
energy loss in the dielectric. The two extremes of 
disadvantage of the presence of this loss are the danger 
it occasions to the life of high voltage insulation, and 
the attenuation and damping it causes in ‘the high fre- 
quency-impulses and signals of wire and cable communi- 
cation of telegraphy and telephony. In both cases the 
situation is aggravated by the fact that composite 
insulation is used in nearly all such cases, and such 
insulation always possesses high absorption. It is 
remarkable that so little attention has been given the 
property of dielectric absorption, in the efforts which 
have been made to improve the qualities of commer- 
cial insulation. Studies in this direction are certain 
to produce new knowledge leading to improvements 
and economies. 
problem is the development of a convenient method for 
measuring absorption. And beyond this the mere 
suggestion of such questions as the absorption of the 
various component materials entering into composite 
insulation, as dependent on their methods of prepara- 
tion, and particularly the value of the absorption of the 
_ final product, as dependent on the values for the con- 

stituent parts, indicate without further example the 


wide field of study apparently still untouched in our 


efforts to control the most vulnerable and troublesome 
of all the materials used by the electrical engineer. 
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Theory of Absorption in Solid Dielectrics 


VLADIMIR- KARAPETOFF" 


Fellow, A. I. E. E. 


Synopsis.— Most solid dielectrics are imperfect in the sense that 
when a constant d-c. voltage ts suddenly applied, a displacement of 
electricity first takes place almost instantly to a certain value, and 
then continues to increase asymptotically towards an ultimate 
magnitude. Accordingly, an initial electric charge and a greater 
final charge may be distinguished, with the corresponding values 
of initial and final permittivities. The purpose of the present 
investigation ts to establish certain general properties of the function 
which expresses the increase in the initial electric displacement with 
the time. The initial and the final leakage conductivities of the 
material are also taken into consideration. 

An assumption is made that the law of relaxation of electric dis- 
placement in the individual particles of the dielectric is a simple 
exponential function of time, but that the exponent varies from 
particle to particle. In some “non-viscous’” particles the final 
displacement takes place instantly, in some others it occurs in- 
finitely slowly, while for a great majority of the particles the relaxation 
proceeds at various finite rates. A “distribution function” for the 
numbers of different particles is introduced and the general condi- 
tions which this function must satisfy are established. 

The results are then applied to a particular form of distribution 


HEN a constant continuous voltage is suddenly 

applied to an imperfect solid dielectric, a phenom- 

enon, shown in Fig. 1, takes place. Let the piece 
of dielectric be in the form of a slab of thickness a and 
let the applied voltage be H. Then the voltage gradient 
in the material is 


G = E/a (1) 


By assumption, this gradient remains constant, as 
shown by a horizontal line in Fig. 1. Let the cross- 
section of the slab in the plane normal to the lines of 
force be A, and let the total quantity of electricity 
displaced through the slab be Q. Then the density of 
displacement, or the dielectric flux density, is 


D=Q/A (2) 
Experiment shows that D does not reach its final value 
D,; at once, but continues to increase from an initial 
value D, = Oa to D, = Ob over an appreciable inter- 


val of time. Accordingly, a charging current is 
produced, 


i = dQ/dt (3) 
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function which has a large enough number of parameters for 
representing experimental data on a given dielectric with sufficient 
accuracy. Integrations are carried out for the cases of direct 
and sinusoidal applied voltages. With direct voltage, expressions 
are deduced for the permittivity and conductivity as functions of 
time. Since experimental curves of these two quantities can be 
obtained, a comparison with the theoretical formulas will permit a 
determination of the numerical values of the parameters an the 
assumed distribution function. With alternating voliages, the 
apparent permittivity and the apparent conductivity are expressed as 
functions of the frequency. Since experimental values of these 
quantities may be computed from measurements of capacitance and 
dielectric loss, another possibility is thus afforded for checking an 
assumed distribution function. 

The ultimate aim of the theory (as now developed and as.may be 
improved in the future) 1s to make it possible to correlate and 
to mutually check a vast amount of experimental data on absorption 
and on dielectric loss, and to enable one to predict these quantities 
within the range of voltages and frequencies for which no test figures 
are available. 


* * * * * 


which continues to flow into the dielectric. Since D 
refers to unit cross-section of the slab, we shall also 
introduce the current density 
u=aD/dt (4) 
instead of the total current 7. Att = 0, the density wu 
is equal to zero; then it rapidly rises toa value O c deter- 
mined by Eq. (4), and begins to decrease. We are not 
interested in the part O d of the curve, since it is deter- 
mined by the inductance of the circuit, and we shall 
assume that point d is reached practically at ¢ = 0. 
If the applied voltage is of very high frequency instead 
of being continuous, the inductance of the circuit, in- 
cluding the magnetic field in the dielectric itself, may 
become a factor of appreciable magnitude. If the 
conductivity of the dielectric is zero, the current finally 
becomes equal to zero. Otherwise, the current density 
asymptotically reaches a steady small value, u; = hf: 
The above described phenomenon is known as dielec- 
tric absorption, and is present to some degree in most 
solid dielectrics, especially in those whose molecular 
structure is non-homogeneous or complicated. Absorp- 
tion affects both the charge and the discharge of a 
condenser, causes the true capacitance to be a somewhat 


indefinite quantity and, with alternating voltages, 
causes dielectric loss. 
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A study of absorption is of interest not only from the 
point of view of the nature of dielectric phenomena, but 
also in application to charge and discharge of condensers 
and to dielectric loss. 

In view of our meager knowledge of the atomic struc- 
ture and electronic forces in solids, the time for a ra- 
tional theory of dielectric absorption has not arrived. 
It is therefore necessary to establish a semi-empirical 
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Fig. 
When a constant d-c. voltage is applied suddenly 


theory, with functions chosen by trial to represent the 
general character of the curves shown in Fig. 1 and with 
constants determined by tests. Nevertheless, such a 
theory is useful in permitting us to interpret some 
observed phenomena and to predict numerical values 
not actually measured. The theory given below is a 
further extension of that given by K. W. Wagner.2 A 
somewhat different approach to the problem, based on 
the idea of ‘stratified’ dielectrics, was given by 
Maxwell? and _ recently further developed by 
Griinewald.* 

The character of the curves shown in Fig. 1 suggests 
the presence of three kinds of paths or “fibers” between 
the electrodes (Fig. 2); namely, (a) portions of a perfect 
dielectric, in which an electric displacement faithfully 


“Wig 


WZ 
Ya/ 


2__Taurer AssumMED KInps oF FIBERS OR PARTICLES IN AN 
IMPERFECT DIELECTRIC 


Viz., a. perfectly elastic, b. viscously elastic, c. conducting 


! 


Fig. 


and instantly follows the applied voltage; (b) portions 


of an imperfect dielectric in which the final orientation 
of molecular charges requires some time and is opposed . 


by some kind of viscous reactions; and (c) conducting 
paths. Of course, all these portions are of irregular 
shapes and intermingled in series and in parallel, the 


2. Annalen der Physik, 1913, Vol. 40, p. 817. Wagner’s 
work is based on earlier investigations by Pellat, von Schweidler, 
etc., references to whose writings will be found in his article. 

3. Electricity and Magnetism, Vol. 1, p. 452. 

4. Archiv far Elektrotechnik, 1923, Vol. 12, p. 96. 
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three distinct fibers being shown merely for the sake of 
convenience. Such a dielectric would behave as indi- 
cated in Fig. 1. 

A mechanical analog to the behavior of an imperfect 
dielectric is shown in Fig. 8. A B is a stationary plate 
and C D is an identical plate connected to it by two 
springs, S,; and S». A vessel V, filled with viscous 
liquid, is attached to A B. A plate q, supported by the 
spring C, is immersed in the liquid. Two weights, G; 
and G», rest on supports h; and ho, and are attached to 
C D by strings over the stationary pulleys P; and P». 
The lower ends of the springs S, and S, are attached to 
the stems K, and K, fitted into the board A B with 
eonsiderable friction. 

Assume the apparatus to be initially in equilibrium 
with no tension in the springs and with the weights 
resting on their supports. Now let h: and hy be sud- 
denly withdrawn, causing the weights to pull C D up- 


ie 


3—A MecuanicaL ANALOG OF AN 
DIELECTRIC 


Fig. IMPERFECT SOLID 


ward and to stretch the springs S;, S,andC. Consider 
the stems K, and K, to be so tight as not to move, and | 
assume the motion of qg to be negligible at first, due to 
the viscosity of the liquid. The tension is then initi- 
ally taken up by the three springs. As the pull con- 
tinues, the plate gy moves upward, relieving the tension 
of C so that ultimately the whole tension is taken up by 
S, and S, only. This subsequent increase in the ten- 
sion and displacement of the springs S; and Sz illus- 
trates the effect of absorption. Let now the supports 
K. and K, be slightly yielding. Then the motion of 
C D will never stop, thus giving a picture of a conduc- 
tion current. 

If the stress be suddenly changed before the final 
stage has been reached, the additional stress put on C 
depends upon the position of the plate g. Thus, the 
amount of absorption depends upon the previous his- 
tory of the sample. 

If the weights be suddenly removed (corresponding to 
a short-circuit), there will be an instant position of 
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equilibrium at which the tension of the springs S, and 
S, will balance the compression of the spring C. Then, 
gradually, the bar C D will go down to a final position 
of equilibrium. If, however, the short circuit be re- 
moved before the final position has been reached, and 
the bar C D locked (to correspond to an open circuit) 
a readjustment of stresses will take place, with a residual 
charge. Thus, later, upon releasing C D, another move- 
ment will take place without an application of the 
weights. 

The influence of temperature can be taken into 
account by changing the viscosity of the liquid in V; for 
instance, by heating it. 

Of course, this analog cannot be followed in detail, 
but it may facilitate an understanding of the general 
nature of phenomena taking place in an imperfect 
dielectric. The writer has also designed a kinematic 
linkage with a spring and a dashpot, to illustrate the 
ideas discussed in the above mentioned article by 
Grinewald. See also Maxwell’s model;-7bid., Dp. 
462. 


2. THE FUNDAMENTAL HQUATIONS 


The phenomenon shown in Fig. 1 is primarily deter- 
mined by the ratio of Dy to D; and by the shape of the 
curve an. Let the final displacement be 1 + k times 
the original displacement. Then, in Fig.1,a6 = k Dy, 
and the absorption coefficient k may be defined by the 
equation 

k= (Dy —'Do)/Do (5) 
For a perfect dielectric, k = 0; the greater k, the more 
absorption manifested by the material. 

Assume a b = 1 and let the equation of the curve a n, 
referred to the axis bm, be ¢ (t). The function @ (t) 
may be called the relaxation function, as it characterizes 
the rate at which the absorbed charge is being released 
with the time. Let Kk» be the initial permittivity of the 
material; that is, the permittivity that would be ob- 
tained from a ballistic test at the first instant of voltage 


application. In other words, let 

De eek: (6) 
and 

D, = (1 +k) mG (7) 


At any instant, t, the deficiency D’ = ws between the 
final displacement D, and the actual displacement Dis 
D' =kDod (t) =k xo. Go (8) 
Hence 
D=D,—D’'=nG{(i+tk)—ko@] 
According to Eq. (4), 
uw =—kKGdd¢ (t)/dt (10) 
In these equations, the function ¢ (¢) is as yet arbitrary, 
except that it must correspond to a curve the general 
shape of which is that of the curve an, and must 
satisfy the terminal conditions _ 
@ (0) =1land¢(~) =0 (11) 
The factor k may be expressed through the final 


(9) 
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permittivity of the material, «;, as follows: After the 
sample has been subjected to a constant d-c. voltage 
for a long time, we have, by analogy with Equation (6): 
D; = «G (12) 
so that 
CDi Do) /Do = (Ky — Ko) /Ko (13) 
Comparing this expression with equation (5), it will 
be seen that 


k = (14) 


(Ks — Ko)/Ko 
and 
Koi (14a) 
where A x is the apparent increase in the permittivity, 
due to absorption. 
The next step is to generalize Equations (9) and (10) 
for the case when the applied voltage is not constant 
but varies with the time in a prescribed manner. 


INTE == ip — TS 


Fic. 4—-VARIATIONS IN THE DieLectRic FLUX DENSITY 


When a constant d-c. voltage is applied in two steps 


Let us begin with the simplest case when a constant 
stress G, (Fig. 4) is applied from ¢ = 0 tot = 7, and 
is then increased by an amount G.. ‘Tne new stress, 
G; + Gs, may be assumed to last indefinitely. The 
flux density curve, aw, is similar to that in Fig. 1 as 
long asG,is acting alone. At the instant of application 
of G, the flux density is suddenly increased by an 
amount ww’ and then continues to increase asym- 
ptotically towards a new limit b’ m’. 

It is impossible to deduce, theoretically, the relation- 
ship between the displacement p w, existing at the 
instant r and the resultant displacement p w’ an instant 


| later, due to a suddenly increased voltage. We shall 


therefore make the simplest assumption; namely, that 
the added voltage G. produces its own displacement 
curve, just as if G, did not exist, and that the displace- 
ments due to G, and G: are simply added together. 
According to this principle of superposition (due to 
Hopkinson), the curve a w continues in the range w q 
as if G. did not exist, while the stress G. causes a new 
curve, dz Ws, the initial ordinate of which is Doo = ko Go, 


KS 
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and the final value is D., = (1 + k) kyo Go; Equations 
(6) and (7). The ordinates of the curve a2 w. added to 
those of w q will give the curve of resultant displace- 
ment, w’q’. This is a mathematical hypothesis, 
justified only by the possibility of deducing on this 
basis a set of formulas which can be made to fit observed 
curves to a sufficient degree of accuracy. From a 
physical point of view, we know that the a fibers 
(Fig. 2) satisfy the law of superposition because, in a 
perfect condenser, the charge is strictly proportional 
to the voltage. The c¢ fibers also satisfy the law of 
superposition in that a current is proportional to the 
applied voltage. Therefore, it is only necessary to 
grant that the viscous or 6 fibers also obey this law. 
In a viscous fluid, at low velocities, the velocity is 
proportional to the applied force, so that the super- 
position hypothesis seems reasonable for these fibers 
as well. 
Thus, for any instant t > 7, we may write 
De Ko (1 + k) (Gi + G2) 
— wk [Gi¢ @) +G.¢ ¢— 7) (15) 
Let now the total stress G,, which exists at the instant 
t, be gradually built up in small increments A G;, each 
of which is applied at a different instant 7. Generaliz- 
ing Equation (15), we get 


D=kA1+k)G:-—AkxkZAG-¢(t- 7 (16) 
where 

Da TIN Gr = G; (17) 

and A x is used in place of k,k, according to equation 


(14a ), 
In the limit, let the applied voltage vary continu- 
ously; then, Equation (16) becomes 


t 


d Gr 
D = «(+k G— ax f ( wD: 
to 


)ou-nar 


(18) 
where ft, is the instant at which the voltage is first 
applied to the sample. In changing from Equation 
(16) to Equation (18), AG, is divided and multiplied 
by A 7, and, in the limit, A is replaced by d. 

In Equation (18), @ is an assumed function, while 
G; is the impressed stress. It is more convenient to 
have a derivative of ¢ than of G;. Integrating in 
Nou we get 
fi d Gr 

ee 


to 


)ou-ndr=G-90-7) | 


Elen eens (19) 


But 
Gr ob (t— r)| BC b (oh — Gio b (t — to) 


According to "Equation (11), “ (0) = 1; moreover, 
G, = 0, since, by assumption, fy is the instant at which 
the voltage begins to be applied. Hence, the value 
of the right-hand side of Equation (20) is simply G;,. 


(20) 
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Using this value in Equation (19) and substituting the 
value of the integral in Equation (18), gives 
t 
D=xG,+ Ak Sf Grd; ¢(t— 7) (21) 
to 


Using this expression for D in Equation (4), we get the 
following expression for the current density: 


aw = ( a Jtac ell ae la- 
+anef-S5=? |, 2, (22) 


When taking a total derivative of the definite integral in 
Equation (21), with respect to ¢, two terms are obtained; 
viz., one assuming ¢ to be a parameter under the sign of 
integral, and the other assuming tto be a variable upper 
limit. Equations (21) and (22) are the fundamental equa- 
tions in the theory under consideration. In so far as 
no particular form has been ascribed to the function @, 
these equations are perfectly general. The next step 
is to specify the function @ in accordance with the 
observed behavior of solid dielectrics. 


3. AN EXPONENTIAL LAW OF RELAXATION 
In Fig. 1, the simplest assumption which can be made 
regarding the shape of the curve, an, is that the ‘‘defi- 
ciency” w s is an exponential function of time; that is 


o (t) = (23) 
where a is a relaxation factor which characterizes the 
sample under consideration. Equation (23) proposed 
by Pellat*®, satisfactorily represents the general shape of 
the curve an and also satisfies Equation (11). On 
the other hand, substances which show considerable 
absorption are usually too complicated to be character- 
ized by a single parameter a. Therefore, von Schweid- 
ler proposed a generalization of the foregoing formula to 

ot) = (SN eM SN (24) 

Here the material is supposed to be heterogeneous and 

to consist of N, particles of constant a,, N» particles 
of constant ao, ete. 

Wagner has further extended this idea and proposed 

for the relaxation LEH an expression of the form 


CAD F (a)e“da (25) 


the integration Kane with respect to a, and not ¢. 
His idea was that a piece of heterogeneous dielectric 
may have some particles with a relaxation constant 
a = 0 (perfect dielectric, no relaxation) and others with 
a= o (conducting particles, instant relaxation). 
For most particles, a lies between zero and infinity, 
and the number of particles which have a definite value 
of a isafunctionof a. In other words, fora fairly uni- 
form material, a ranges within rather narrow limits fora 
great majority of particles, and there are comparatively 
few particles with very large or small values of a, due to 
admixtures and impurities. A specific form of F (a) 

5. For literature references see the above mentioned article 
by Wagner. 
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will be considered in the next section. We shall first 
deduce some general expressions which hold true for 
any function of a. The function F (a) may be called 
the distribution function, because it shows the relative 
number of particles having different values of a. 

From the physical significance of F (a), we judge that 
this function remains finite between a = Oanda = ~. 
Therefore the second Equation (11) is. satisfied. In 
order that the first Equation (11) be satisfied, the func- 
tion F (a) must satisfy the condition 


(ad ied (26) 


We shall now apply expression (25) to equations 
(21) and (22) and deduce some special cases. 
General Case of Variable Voltage. 


Equation (25) gives 

@(t—T) = f (Gree ao (27) 

so that : 
d;>@(t— 7) = SfaF (a)e*’dadr (28) 

and ; 
[d? @ (t— 7) /didt]dr = — S&F (ett dadt 
| ; (29) 
Substituting expression (28) in Equation (21), gives 
D=KnGt+A cS GrdT f a F (a) e**? da (30) 


The integration with respect to time is independent 
of that with respect to a. Changing, therefore, the 
order of integration, the foregoing equation becomes 


[co] t 
Desi Cpe afk (aye SG, end 1] ae 
o to 


(31) 

Substituting expressions (28) and (29) in Equation 
(22), gives 

dG; 

dt 


t (o's) 
u = Ko STACK pus of F (@) ee ad oe, 
to 60 


$AKG: SaF (a)da (32) 


Equation (32) may also be deduced directly from Equa- 
tion (31) by differentiation; see Equation (4). 

Continuous Constant Voltage. In this case, 
G, = Gr = G; assume also t) = 0. We then have for 
the second integral in Equation (31) 


t ‘ t G 
JS GeMdr=GSfe"dr= (——) (eM — 1) (33) 
Therefore, the first integral in Equation (31) becomes 
GFiaye*("—)dea 


-GSF(ada-GSF(ae%da (34) 


According to Equation (26), the value of the first 
integral on the right hand side is 1. Substituting from 
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Equation (34) in Equation (31) and dividing by G, gives 


rel eee 
Here x, may be considered to be the apparent per- 
mittivity of the sample at the instant t. When t = 0, 
K,; = Ko; When t = ©, Kr = Ko + AK = Ky. 

The current density wu may be obtained directly by 
differentiating the right-hand side of Equation (35) with 
respect to t, and multiplying the result by G. We 
then get 


(ko + Ak) — AK SF (a) 7“ da (35) 


ue CG pare ad (36) 


Let y be the final conductivity of the sample, that 
is, the conductivity of the fibers c in Fig. 2. Then the 
apparent conductivity at the instant ¢ is 

U 
iter ane (37) 
The first term on the right-hand side corresponds to the 
displacement current and the second to the real con- 


duction current. Substituting in Equation (37) the 
value of wu from Equation (36), gives 


vy, = Ak f aF (a) eMdat Vr 


(38) 
The initial fonductivitg: att = U;ds 
vo = Ak faFk(adaty (39) 
Thus the function F’ i must satisfy the condition 
fo KF Gad es eee (40) 


where the four quantities on the right-hand side charac- 
terize the material. 

Alternating Voltage. For a sinusoidal applied volt- 
age we can generally put ; 


Gevenigeee (41) 
More particularly, at the instant ¢, 

G, =Gn (41a) 
where G,, is the amplitude of the stress and w its fre- 
quency. It is convenient to putt) =— © because then 


the transient term disappears. 
in Equation (31) becomes 


The second integral 


Ge Foto 
(j wo + @) 


so that, using in Equation (31) the value of G, from 
Equation (41a), we get 


t 
Gos) eed a (42) 


, ? aF (a) : 
D = Gn Jot PEE Sao 
Gin € Lwtar, Bo | (43) 


Multiplying the numerator and the denominator of 
this equation by (a — j w), and separating the real from 
the imaginary part, we get 
7 oF (ada 

(a? + *) 
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? aF 
Qa ee (44) 


(a? + a) 


The sample under consideration may be thought of 
as a combination of an ideal capacitance, C, in parallel 
with a conductance, g. The latter is not the con- 
ductance due to leakage, but the apparent conductance 
caused by absorption. For such a combination, the 
current 


—JwdAk 
oO 


I =H &“ (fj wC +49) (45) 
Consequently, the charge varies according to the law 
19 ) 

w 
because a derivative of Equation (46) with respect to ¢ 
gives Equation (45). Equation (44) corresponds 
to Equation (46) for unit volume of the dielectric. 


Therefore, comparing the two equations term by term, 
we find that 


Sapwallte (46) 


é &F (alda 
ee Kot Ax Gieun. (47) 
r ak (ada 
Yo = AK @2 Wes than Yr (48) 


In the latter expression, the term vy; is added to 
account for the actual leakage conductivity (fibers c 
in Fig. 2). Thus, with alternating voltages, a dielectric 
with absorption shows a permittivity anda conductivity 
both of which are functions of the frequency. Equa- 
tions (47) and (48) show that the relationship between 
Key Ya, and w is quite involved. Nevertheless, it 
is this relationship that should permit to compare the 
theory with observed results. 

Differentiating Equation (44), or directly on the basis 
of Equation (45), we may write for the current density w: 

u= G ad (7 W Ky + Va) (49) 
where x, and y,, are determined by Equations (47) 
and (48). : 

In Equation (47), ko, by definition, is the initial or 
instant permittivity; therefore, it is the permittivity 
which the dielectric should show at an infinite frequency. 
In fact, by putting w = «, Equation (47) gives 

Ko = Keo (50) 

At zero frequency, that is, when w = 0, Equation 

(47) gives 
Kw=o = Ki A Kk = Ke (51) 
which also agrees with the assumptions made above. 

The variable term in Equation (48) becomes equal to 
zero both at w = 0 and at w = ~. This agrees with 
the physical conception of this term, as giving the 
apparent time effect of absorption. The power loss 
per unit volume is G.;2 y,. Subtracting from this the 
true conduction loss G,,;;? y;, gives the dielectric loss 
_ per unit volume at frequency w: 
| Poy = Ges? (Yo — 1) 


(52) 
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Thus, the observed power loss corrected for true 
conduction and plotted against w as abscissas gives 
some information in regard to the shape of the function 
F (a). 

For the circuit represented by Equation (45), we have 


g 
tan vAa= eG. (53) 
where the loss or imperfection angle w is complementary 


to the phase angle between the voltage and the current. 
Knowing y, the value of sin y can be found, and this 


value is the power factor of the condenser. Applying 
Equation (53) to our case, we have 
tan Yo = Ya/(@ Ke) (54) 


where x, and y,, are determined by Equations (47) 
and (48). Knowing y,,, we find, 


Power factor = Sin y,, (55) 


Dielectric loss increases considerably with tempera- 
ture’. In the present investigation, the temperature 
of the sample is assumed to be the same throughout its 
thickness and, in checking experimental data with 
theoretical formulas, it is of importance to see that this 
condition has been at least approximately fulfilled dur- 
ing the tests. 


Transient Voltages. The theory developed above for 
an established direct voltage may be extended to in- 
clude a short d-c. impulse, or a combination of such 
impulses, by using the principle of superposition. 
For example, if a voltage EH is applied at the instant ¢, 
and removed at the instant t., the conditions are the 
same as if the voltage # were continued from ¢ = ¢t, to 
t = »~ anda voltage — EH’ applied fromt = t2 tot = o~. 
It is also possible that the Heavisidian operational cal- 
culus may be applied to the solution of this problem. 

If the applied transient voltage is of the nature of a 
decremental sine wave, Equation (41) may be used for 
G;, in which w is a complex quantity. The lower 
limit of 7 is no longer — o and Equation (42) has to be 
integrated anew. Of course, Equations (31) and (32) 
can be used directly for any transient voltage provided 
that G; is given as a function of rT. 


4, A DISTRIBUTION FUNCTION F (a) AND THE 
CONDITIONS WHICH ITS PARAMETERS MUST SATISFY 


A reasonable shape of the function F' (a) for a fairly 
homogeneous dielectric is shown in Fig. 5. A large 
number of particles have values of a within the range 
near the maximum of the curve. There are fewer and 
fewer particles as one chooses values of a more remote 
from this range. The curve passes through the origin 
and may or may not be tangent to the axis of abscissas 
there; it should approach the axis of abscissas 
asymptotically at infinity. Probably several analytical 

6. See, for example, L. Dreyfus, Mathematische Theorien 


fur den Durchschlag fester Isoliermaterialien; Schweiz. Elektrot. 
Verein, Bulletin, 1924, Vol. 15, p. 321. 
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functions would give a curve of this shape, and the 
selection of a particular function, in so far as there are 
no more valid theoretical grounds, is mainly deter- 
mined by the following considerations: 

a. General simplicity. 

b. Ease in the integration of various expressions 
such as Equations (38), (47), etc. 

c. A sufficient number of parameters to fit the 
observed behavior of a given dielectric. 

As a fundamental! empirical expression, we shall take 

FCGe) = 1. eet PaaS (56) 

where H, m, and ”, are constants independent of a. 
These constants are different for different materials 
and, for a given material, are functions of temperature. 

The physical dimension of ¢ (t) is a numeric; see its 
definition, Equation (8). According to Equation (52), 
the physical dimension of a is (time), because the 
product at must be a numeric. Consequently, the 
physical dimension of F (ax) must be “time,” because 
the product F (a) d a must bea numeric. In Equation 
(56), n a must be a numeric, hence the dimension of 
n is “time.” The exponent m is a numeric, and the 
dimension of H is (time)”. It will be seen later that 
H is eliminated from the final computations. 


F @) 


0 Oo 


Fig. 5—Tur GENERAL CHARACTER OF THE DISTRIBUTION 


Funcrion F (a) 


Taking a derivative of F (a) with respect to a, we get 
dF (a)/da = H a® 7? e-" (m—1—na) (57) 

With the aid of Equations (56) and (57), the limiting 
values of m and n may be determined as follows: 

(a) As a approaches zero, e-"* approaches unity for 
any finite value of n. Hence, a” should approach 
zero in order that the curve pass through the origin. 
This gives the first limiting condition, namely, m > 1. 
But for values of m less than 2, Equation (57) gives infi- 
nite values of the slope, showing that the curve is 
tangent to the axis of ordinates. This does not agree 
with the assumed character of the phenomenon. At 
m = 2, the value of the right-hand side of Equation 
(57) isi. 

This may be accepted (at least provisionally) as a 
possible value, so that 


m= 2 (58) 

(b) At infinity, the term w”’ tends to an infinitely 
great value, while «~"* tends to zero, provided that n is 
positive. Moreover, since an exponential expression 
«“ tends to infinity at a higher rate than any positive 
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power of a, the ratio a” ~*/é"* approaches zero when 
= sO, 


Equation (57) gives a zero slope at a = o. Thus, 
the second limiting condition is 
n>O0 (59) 


(c) The last factor in Expression (57) becomes zero 

when 
Oe nln (60) 

At this value of a, the function F (a) reaches its maxi- 
mum. Equation (60) may have some bearing upon the 
selection of values of m and n, or upon the interpreta- 
tion of experimentally obtained values. 

(d) Substituting expression (56) in Equation (26) 
and integrating, we get’ 


Hf ot e"*da =H (m)/n™=1 (61) 


from which 
HT (m) =n" (62) 
where [ stands for the so-called Gamma Function’. 
Thus, the quantities H, m, n, are not entirely inde- 
pendent of one another, but must satisfy equation (62). 
(e) Substituting expression (56) in Equation (40) 
and integrating gives 


Hf oe" da = Bn Wye 


= (Yo — Yr)/(ks — Ko) = A y/A Kk 
(63) 
from which 
He (m +1) =2"* (yo— Ys)/(Kr — Ko) 
sen teky / (64) 


This condition imposes another limitation upon the 
choice of the quantities H,m, and n. There is an 
additional connection between Equations (62) and | 
(64) because 

r(m+1) =m (m)* (65) 
Dividing Equation( 64) by Equation ( 62), and using 
expression (65), we get 


(Yor Ys)/(Ks — Ko) = AY/AK (66) 

The function (56) is different from that chosen by 
Wagner. He used the so-called probability function 
for the distribution of values of relaxation time”. 
There is no valid theoretical reason for selecting this 
function in preference to any other, even for a chem- 
ically simple and strictly homogeneous material. With 


m/n = 


actual substances, of complicated molecular structure 


and with impurities, such a function is totally inade- 
quate, since it has not a sufficient number of param- 
eters to fit experimental curves. Therefore, Wagner 


7. B.O. Peirce, Short Table of Integrals, formula 493. 
8. For properties and tables of numerical values of Gamma 
Function see an advanced treatise on the Integral Calculus, for 
example B. Williamson’s. 
9. Equation (65) may be extended as follows: 
T (m +1) = m(m — 1) T (m -1) 
= m(m —1)(m—2) T (m — 2) = ete. 


(65a) 
10. Loe. cit. p. 831. 
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had to form a function consisting of a sum of a “finite 
number” of probability functions of different param- 
eters, each giving a different most probable value of 
the relaxation time. However, if one has to resort 
to such a summation, then any other function of reagon- 
able shape, such as Equation (56), will do just as well. 

The probability function leads to quite complicated 
integrations, and Equation (56) offers considerable 
advantages in this respect, although two of the inte- 
grals also lead to infinite series when m is not an integer. 
In any event, it seems advisable to carry the theory 
through on the basis of Equation (56), for such practical 
applications and interpretations of tests as it may lead 
es 


5. Four INTEGRALS CONTAINING F(a) 


In order to apply Equation (56) to the general theory 
given in Section 3 above, it is necessary to evaluate 
the following four integrals: 


dive ye F (a) da (67) 
ne SoF (a) da (68) 
V= Sor (a) da/(a? + w?) (69) 
W = S oP (a) da/(o2 + w*) (70) 


These integrals enter in the following equations: 
(35), (36), (38), (44), (47), and (48); indirectly, they 
enter in some other expressions derived from these. 
Substituting the value of F (a) from Equation (56) 
in Equation (67) and using formula 493 in Peirce’s 
Table, we get: 


MT ay og aS ron (n + t)” (71) 


Similarly, 


B/H =T (m+1)/m+ 6"?! (72) 
The V integral becomes 

V/H = fae eda/(a + w?) (73) 
Put m=pt+q (74) 


where p is the nearest smaller even integer and q is a 
regular or irregular positive fraction smaller than 2. 
For example, if m = 5.72, then p = 4 and q = 1.72. 
By long division, we obtain: 

ai™ /(02 + w?) = a®™—? — a? a™—* + wt a” ~§ — ete. 

+ w? al F w? a! /(a® + w?) (75) 
Therefore, Equation (73) becomes 

V/H = T (m— 1)/n""!— wT (m— 8)/n™-3 

+ ot T (m— 5)/n”™~> — ete. & w? 7? T (gq +:1)/n2*? 
. F— w? R (gq, n, &) (76) 
where the function ‘ 


zs ; 
R (q,n, 0) = fate" d a/(a? + w) 
(+) 
Factoring out the first term on the right-hand side of 
Equation (76) and keeping in mind the general relation- 
ship (65a), we get — 


(77) 


~ 
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V/A = [T (m— 1)/n™-] [1 — 6?/{(m — 1) (m — 2)} 
+ 6/{(m — 1) (m— 2) (m— 8) (m— 4) } — ete. 


SPS m= 1)... @ +2) wR, 2, @) 


(78) 
where, for the sake of abbreviation, the product wn 
is denoted by 6, so that 


G=wn (79) 
By analogy, from Equations (70) and (79), 
W/H = [T (m)/n™] [1 — 62/{m (m — 1)} 
+64 /{m (m — 1) (m — 2) (m — 8)} — ete. 
+b Ge awe Gg) ec) ble w?! R (qi, n, w) (80) 


where RF (q', n, w) is again expressed by Equation (2.7); 
but for another value of g. In Equation (80) we put 
m+1=p'+q! (81) 


where p! is the nearest smaller even integer to m + ik 
q' is the remainder. Let for example m = 8.2. Then 


p =8. 94 =10;2 

p reeS totale? 
On the other hand, let m = 9.2. Then 

p-=8 “¢' = 1.2 


Op =10'*-g'! = 0:2 
Thus, p! is either equal to p or is greater than p by 2. 
The remainder, q', may be either greater or smaller than 
qby 1. 

For a complete evaluation of the functions V and W, 
it is necessary to derive an expression for the function 
F (q n, w) given by the integral in Equation (77). 
A solution in finite form can be obtained only when 
m is an integer, and this case will be considered 
separately. 


Case I, m is an integer. When m is an integer, g 


can have only one of the two values, 0 or1. Therefore, 
for m even 

RG, % @) = Sf en d a/(a? + w?) (82) 
and for m odd ; 

Ro (Gg, 1, @) = Soa e"* d a/(a® + w?) (83) 


Integrated, this gives" 
1 
RG 2.Ole= Er [sin 0C'2 0 


+ cos 0 (0.5a— S72 6)] (84) 
Ry (gq, n, w) = — cos 0C1 0 +sin 6 (0.5 r— Si 8) 
(85) 
where 6 = n w according to Equation (79), and the - 
symbols S72 and C7 stand for the functions known as’ 
the integral sine and integral cosine respectively. In 
numerical applications, R, (q,”, w) and Rp (q, n, w) 
may be computed in one of the following three ways: 
(a) By using Glaisher’s tables of S70 and Ci 6” 


11. Bierens de Haan, Noubelles Tables d’ Intégrales Définies, 
Leyden, 1867, p. 133, formulas (7) and (8). 

12. Royal Society of London, Philosoph. Trans. 1870, Vol. 
160; p. 367. 
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(b) By using Steinmetz’ tables'* for col 6 and sil 9, 
where 
eol 9 = 0.5" — S20 (86) 
sil @ =—Ci0 (87) 
Equations (84) and (85) then become 
a), 
R. (q, 2, &) ee (—sin 6 sil @ + cos 6 col @) (88) 
Ry (q, n, w) = cos 8 sil 9 + sin 6 col 0 (89) 
(Cualt the foregoing expressions for fh. (q, n, w) and 


Ry (q, , &) are to be used to any considerable extent, 
it may save time to prepare tables or curves of w Re 
(q, n, w) and Ro @, %, w), within the desired range of 
values of 0 = n &. 

Case II, m is not an integer. Equation (77) can be 
integrated only in the form of an infinite series. The 
details of transformations are as follows: Let « be an 
auxiliary variable; then we may write the following 
identity: 


Sf @* cos wxda = a/(o? + &) (90) 


This expression may be derived from Equation (420) 
in Peirce’s tables by putting n = 1 and substituting 
the limits. Using Equation (90) in Equation (77), we 
get 


Rig,n, 0) = fate" [fee coswaxdx}da (91) 


Since the integrations with respect to a and with 
respect to x are independent of each other, their order 
may be changed and Equation (91) rewritten in the form 


R(q,n, w) = Sf cosoxlf Mate ald 92) 
But 


fof tet 4d a =P (@/(n + 2) (93) 


See, for example, Peirce, formula (493). Therefore, 
Equation (93) becomes 


a ao) / Tg). = ame wrdx/(n + x)! (94) 


In order to expand the right-hand side of this expression, 
we write the identity 
fseoswx(n+2)%dx = wo sin wt (n + x) 
~ wg cos wa (nm + 2)-2*” . 
Sg? ¢ (g++ 1) f cos w a(n -+- ¢)-2t) dx 
(95) 
The right-hand side of this identity has been derived 
from the left-hand side by integrating the latter in 
parts and again integrating the result in parts. How- 
ever, the truth of Equation (95) can be readily demon- 
strated by a direct differentiation. Substituting the 
limits 0 and ~, this expression becomes: 


oo 
feos wid 2/(n + x)? = wg nat 


—w?¢qtl) cba wadaz/(n+x2)%*” (96) 


13. C. P. Steinmetz, Transient Electric Phenomena, Third 
Edition, Appendix. 
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This means that the integral in Equation (94) which 
contains (n + x) to the power of g may be expressed 
through a similar integral in which (q + 2) enters in 
place of q. This process can be continued indefinitely, 
so that Equation (96) is the basis for expanding the 
right-hand side of Equation (94) into an infinite series. 
Introducing 6 = ” o, according to Equation (79), we 
get 


R (qn, 0) = VG) Wien eas 1) 
(¢ +2)/@+@+1) @t 2) (q+3) (q+ BARE 8 


This formula is useful only if the series happens to be 
fairly rapidly converging for the particular desired 
values of q and 6. 


6. APPLICATIONS OF THE MONOMIAL FUNCTION F' (a) 


The function F' (a), defined by Equation (56), makes 
it possible to express by formulas the apparent permit- 
tivity x, of an imperfect dielectric, Equation (35), and 
its apparent conductivity, y;, Equation (38), as functions 
of time. Should such theoretical-.expressions, with 
properly chosen constants, agree with experimental 
curves for the same material, the next step is to substi- 
tute thefunction F (a), with thesame constants, in Equa- 
tions (47) and (48). Should the observed curves of 
variation of capacitance and dielectric loss agree at 
least approximately with the values derived from these 
formulas, then the monomial form (56) may be said to 
be adequate for that particular material, and may be 
used to predict its behavior in a range beyond experi- 
mental data. However, should there be a contra- 
diction between the computed and measured data with 
alternating voltages, the simple monomial term and the 
three parameters which it contains are insufficient to 
account for the properties of that particular material 
(because of impurities or of complicated molecular 
structure). The next step is to use a binomial empirical 
formula of the form 

F (ay = Hy ott 8 ene A oh ee (98) 
which is an extension of Equation (56). This formula 
contains six parameters, and it would seem that it 
could be made to fit observed curves of widely differing 
shapes, unless the accepted theory is fundamentally 
wrong. 

We shall first consider the possibilities of the simple 
monomial expression (56), on the assumption that there 
are materials for which it is adequate. Substituting 
Equation (56) in Equation (35), and using the result 
(71), we get: 


kK, = (Ko t AK) — HAKT (m)/(n +” (99) 
or, with the aid of Equation (62), 
Kk, = Kp— Ax {n/(m + 6)” (100) 
This expression may also be rewritten in the form 
[n/(m + OI" = (ke — Ki)/AK (101) 


Let experimental data be available from which values 
of (k;— K:)/A k may be computed for various values of 
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t. Then values of m and n may be found by trials 
which satisfy Equation (101) to a fair degree of ac- 
curacy. These values of m and n must also satisfy 
Equation (66). The simplest method may be to choose 
for m an integer, such as m = 2, 3, 4, etc., to find the 
corresponding values of » from Equation (66), and then 
try these values in succession in Equation (101)". 
Even if none of the integers fit the curve, the trials will 
show between which two integers the best value of 
m lies. 

In a similar manner, from Equations (38), (62), (64), 

and (72) we derive 

Vay nyo (102) 
The numerical values of m and n, which have been 
chosen to satisfy Equations (66) and (101), should also 
satisfy Equation (102). In fact, the values should be 
chosen to satisfy as well as possible all the three equa- 
tions. Should this be impossible, this would be an 
indication that the simple form of function F (a) is 
inadequate, and a function of the form given by Equa- 
tion (98) should be tried. 

Assuming that values of m and n have been found to 
satisfy the d-c. curves of conductivity and permit- 
tivity, we substitute Equation (56) in Equation (47), 
using Equation (80). This will give, after simplification 
Ky = Kr — Ax [02/m (m— 1)] [1 — 02/(m — 2) (m— 8) 
+ ete. F 6? ~*/(m— 2) (m= 8)... (q' + 2)] 
=~ Ak 0 n”—! R (q‘)/T (m) 

Similarly, Equation (48) becomes 

Vo = Vs + 0 A x [(6?/n(m — 1)][1— 6?/(m—1) (m— 2) 

+ 64/(m — 1) (m — 2) (m— 3) (m— 4) — ete. + 

6? 7/(m—1)... (q+ 2)) FAK wn! R (q)/T (m) 
(104) 


For values of R see Equations (84), (85), (88), (89), 
and (97). 

In Equations (103) and (104) the sign * should be 
carefully distinguished from +. Thus, in Equation 
(103), if the term 0°'~* comes out with the minus sign, 
the term 6° should also have a minus sign, and vice 
versa. On the other hand, in Equation (104) the terms 
6?-? and 6° should have opposite signs. 

From Equations (103) and (104) the values of k,, 
and y,, may be computed for the frequencies for which 
experimental data on permittivity and dielectric loss 

are available. This permits to determine if the simple 
formula (56) applies to the a-c. dielectric phenomena in 
the material in question. 

The experimental data are supposed to consist of the 
charging current and dielectric loss at various frequen- 
cies. The capacitance of the condenser is then deter- 
mined from the. formula 


(103) 


14. The problem of fitting the coefficients of a. equation to 
agree with given experimental data is a large subject by itself, 
and cannot be treated in this investigation. See, for example, 
Engineering Mathematics, Chapter WAI loye Oo 1s Steinmetz, 

“and special works on the method of the least squares and on 
fitting of empirical curves. F 
. 
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I=o0CB (105) 


and knowing C and the dimensions of the sample, «,, 
may be computed. Knowing the dielectric loss per 
unit volume and the stress to which the sample has 
been subjected, the experimental value of y,, may be 
computed from Equation (52), knowing the constant 
final conductivity y; with d-c. voltage. 

The author wishes to acknowledge gratefully the 
assistance rendered by Mr. J. J. Kehoe, Jr., of the 
General Engineering Laboratory, General Electric 
Company, who read the manuscript and carefully 
checked the formulas. 


LIST OF SYMBOLS 


A cross-section of a slab of dielectric, perpendicular 
to the lines of force 


a thickness of a slab of dielectric 
A, B, values of the integrals defined by Equations (67) 
and (68) 


C ideal capacitance 

Cz integral cosine 

col defined by Equation (86) 

D dielectric flux density, or charge per unit area 

D’ deficiency in the density of displacement 

E applied voltage 

e a subscript meaning “‘even”’ 

F (qa) distribution function defined by Equation (25) 

a subscript meaning ‘‘final’’ or at the time t = 

voltage gradient or stress 

apparent conductance due to absorption 

a parameter defined by Equation (56) 

current 

a ora 

absorption coefficient 

a subscript meaning 
amplitude 

an exponent in Equation (56) 

number of particles 

an exponent in Equation (56) 

a subscript meaning “‘initial,’’ or at the instant 
t = to; in application to R means “‘odd”’ 

dielectric loss per unit volume 

quantities defined by Equation (74) 

g quantities defined by Equation (81) 
dielectric flux or electric charge 
an integral defined by Equation (77) 


>. 


ee icap hse as 


“maximum value’ or 


2 SS 


YORS 'v 
is 


Si integral sine 

sil defined by Equation (87) 

t time 

u current density , 

V, W values of the integrals defined by Equations (69) 
and (70) 

x an auxiliary variable which first enters in Equa- 
tion (90) 

a relaxation factor defined by Equation (23) 

fr gamma function 


Y conductivity of the material 


A a finite increment 

0 an auxiliary quantity defined by Equation (79) 

K permittivity or dielectric constant 

7 instant of application of a new stress 

@ (é) relaxation function of time 

y loss angle or imperfection angle, 

Equation (53) 

wW electric angular velocity, that is, 

frequency. 


defined by 
2a times the 


ee SS 


Discussion 


DIELECTRIC ABSORPTION AND THEORIES OF DI- 
ELECTRIC BEHAVIOR 
(WHITEHEAD) 
AND 
THEORY OF ABSORPTION IN SOLID DIELECTRICS 
(KARAPETOFF) 
New York, N. Y., Fesruary 8, 1926 

A. E. Kennelly: In Faraday’s time, the properties of sub- 
stances under magnetic stress or magnetization, and the proper- 
ties of dielectric materials under dielectric stress or electric 
induction, were studied and were regarded as of great interest by 
him and by his followers. 

It seems remarkable that, using the relatively feeble magnetic 
stresses and magnetic fluxes of ordinary dynamoelectrie ma- 
chinery according to Ewing’s theory, it is not necessary to go 
deeper perhaps than the molecules of the iron or steel in order to 
account for the main features of magnetic induction. No doubt 
when we come to consider much more powerful magnetic stresses 
such as in the Zeeman effect it may be necessary to go deeper 
than merely into the molecule, or into groups of molecules. 
On the other hand, however, in order to account for the behavior 
of dielectric material under electric stresses, it seems that even 
with the relatively feeble stresses of electric signalling, a consid- 
eration of groups of molecules or even of molecules themselves is 
inadequate, and it seems necessary to descend to the subatomic 
state to explain the phenomena. 


Strange to say, in the early history of electrical engineering, 
going back to the time when the only electrical engineers were the 
telegraph engineers, the study of dielectric absorption was 
found necessary for practical purposes, in order to specify the 
insulation resistance of a given length of any kind of solid in- 
sulated conductor. It was necessary as our text-books show, 
as far back as the 1850’s, to take some account of dielec- 
tric absorption, and it was known that the apparent insulation 
resistance at the beginning of the first quarter-minute was differ- 
ent from what would be obtained at the first half-minute or at 
the first minute. It became necessary, I think, in the 1860's, 
to define the measured insulation as that obtainable at a certain 
definite interval of time, let us say one minute or three minutes 
after the application of the continuous dielectric stress. 

W. A. Del Mar: I have run into the same difficulty that 
Professor Whitehead mentioned; namely, that the physicists 
who are working on the theory of electrons and the ultimate 
nature of matter have not reached a stage of progress in their 
work where they can help us very materially in our theories of 
absorption in electric strength, and I don’t believe that very 
ereat progress will be made until the physicists who are dealing 
in those ultimate matters make some further steps forward. 

A few years ago I would have thought that the experimental 
physicists and those who are dealing with such matters as 
electric strength and absorption were the ones who would have 
to take the principal steps in order to reach a rational theory 
of the behavior of dielectric, but I have now come to the view 
that the pure scientists are the ones upon whom we are waiting. 
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We must be careful, in studying such a subject as dielectric 
loss and power factor, not to put a word in place of a phenom- 
enon and take refuge behind the word. There is a little danger 
that we may do that with the word “absorption”. It is taken 
to cover a multitude of sins, and when one reads through Pro- 
fessor Whitehead’s admirable summary, one has to stop occa- 
sionally and think: What is the meaning of this “absorption?” 
Is it not just a word which is being used in a general way to cover 
a great variety of phenomena? 

One might perhaps get the impression, by reading Professor 
Whitehead’s summary, that there are several theories which 
might be chosen from, to explain the phenomenon, whereas 
more likely all of these theories will be required in some measure 
to explain it in full. 

R.E. Marbury: Dr. Whitehead has given us a very complete 
review and valuable bibliography of what has been done on di- 
electric absorption and related phenomena. 

Our experience has indicated that Maxwell’s theory can ex- 
plain dielectric absorption and a-c. losses of the low fre- 
queney type. Maxwell’s theory assumes that the eSaanlome Ge 
and resistivity of the dielectric remain fixed. This is generally 
the case in solids, but with ‘semi-liquid dielectrics, such as oil- 
impregnated paper, there is evidence of changes in either s. ICs 
resistivity, or both, with voltage, or temperature. This may. be 
illustrated by plotting the residual voltage under a fixed set of 
conditions, against various applied voltages. If the law of 
superposition holds and if the resistivity and s.i.¢. remained 
fixed throughout, a straight line relation would be found. This 
is not the case, as we find that the residual does not increase 
proportional to voltage. In some specimens the applied voltage 
may be doubled with little effect on the residual. The conditions 
may be changed so as to modify this relation. For. example, 
if the duration of charge is made very small, such as 0.0015 
sec., the resulting curve may be a straight line and appear 
to follow the law of superposition. This, among other things, 
leads us to believe that this departure from the law of super- 
position is caused by a movement of moisture, and when the 
duration of charge is made too quick for the moisture, the di- 
electric acts like a solid, as is to be expected. 

A dielectric which shows this non-proportional residual pos- 
sesses other interesting characteristics. For example, the losses 
will decrease with increased voltage. Such a dielectric will 
show a marked decrease in losses with time after the application 
of voltage. The latter effect may be seen by measuring the 
losses at five-sec. intervals, starting five sec. after the 
voltage is applied. 

It is now possible to predict quite definitely certain charac- 
teristics of a condenser from absorption tests of the proper type. 
These characteristi¢s are: 


1. Whether the losses will decrease or remain constant with 
voltage. 

2. How the capacity will vary with frequency. 

3. Completeness of drying process. 

4. Magnitude of loss variation with temperature. 

5. Whether the condenser will give good performance on 
alternating current. 

6. Whether the condenser has characteristics desirable for 
d-c. operation. 


We can predict less accurately the actual losses, and can cal- 
culate a curve which will have a shape closely following the real 
curve which will be found if losses are plotted against voltage. 

It appears that a complete interpretation of absorption curves 
will make possible a closer control of dielectric characteristics 
than has heretofore been possible. 


R. W. Atkinson: I wish to remark that great increase in 
our knowledge of dielectric phenomena is certain to be made 
in the next few years on account of the interest and attention | 
given these problems by the leading physicists in the faculties 


of the colleges and universities of this country. The present 


! 
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and other recent contributions are an important part of the recent 
advance, especially as leading toward a clearer understanding 
of dielectric phenomena. 

When Mr. Fisher, for our company, first began measuring 
dielectric losses, before I was associated with him and also during 
the early part of my work, we found it useful to measure both 
quantities, dielectric absorption and dielectric loss, and a very 
close relation between them was observed, and for a long time 
both measurements were faithfully made on all materials. 

Later, the large increase in the number of dielectric loss 
measurements necessitated that attention should be concentrated 
on the loss end of the problem. But I believe it is important 
to have further investigation of the absorption side, and have 
no doubt it will lead to valuable knowledge of the subject. 

I believe that the greater part of the losses in paper cable 
dielectrics at high temperature can be quite largely accounted 
for by specific numerical application of Maxwell’s method. 

E. S. Lee: If you will look into the bibliography which 
Dr. Whitehead has prepared, you will find some three hundred 
and fifty items, and yet we have the work of Tank—one man— 
given to us as ‘‘apparently the only effort so far made for a direct 
check between measured loss and loss computed from measured 
absorption.”’ 

I think that is.a condition about which we ought to think 
and | think that it is largely because of that condition that Pro- 
fessor Karapetoff worked out aformula which we could use in this 
regard. In other words, if, for any insulation, we shall determine 
the curve of current against time and determine it well,— 
that is, allow the insulation to retain its initial condition between 
each measurement and obtain the curve with which we are familiar 
and then obtain the constants M and N, which you will find in 
Professor Karapetoff’s paper, from that curve,—then the di- 
electric power loss of the insulation may be calculated from the 
equations given. This value may then be compared with 
measured values, and we shall be able to determine whether 
or not the equations which Professor Karapetoff has derived are 
applicable to the work which we have at hand. 

We have tried to do this, somewhat, and have found, thus far, 
that out of 13 articles in the literature, only one had data which 
we could substitute in these equations. 

So I make a plea to those of us who are interested enough to 
obtain data, that we shall obtain it in such amanner that we 
may make proper substitutions into the formula which Professor 
Karapetoff has derived in order to determine whether or not it 
applies. When you consider all of the work that Dr. Whitehead 


and his Committee have done, and when you find the meager 


amount of data that are available for substitution directly into 
such formulas as we hayé, it seems as though we had overlooked 
something in connection with the work, which should be 
rectified in the future. ; 

D. W. Roper: Dr. Kennelly, I believe, stated that our 
knowledge of this subject was far from complete. 

And Mr. Lee apparently has somewhat the same idea, because, 
after a careful study of the paper, he picks out’one sentence which 
sums up the knowledge that he was able to use on the subject. 

Now, if there is all that difficulty in getting some real knowl- 
edge about the very simplest forms of insulation, how much more 
difficult and how much more remote is the chance of our getting 
some fundamental knowledge regarding such a very complex 
insulation as impregnated paper, such as is used in our lead- 
covered cables. Dr. Whitehead touches upon that point a little 
in his final paragraph., P 

I have been endeavoring, with a very great effort, to find some 
method of measuring the quality of the insulation without de- 
stroying the insulation, and apparently there is no such method. 
We don’t know enough about insulation to measure the quality, 
without destroying it, and so what we do in practise is to measure 
the quality of some samples of insulation and then include in 


4 our cable or our machinery some insulation which is similar 


* 
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to the samples we have tested; and we hope that the insulation 
which we use will be just as good as the samples. Until we can 
get more fundamental knowledge of the properties of the insula- 
tion, we shall not be able to replace that hope with knowledge. 

J. Slepian: Equation No. (10) in Dr. Whitehead’s paper and 
No. (21) in Professor Karapetoff’s, written with a little different 
notation 


t 
D=K,E+ Sf E(u) ¢ (t—u)du (1) 
10) 


is a very interesting one and gives a complete account of the 
electrical behavior of a dielectric in those eases in which it 
applies. Professor Karapetoff has called the function ¢ a 
relaxation funetion. Another viewpoint is to call the function 
a memory function, as this function indicates how much the 
dielectric remembers of the voltage which has been impressed 
upon it in the past. As will be seen in Fig. 1, if H (w) represents 
the voltage gradient which has been applied to the dielectric 
from the time w=O, then at the time w=t the displacement 
of the dielectric according to the above equation depends not 
only upon the value of # at the time uw =¢ but on all the preceding 
values. However, the preceding values are not taken with equal 
weight but are multiplied by a factor which diminishes as the 
time recedes further into the past. The function ¢ (¢— wu) 
represents this weighing factor. In other words, it shows how 
the dielectric has a diminishing recollection of past voltages. 

The Equation (1) follows directly from the principle of super- 
position, as both Professor Karapetoff and Professor Whitehead 
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bring out. It is also true that solutions of linear differential 
equations with constant coefficients can always be expressed 
in the form of equation (1). The simplest memory function is 
probably that which corresponds to a first order linear differential 
equation and that is a simple exponential. The memory 
functions of higher order differential equations are made up of sums 
of exponential functions. If anumber of electrical systems, each 
satisfying a first order linear differential equation and therefore 
having a simple exponential memory function, are coupled 
together in any way, the resulting system is characterized by a 
linear differential equation of high order, with a more complicated 
memory function. Likewise a given system with a complex 
memory function is equivalent in its action to a large number 
of simple systems coupled together. 

The resolution of the complicated system into simple systems 


-is quite indeterminate and can be effected in a variety of ways. 
Referring specifically to the problem of the dielectric, it has been 


attempted to resolve the dielectric with complex memory function 
into an aggregate of dielectrics with simple memory functions, 
but such resolutions are indeterminate and usually of little value 
unless properties other than checking ordinary electrical meas- 
urements are considered. Maxwell, Wagner, and others suppose 
the dielectric made up of an assemblage of materials, each having 
a simple dielectric constant and ohmic resistivity. Karapetoff 
makes the dielectric consist of an aggregate of small pieces of 
dielectric, each piece having a simple memory function, without 
explaining how it comes to have that property. Von Schweidler 
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assumes various kinds of molecules each with its own memory 
function combining to give a more complex memory function to 
the dielectric. 

All of these theories lead to the same result,—namely, the 
Equation (1)—and say no more than that the principle of super- 
position applies to the dielectric. Maxwell & Wagner’s theories 
will have value only in those cases in which portions of the 
dielectric can actually be found which have simple dielectric 
constant and ohmic conductivity. Karapetofi’s theory likewise 
will have value only if he can actually determine by means in- 
dependent of the ordinary electrical measurements, the existence 
of portions of dielectric having simple memory functions. Von 
Schweidler too must show independent evidence of the existence 
of his various kinds of molecules. All these theories are sufficient 
to account for the principle of superposition. | None of them is 
necessary. It seems to be a choice of being satisfied with the 
idea of the homogeneous substance having complex dielectric 
properties or a complex assemblage of materials having simple 
dielectric properties. Unless, however, there is physical evi- 
dence of some kind for the existence of the complex assemblage 
of simple substances, I do not believe that anything is gained 
over the assumption of the homogeneous substance with complex 
characteristics. As far as agreeing with electrical measurements, 
all these theories are on a par, provided they accurately represent 
the memory function of the dielectric. 

That these theories without other physical evidence do not 
add to our knowledge of the dielectric seems to be intimated by 
Professor Whitehead when on page 11 he says of Von Schweidler’s 
theory, “The analysis has the character of amathematical fiction,” 
and again further along on the same page, in speaking of the check 
which Grover made upon the Pellat theory, “Tt appears certain 
that an equally good agreement would have been obtained from 
Wagner’s equations; in fact it is safe to say the same of any 
theory providing for the medium a sufficient number of terms, 
all obeying a continually decreasing function ¢ (¢) of relatively 
simple form but with different values of the constant terms.” 


While it is true that a heterogeneous assemblage of simple 
diclectries will show absorption and satisfy the principal super- 
position, it does not follow that a material showing absorption is 
necessarily heterogeneous, and to my mind the physical evidence 
on that point is far from conclusive. Very pure substances show 
little absorption, but, at the same time, they usually show a 
tremendously high resistance. When two pure substances 
are mixed they frequently show absorption, but such mixtures 
are hardly to be described as heterogeneous and the absorption 
which arises frequently is not consistent with the numerical 
values of the dielectric constant and resistivity of the pure 
materials themselves. For example, a mixture of pure water and 

pure sulphuric acid shows a great conductivity which cannot be 
accounted for on the theory that it is a heterogeneous assemblage 
of the pure substances, each of which has a tremendously high 
resistance. 


How universal is the principle of superposition for dielectrics? 
The existence of the irreversible current which Dr. Whitehead 
points out shows at once that it does not always apply. Last 
year Mr. Marbury, in his paper on oil condensers, showed 
phenomena which contradicted the principle of superposition. 
The departure from the law of superposition may take place in 
various ways. First the memory function may change with time 
of application of voltage as, for example, when water in the pores 
of a material is displaced gradually by the electric field. The 
memory function may change with amplitude of voltage as it 
undoubtedly does near the dielectric breakdown point of the ma- 
terial, or finally the properties of the material may not be charac- 
terizable by a memory or relaxation function at all. 

The paragraphs of Professor Whitehead on electric hysteresis, 
I think, are exceedingly good and to the point. The phenomena 
of dielectric absorption and magnetic hysteresis are too unlike 
in character to be confused by a similar name. In the language 
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of my preceding discussion, whereas a dielectric has memory of 
past electric fields which diminishes with lapse of time, a piece 
of iron has an unchanging memory of the fields which have acted 
upon it. You may put a piece of iron through magnetic cycles 
today and tomorrow the iron will be ready to go on from where 
it left off, no effect of the magnetic fields of the previous day 
being lost. 

The work of Debye and Schrodinger, I believe, deserves more 
than the casual mention which Professor Whitehead gives. 
Their polarized molecules have an actual physical reality, since, 
in their work on dielectric constants of gases, they are able to 
explain the dielectric properties by assuming that all the mole- 
cules of the gas are polarized with moments of the order of 
magnitude consistent with other phenomena and are able to 
predict correctly the effect of temperature by calculations from 
the kinetic theory of gases; thus Debye and Schrodinger give a 
complete theory of the dielectric properties of an un-ionized gas, 
the only case in which such complete theory has been given. 

I wish to take issue with Professor Whitehead with respect 
to what he calls the fundamental equations of electromagnetism. 
In his classification on page 7 he implies that some of the theories 
given involve deviations from the fundamental laws. I believe 
the common usage is to regard the following equations as given 
by Maxwell fundamental: 


d® 1 
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These equations correspond respectively, the first to Faraday’s 
law of induction, the second to the manner in which conduction 
and displacement currents give rise to magnetic fields. The 
third equation states the fact that free magnetic charge does not 
exist, and the fourth, that lines of electric flux terminate in 
electric charge. These four equations are not sufficient to 
determine the quantities FE, H, B and D, but further relations 
must be found connecting B and H and D and E, depending 
upon the properties of the material considered. In the simplest 
theories, it is customary to take B = w Hand D=€e HE. These 
last equations are the ones which are not adopted by some of the 
theories which Professor Whitehead mentions. However, they 
are not fundamental in electromagnetism; they are only a very 
special case in electromagnetism. 

C. A. Adams: As I was originally responsible for the 
organization of the Insulation Committee, of which Dr. White- 
head’s excellent paper is a one-man report, T am naturally inter- 
ested in its progress. 

But the attack which I had in mind was a very much more 
vigorous one that is now being conducted largely by voluntary 
services. 

A more thorough understanding of dielectric phenomena 
in solid and semi-solid dielectrics constitutes the most important 
problem in the whole field of electrical engineering at this time. 
But unfortunately it is a terrifically complicated and difficult 
problem from the standpoint of modern theory. It has been 
almost completely ignored or shirked by our American physicists, 
and the very suggestive and interesting first steps taken by two 
or three foreign physicists are buried in the proceedings of the 
more highly scientific organizations. 

This most important problem is not going to be solved by en- 
gineers. We need a comprehensive fundamental research 
involving the cooperation of the best physicists and chemists 
that the world affords, and backed financially by the great cor- 
porations who either manufacture or use insulating material. 

The cost to any individual corporation would be small, if they 
all took part, particularly if the cooperation were extended to 
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other countries, as it should be in a problem of such fundamental COBALT MAGNET STEEL 
scientific and commercial importance. Ring-Form Sample No. P-16-1 


Much research work in this field is now being conducted in this Test (a) 
country, but mostly by engineers, who, owing to lack of thorough 
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knowledge of modern theory, are only skimming the surface. — f iy fe 
Moreover, there is no thorough cooperation, and much dupli- 60 750 
cation of effort. 80 1050 
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trying to study corresponding phenomena in dielectrics. 

The sample under test was a toroid ring sample of cobalt 
magnet steel, wound for a magnetizing force of about H=10009. — pest (c) 
The resulting curves are shown in Table J. The curve (a) is the re- 


sult of the first test; the point for H =900 gave at first 8 = 13,000, en 

but the reading could not be repeated on second and subsequent 100 2100 

tests, and on going back it was found that other points could not 4120 3050 

be duplicated also. The whole test was therefore repeated, and ce a 

gave the curve (b). At H=900, the curve developed the same 150 5050 

anomaly as before. The whole test was therefore repeated once 160 5700 

more, which gave the curve (c). A fourth test gave a further 1 6350 

shift of about 50 gausses with a corresponding increase of de- ae be 

flection of half a millimeter. The sample seems to have reached 200 3000 

a steady statenow. Thehysteresiscurve (dotted) is conjectural, 225 8950 

but the cardinal points Br and H, are observation points. 250 . 9750 

It seems that during the test the sample was softening, probably a eee 

under the influence of the strong magnetizing force. It was 350 114160 

probably not a heat effect, as the precaution against heating 400 11650 

had been tried out in some previous tests, and was found to be 500 ee _ ig 30 

quite satisfactory; no thermic measurements were made in this ne eee pete a9 

particular case. 800 13600 8350 141.8 
In trying to interpret the phenomenon, my first guess was 900 13900 8350 142.0 


_ that there was some change in the structure of the molecular 1000 14100 8350 142.0 
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systems which are supposed to be oriented during magnetization. 
This explanation implies a modification of Weber’s theory, which 
refers to orientation of the molecules. On trying to discuss the 
question with my colleagues in the Research Laboratory, 1 was 
informed that in view of the recent researches about the struc- 
ture of the crystals, as revealed by the X-Ray spectroscope, 
there is no intermediate step between an atom of iron and a 
complete crystal. The phenomenon of magnetism should there- 
fore be regarded as an atomic or sub-atomic phenomenon, which 
leaves no room for Weber’s theory of molecular orientation, 
and even less room for my theory of molecule-system orientation. 

T do not claim to have understood the phenomenon, T am not 
even convinced that it is sub-atomic. Iam mentioning it here in 
the hope that it might help in some way towards a better under- 
standing of the process of magnetic polarization in the first 
place, and of dielectric polarization by analogy. 

J. B. Whitehead: All writers on the theory of dielectric 
absorption have discussed the form of the curves of current of 
residual charge and discharge. A number of these are set forth 
in my present paper. All such workers have recognized that 
a single term of any of the forms mentioned will rarely represent 
the experimental curve. Hopkinson found for his samples that 
two terms were not enough, and Maxwell gave general expressions 
for n terms as required in a mixture of n + 1 materials. A 
number of observers have found that for some simple substances 
one term is closely sufficient. 


Professor Karapetoff’s paper is based on the assumption that a 
great many, perhaps an infinite number, of such terms are neces- 
sary. The Germans, Wagner and Von Schweidler, have also 
made this assumption and have attempted analytical develop- 
ments which should in effect permit us to assign definite constants 
to particular materials which would fit the relative importance 
of this large number of terms and so define the behavior of the 
material. Professor Karapetoff has gone somewhat further, first 
in selecting a function fixing the distribution of the series of terms 
which is somewhat easier to handle, second in allowing us to 
follow more intimately his ingenious mathematical manipulation, 
and particularly in evaluating the changes which may be looked 
for under alternating voltage, in the values of conductivity and 
permittivity as affected by his “generalized absorption.” 

But while we may admire the persistence and skill manifested 
in these developments, I question seriously whether they consti- 
tute the necessary path by which we will ultimately reach a 
position in which we can control and predict the performance of 
dielectrics for the following reasons: 


It has never been shown that ¢ (t) is uniform or the same for 
any given material. Why discuss F (a) if it may have widely 
different forms for the same material prepared in different places? 
The absorption of any material may be continually reduced by 
greater and greater care in purification. Hopkinson showed that 
while two terms were not sufficient to account for his curves, 
not many more would be required. Steinmetz showed that even 
in so highly absorbent a dielectric as cable insulation, three 
terms were sufficient to very closely account for the observed 
curve. There are many instances where one term appears 
sufficient. F. Tank has studied ¢ (¢) for very small values of f, 
has found it of simple form, 7. ¢., one term, and that the use of a 
single term in developing the expression for loss under alternating 
voltage gives values in accord with experiment. 

Professor Karapetoff states that the time for a rational theory 
of dielectric absorption has not arrived. One must ascribe this 
statement to momentary forgetfulness, induced by deep interest 
in the theory of Pellat, and his elaborate development thereof. 
I am sure that he will agree with me that Maxwell’s theory of 
dielectric absorption, relying as it does only on fundamental 
electromagnetic theory, and in no wise invoking the structure 
of the atom, is in every respect a rational theory. Maxwell, as 
everyone knows, explains dielectric absorption entirely in terms 
of the specific conductivities and specific inductive capacities of 
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different substances when mixed together. It accounts quali- 
tatively at least for most of the important phenomena to be ob- 
served in the dielectrics of practise, and does this quite .as 
satisfactorily as any other theory. If it is not subject to exact 
experimental corroboration, it has certainly never been shown 
that this is not due to the impossibility of obtaining strictly pure 
and simple materials or mixtures. Maxwell himself recognized 
the probability of this difficulty and extended his expressions So as 
to embrace any number of different materials. Followers of 
his theory have always assumed that the several terms often 
needed to account for the shape of the curves of charge and dis- 
charge, are due to the presence of other substances or impurities 
throughout the mass of the principal dielectric. Wagner is a 
follower of Maxwell, and in his development of the distribution 
function he has attempted to picture the type and method of 
mixture of the conducting impurities in the mass of the dielectric. 
If this view is correct, and there seems to be no satisfactory 
contradiction of it, it would appear that the evaluation of 
distribution functions such as assumed by Von Schweidler and 
Wagner, and now by Professor Karapetoff, resolves itself into an 
effort to define the particular ways in which impurities may occur 
in a fundamental material. Obviously there is no reason to 
suppose that on this basis the distribution function can ever be 
the same in any two cases, even for the same fundamental 
material. 

These questions have long excited the discussion of those 
interested in the theory of dielectric theory and behavior. The 
following are a few experimental problems the solution of which 
would go far toward solution of some of the open questions: 

To fix the definite curves of particular substances, and the 
accuracy with which they can be reproduced. 

To determine the importance of their departures from simple 
curves. 

To study the control of these curves. 

To study their behavior in combination in different substances. 

To study the relation between absorption and loss for some of 
the simpler cases. 

In my opinion careful work in these directions will be found 
to greatly simplify the present confusion as to the nature and 
behavior of dielectric absorption, and further, will result in 
enormous simplification of the problem of engineering design and 


_ insulating mediums. 


H. L. Curtis (by letter): Dr. Whitehead has reviewed a 
large amount of literature and has made an excellent summary 
of our present knowledge of the anomalous behavior of dielectries. 
It is a fair and impartial discussion of all the theories that have 
been proposed to explain this most baffling phenomenon. It 
should serve as a starting point in the extension of our knowledge 
of dielectrics. 

I agree with the author that, from a theoretical standpoint, 
the most satisfactory theory of dielectric absorption is that of- 
Maxwell’s stratified dielectric. However, I do not agree that 
there is any chance that it can explain all the observed facts. 
One illustration will suffice. The application to alternating 
current phenomena of Maxwell’s theory or any of the modifica- 
tions proposed by Rowland, Wagner, and others, invariably leads 
to an equation for the phase difference which is equivalent to 
equation (31). For high frequencies, this equation takes the 
approximate form 
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so that for such frequencies the phase difference is inversely 
proportional to the frequency. Now there are abundant data 
to show that this is not the case in many dielectrics. Hence 
in such dielectrics it appears impossible to explain the phenomena 
on the basis of this theory. 

However, there are other dielectrics where the observed phe- 
nomena are largely explainable by Maxwell’s theory. More- 


Feb. 1926 


over, from the fundamental assumptions of this theory it must 
play some part, however small, in most absorption phenomena, 
since homogeneous dielectrics are extremely rare. The con- 
clusion must therefore be drawn that the final explanation of 
dielectric absorption will include at least two theories of which 
Maxwell’s stratified dielectric will be one. 

Professor Karapetoff has given a very clear derivation of 
the integral equation (Eq. No. 21) which results when the 
principle of superposition is applied to an absorbing dielectric 
in an alternating electric field. Wagner’s relaxation function 
(Eq. 25) is then inserted in this integral equation and the solution 
carried to a point where both the change of capacitance with 

frequency and the power factor are expressed in terms of integrals 
which involve both the relaxation function and the frequency. 
An empirical expression (Eq. 56) for the relaxation funetion is 
then assumed and the integrals evaluated. The results (Eqs. 
103 and 104) are given in terms of ascending powers of the fre- 
quency. There is, however, no discussion of the convergence 
of these series. It is evident that, for high frequencies, they 
either diverge or become impracticable as methods of representing 
the function. 

The value of the paper would have been greatly increased 
had it contained some numerical examples. At best the results 
as given are applicable only to low frequencies. Whether this 
includes frequencies that are of any practical or theoretical value 
can not be judged from the equations as given. Until the paper 
is completed by the application of the equations to typical sets 
of data, one should withhold judgment as to the value of the 
results obtained. 

J. Katzman: Professor Whitehead’s paper reviewing and 
bringing together the many theories of dielectric absorption 
and indicating the behavior of dielectrics under various conditions 
as found by former experimenters is certainly of inestimable 
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value to all those engaged in this work. However, the diver- 
gence of views, theories, and results obtained makes it impossible, 
as yet, to predict effects from given causes. Qualitatively 
predictions can more readily be made, provided the knowledge 
of accumulated facts is had. Effect of temperature may be 
prophesied if it is known and remembered that according to 
Hopkinson and others, absorption current increases with tem- 
perature, and that according to Wagner, rate of absorption and 
decay is increased with temperature and the total absorbed 
charge remains unaltered. From Lahousse’s equations it may 
be surmised that a loss in a dielectric will vary as the square 
of the voltage. Similarly, effects of frequency on loss per eyele, 
on loss per minute, and on capacity, and the effect of voltage 
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on absorbed charge, etc., may be foretold if results of former 
experiments are remembered, or resorted to. 

To be able to say, even approximately, what may be expected 
when a dielectric is made to undergo a change, is often of great 
value, and this may be deduced from a consideration of the 
properties of conductors and specific inductive capacity only. 
Assume the dielectric to have conducting particles embedded 
in it and the dielectric itself to have conductivity. Fig. 3 is a 
diagram of a condenser having a dielectric D, the metallic 
plates M,, M» on the opposite faces of the dielectric, and some of 
the conducting particles a1, a2, a3; 71, T2, r3 are the resistance 
of the dielectric between respective plates and particles as shown. 
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Fig. 4—CurRVES oF VARIATION OF CHARGE AND CHARGING 
CURRENT WITH TIME 


Each of the particles will form a sub-condenser with one of the 
plates or with each other as indicated. By forming a mental 
picture ‘of such a condenser, all of the facts mentioned before 
concerning dielectrics can be reasoned out. Thus when the 
applied e.m.f.is altered, the charging current of each of these 
sub-condensers is proportionally altered and therefore J? ry, 
I}? r;, ete., varies as the square of the voltage. The summation 
of these losses being assumed to produce the absorption loss, 
it is seen that absorption loss will vary as the square of the ap- 
plied e. m. f. 

With but very few exceptions when temperature is increased 
the resistivity of solid insulators reduces.! Hence resistances 
T1, 72, ete. reduce. The effect is therefore to reduce the time con- 
stants c, 11, C2 72, ete. of the sub-condensers, thus increasing the 
rate of absorption and decay, but does not alter the total absorbed 
charge, in accordance with Wagner’s conclusions. The absorp- 
tion current having increased, J,” r;, etc. increases even though r; 
does decrease. The result to be expected then is an increase 
in power loss due to absorption. 

When the frequency is increased the time available for charging 
the sub-condenser is decreased, and as can be seen from Fig. 4, 
if this time is t;, the condensers will be only partially charged, 
with the result that absorption loss per cycle is decreased since 


ty 
the loss per cycleis f I?r dt. From the shape of curve J, 
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it is obvious that the greatest loss occurs only at the beginning 
and therefore the reduction in loss is less in proportion as the 
frequency is increased. It follows then that the loss per second 
It is readily conceivable 
that the sub-condensers increase the capacity C by increasing the 
ratio Q/E, where Q is the total charge and H the applied e. m. f. 
At very high frequencies, however, the charge on the sub-con- 
densers becomes practically zero, as can be seen from the curve 
Fig. 2, and hence the capacity of the condenser becomes equal 
to the geometric capacity. In other words the capacity of the 
condenser approaches the geometric capacity as the frequency is 
increased. 

By similar reasoning, and these involving only elementary 
principles, other predictions may be deduced. 


273(273 +t) 
1. Dietric in Phys. Zs. 11, p. 187, 1910 shows that Ry = Ro e?79(273 +) 
q being a constant depending on the material and ¢ the temperature. 
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A further development of this idea is under preparation. 

E. R. Le Ghait: Professor Karapetoft’s mathematical 
analysis will certainly be of great interest to all those occupied 
with the behavior of dielectrics. He does not make any assump- 
tion on the physical nature of the phenomena. The work we 
have done with fibrous insulating materials has led us to the 
opinion that Maxwell’s ideas are, in that case, quite capable of 
explaining the observed phenomena, provided however, one takes 
into consideration the complicated structure of the dielectric. 
We believe that the absorption as well as the dielectric losses at 
commercial frequencies are due for the greater part to the 
presence of very small quantities of moisture imprisoned in the 
capillary tubes of the fibers. If we then consider the dielectrie 
as composed of a very great number of very thin paths crossing 
from one electrode to the other, and apply Professor Karapetoft’s 
analysis, his function F (a) will be the law of distribution of the 
moisture among those paths. If the curve F (a) has a very 
pronounced peak it will indicate that all the paths have pretty 
much the same amount of moisture. If on the contrary F (a) 
is a comparatively flat curve it will indicate that some paths 
contain much more moisture than others. 

If then the moisture is the cause of the dielectric loss the 
knowledge of the function F (a) will give us an indication of 
whether the loss is uniformly distributed all over the dielectric 
or whether it is for the greater part concentrated in some of the 
paths, these paths constituting possibly weak spots on account 
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of the deterioration of the insulation due to an exaggerated loss 
in a given point. 

Dr. Whitehead, in his comments of Maxwell’s theory, ealls 
attention to the fact that pronounced absorption is observed 
in substances that can have in them only small amounts of 
impurities. This is probably due to the peculiar shape of the 
lines of force in a dielectric containing materials of different 
specific inductive capacities. 

Our own experience agrees with Dr. Whitehead’s opinion 
that dielectric losses are closely related to absorption. In fact, 
in the case of unimpregnated paper, starting from residual 
voltage curves obtained with a dielectric previously left charged 
at 100 volts d-c. for a certain time and then left short-circuited 
for a very short time, we are able to compute 60-cyele losses with 
less than five per cent error. 

In the case of oil-impregnated paper, greater difficulties are 
encountered, as in that case the law of superposition does not 
hold true (this being probably due to movements in the oil under 
the influence of the electric field, of moisture and other compo- 
nents of high specific inductive capacity). In correlation with 
this, the power factor at a given frequency varies widely with the 
value of the applied voltage. It may, however, prove to be 
possible in the future to make a low voltage d-c. absorption test 
enabling one to predict with sufficient accuracy the a-c. losses 
at a voltage many times higher, and perhaps even to predict 
the curve of variation of power factor with applied voltage. 
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Synopsis.—A research investigation of the tonization phenomena 
which occur in paper-insulated, high-voltage power cables is being 
made at the Harvard Engineering School under the auspices of the 
Impregnated Paper-Insulated Cable Research Committee. The 
paper presents some of the preliminary results which have been 
obtained, certain tentative conclusions that are suggested by the 
data and a description of the method developed for making 
the measurements. It is a preluminary report and in subsequent 
papers it is intended to record the progress of the investigation as it 
proceeds. - 

The paper consists essentially of four parts as follows: 

(a) A number of curves of power, power factor and capacitance 
taken on samples of cable at two frequencies and over a wide range 
of temperature. These curves show well-known characteristics but 
in order to exaggerate these effects, cable models were made up to 
simulate the general conditions in a cable—one model consisting of 
glass and air only and another of glass, air and paper. Tests of 
these cable models gave very interesting results, particularly with 
reference to power factor. They alsoshow rather clearly the baffling 
action of paper and the effects on power, power factor and capact- 
tance when this baffling action is eliminated. In practically all 
the curves, the power and power factor begin to increase rapidly at a 
lower voltage gradient than the capacitance. 

(b) Discussion of the results obtained and certain tentative con- 
clusions which may be drawn from the results so far obtained and 
reported herein. 


1. Ionization in the dielectric of an air condenser increases its 
capacitance slightly at first and then rapidly as the electron is 
separated from the atom. In our measurements we accordingly 
found that the power_and power factor increase rapidly at a lower 
voltage gradient than the capitance. 

2. Ionization which occurs within air spaces in a dielectric may 
be called “‘restricted ionization’’ in that the current is limited be- 
cause of the remainder of the dielectric in series. 
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With ‘‘restricted ionization,’ the voltage across each air 
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and 


space reaches a constant finite value with indefinite increase in 
the over-all voltage. The resistance of the ionized space, therefore, 
must be inversely as the current. 

4. Consequently when this condition is reached, the ionization 
loss may be proportional to the charging current. 

5. The increase of power factor with increase in voltage gradient 
with subsequent decrease of power factor is due to the fact that the 
capacitance of the solid dielectric, which is substantially constant, is 
in series with ionized air spaces whose resistances are inversely as 
the current. A simple mathematical analysis of this type of electric 
circuit shows that power-factor curves should have the form obtained 
in the measurements. Hence power factor alone is not a criterion 
of the degree of the completeness of saturation by compound. 

6. Lonization by its bombarding action may destroy the baffling 
action of paper. 

7. Ionization may produce potential gradients tangential to the 
surface of the layers of paper which, in conjunction with the bom- 
barding action, may be the cause of the so-called “tree designs.” 

(c) Discussion of methods for measurements of this sort and a 
description of a new type of bridge which was devised for the measure- 
ment of dielectric losses at these extremely low power factors with 
the necessary high degree of accuracy. A large air condenser used as 
a standard and a vibration galuanometer of unusually high sensitivity 
and wide range of tuning were designed for use as a detector. The 
bridge is quickly and accurately balanced by varying a resistance 
and a mutual inductance. The angle of defect of the standard air 
condenser, although extremely small, is nevertheless very important 
in measurements of this character. This angle was measured by a 
substitution method and corrections made accordingly. 

(d) Four appendices discussing respectively (1) method of 
measuring defect angle of the standard air condenser, (2) mathe-= 
matical analysis of a condenser of composite dielectric consisting 
of air and solid homogeneous material, (3) measurement of the 
high-voltage ratio, and (4) measurements of the capacitance and 
other electrical eonstants of an ionized air space in series with a 
solid dielectric. 


INTRODUCTION 


HIS paper presents some of the results of research 

work being carried on at the Harvard Engineering 

School on the subject of Ionization Phenomena in 
the Insulation of High-Voltage Paper Cables. The 
work is conducted under the auspices of the Cable Re- 
search Committee which is a subcommittee of the 
appropriate committees of the National Electric Light 
Association, the American Institute of Electrical 
Engineers, and the Association of Edison Illuminating 
Companies. The National Electric Light Association 
provides the Research Fellow for the work. The work 
is under the immediate supervision of a Cable Research 
Committee made up of members of the Faculty of the 
Harvard Engineering School, and one of the authors 
is Chairman of this Committee. 


1. Assistant Professor of Eléctrical Engineering, The Harvard 


Engineering School. ; 
2. Research Fellow, The Harvard Engineering School. 
Presented at the Midwinter Convention of the A. I. E. E., New 
York, N. Y., February 8-11, 1926. 


A summary of the more important results, which 
have been obtained up to the present time, is presented 
together with suggested explanations based on the 
modern theory of ionization. However, an important 
object in presenting these results at this time is to in- 
vite discussion, from which it is hoped to obtain ideas 
which will aid in the further prosecution of the 
investigation. 


PROCEDURE 


The fact that ionization or break down of occluded 
air and other gaseous films exists in laminated insula- 
tion, such as impregnated paper as used in cables, has 
been known for some time. However, opinions and 
theories differ as to the exact nature of this ionization 
and its effects on the insulation of the cable as a whole. 
A fundamental object of our investigation is to deter- 
mine, so far as possible, the exact nature of these ioniza- 
tion phenomena and to suggest in explanation a rational 
theory which can be substantiated by experimenta 
data. ; 

Our first procedure, naturally, was to obtain ex- 
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perimental data on samples of commercial cables under 
various conditions of temperature, of frequency and 
of voltge gradient. l'rom the analysis of these data 
it was hoped that some of the laws of the ionization 
taking place within the cables could be determined, and 
a, theory suggested to account for them. 

In order to study such laws, it is necessary to make 
measurements with a degree of precision much higher 
than is required for commercial testing. To obtain 
high precision in measuring such losses is not easy, 


aie Al 


especially at the present time when cables are designed 
particularly to have low dielectric loss and low power 
factor. For example, most of the cables which we have 
tested have power factors of one-half of one per cent 
and even less, at voltages below the ionization voltage 
and at ordinary room temperature. In addition, the 
fact that our measurements needed to be made at 
voltages as high as 70 kv., and over a wide range of 
frequencies, made the development of the method of 
measurement still more difficult. 
beginning the work, it was necessary to devise a 
satisfactory method of making the measurements. The 
authors investigated the various methods which have 


Fig. 2 


been described up to the present time and tried many 
of them. However, they were all found to be un- 
satisfactory because of their lack of precision or the 
difficulty in manipulation. After considerable ex- 
perimenting, during which two or three promising 
methods were discarded, the one shown in the diagram 
of Fig. 1 was found to be the most satisfactory as 
regards accuracy, simplicity and ease of manipulation. 

Although the authors were not aware of it at the 
time it was designed and developed, this method 
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happens to be a modified Heaviside’ bridge, in which 
there is mutual inductance between one arm of the 
bridge and the galvanometer circuit, Fig. 2. A simpli- 
fied diagram of the bridge is given in Fig. 3. Referring 
to Fig. 1, the cable and a resistance R, of the order of 


Fig. 3 


50 to 100 ohms for a 10-ft. length of cable, form one side 
of the bridge, while a standard air condenser C, and a 
resistance R, of the order of 1000 ohms form the other 
side. The primary of a mutual inductance M isinserted 
in series with the cable. The galvanometer G is con- 
nected in series with the secondary of themutual induct- 
ance between pointsc dof the bridge. Thevoltagedrops 
across R, and R, are small, being of the order of one 
volt, so that no difficulty is experienced from the 
effects of the capacitance to ground of the detector. 
A simplified diagram of this bridge is given in Fig. 3. 
The cable is represented by the capacitance C, and its 
equivalent series resistance 7». ~The standard air con- 
denser is represented by the capacitance Ci, and its 
equivalent series resistance is shown as 1. The re- 


semblance of this bridge to the simple Heaviside 
bridge, shown in Fig. 2, may be seen by comparing the 
two diagrams. In both, the balance is obtained by 
the adjustment of the impedance in one of the bridge 
arms and a mutual inductance between one bridge 
arm and the galvanometer circuit. The vector dia- 
gram for the low-voltage portion of the bridge in Figs. 
1 and 3 is shown in Fig. 4. 

The self-inductance L of the primary of the mutual 
inductance M is approximately 10 millihenrys, so that 
its impedance is small compared with that of the cable. 


3. Heaviside: On the Use of the Bridge as an Induction 
Balance. The Electrician, Vol. 16, p. 489. 
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Hence in developing the equations for this bridge, 
the impedance of the primary of the mutual induct- 
ai M is neglected. In the equations for the bridge, 
& 

1 = Gi +71) Ci w = Tan yy, 

ne = (Ro + 12) Cp w = Tan y. (See Fig.4.) 

A simple calculation gives for the conditions of 

balance: 


(nx = 1) 
Ci ke = Ck. 
ia aks (m1 m2 + 1) (1) 
and 
Mw n2— 11 
R, % mine + 1 (2) 


Since 7; and 72 are small compared to unity, the sec- 
ond order terms may be neglected and: 


C, Rk, =C,R, (3) 
and 
, T M ow 
an ¥.— lan y, = R, 
or 
Tan Yo = = + Tan yy; (4) 
2 


If the condenser C, is a perfect air condenser, 
Tan y, = 0; and zy, is the angle of phase defect of the 
cable. If wy, is not zero, the correction is simple. For 
example, we found that with our air condenser, 
Tan ¥; = 0.00240 and y, = 8.3’. The correction, 
therefore, was merely a matter of adding Tan y, to 


M w 
R, 


the cable, as shown in Fig. 4. 

Careful check measurements showed that our. air 
condenser, although carefully insulated and guarded, 
did not have a phase angle of 90 deg. When it is real- 
ized that an angle of phase-defect of only 10 minutes in 
the air condenser will introduce an error of 60 per cent 
in the power and power factor when the power factor is 
0.5 per cent, the importance of determining the angle 
of the air condenser and of correcting for it becomes 
apparent. After considerable difficulty, the authors 
were able to obtain this angle at the lower voltages by a 
substitution method which is described in Appendix I. 
It was not possible for the writers to determine the angle 
at the higher voltages as they did not have a high 
voltage air condenser whose loss would remain con- 
stant when its capacitance was varied. The angle 
of phase-defect measured’ at the lower voltages was 
assumed ‘to remain unchanged at the higher voltages. 
Although this is probably not strictly true, the fact 
that the power factor increases rapidly with increase of 
voltage reduces the percentage of error. 

The bridge was balanced by varying fi and M, hk, 


in order to find the total angle of phase defect of 
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remaining constant. 
perfect 


If the air condenser be assumed 


M w ; 
=o. = sing, (Figs). 


Tan po = R, 


The power factor of the cable = cosine 6 = sin yp 


which is sensibly equal to tan y. = aa = , since yw is 
asmall angle. Hence, for approximate work with the 
higher power factors, the mutual inductance may be cali- 
brated directly in power factor for any given frequency. 
This is a,distinct advantage both in research work and 
in routine testing. 


Considerable difficulty was experienced in obtaining 
a suitable detector. The detector must not only be 
sensitive but must have moderately high impedance in 
order to work properly with the bridge. The various 
standard types of vibration galvanometer were tried, 
but none was found satisfactory. Therefore, it be- 
came necessary to design and construct one. The 
moving iron-vane type, having an electromagnet for 
excitation, was found to be the most satisfactory. 
This type of galvanometer has two distinct advantages. 
The detecting coil may be wound for very high impe- 
dance, which is not possible for the moving-coil gal- 
vanometer. The tuning may be easily accomplished 
by controlling with a rheostat the current in the field 
coils of the electromagnet. If the bridge is out of 
balance, the deflections of the galvanometer may be 
kept on the scale by slightly detuning the galvanometer. 
This galvanometer is far more sensitive than any which 
we were able to purchase. The control is very flexible 
and accurate. Its natural frequency of vibration is 
readily adjusted from 20 cycles to 300 cycles per second 
and throughout an even greater range, if desired. 

With low voltages, or with small samples, the de- 
tector itself would not give the desired sensitivity. 
We, therefore, designed and constructed a three-stage 
resistance-coupled vacuum tube amplifier, which in- 
creases the sensitivity by something like 1000 times.* 

With the foregoing apparatus it is possible to balance 
the bridge to measure phase angles to 0.001 per cent and 
detect even smaller changes. In view of the fact that 
the dielectric properties of the insulation which were 
measured are not constant, the foregoing precision is 
much greater than is necessary. 

The voltage was measured by means of a voltmeter 
coil in the high-voltage winding of the 100-kv., 15-kv-a., 
60-cycle transformer which supplied the power. The 
multiplying factor of the voltmeter coil was determined 
by a null method described in Appendix III. 

The standard condenser consisted of two polished 
copper plates with rounded edges and corners. The 


4. See Trans. A. I. BE. E., 1925, p. 122, Discussion by C. L. 
Dawes. 
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low-voltage plate is guarded as is indicated in Fig. 1. 
The area of the working plate is 4 ft, <> it. (1-219 m: 
x 1.525 m.). The distance between plates can be 
adjusted to suit the voltage, hence constant sensitivity 
is obtained. 


The capacitance C, of the standard condenser was 


measured with a precision capacitance bridge. Know- 
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ing this capacitance and the resistance R,, the capaci- 
tance C, of the cable is determined. Itis then a simple 
matter to calculate the power, since the power 


P= EC, wsin 2 


Inne, 


E, Mercury electrode 
E,2 Brass tube 

if Bakelite rings 

G Guard Rings 
D_ Glass tube 

a 3.1 mm. 

b 9.3 mm. 

Cc 14.3 mm. 

d 31.51em. 


where y2 is the angle of phase-defect of the cable. If 
y. is small, the power 
i? Cy M a? 
R, 
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If an ammeter be connected in series with the cable, 
then knowing the voltage and power factor, the power 
may be readily calculated. 

A 15-kv-a., 220-volt, 60-cycle alternator known to 
have a reasonably good sine wave’ was used in all these 


measurements. Its voltage was controlled with a 
motor-driven field rheostat. 
Measurements. Measurements were made at first 


on single-conductor cables having walls of insulation of 
approximately 20/32 in. thickness (16 mm.). Such 
cables would ordinarily be rated at 33 kv. Fig. 5 
shows a typical power-factor curve obtained with a 
500,000-cir. mils. cable having this thickness of wall. 
We noticed that at 50 kv. the rate of increase of the 
power factor became less. This has been observed by 
others. At 60 kv. it apparently reached a maximum 
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and then decteased slightly. This decrease of power 
factor in high-voltage cables after a maximum is reached 
has been known for some time among engineers.’ 
So far as we know, however, no satisfactory explana- 
tion has been given for this character of power-factor 
curve. In fact, this decrease in power factor appeared 


5. For an oscillogram of this voltage wave, see ‘Artificial 
Transmission Lines,’ Kennelly & Lieberknecht, TRans. 
Acc, BaligeVol. x. XT 1912 pads. 


6. C.F. Proos. “Some Considerations on the Dielectric 
Losses in High-tension Cables.’’ Report to Ass. of Managers of 
Electrical Works in the Netherlands, 1921. (Proos plotted 
P/E?, or equivalent conductance, against voltage which gives 
the same character of curves as power factor against voltage, 
provided the capacitance of the cable does not change very much.) 

7. D.W. Roper. Trans. A. I. E. E., 1925, p. 116. Curve 
E, Figure 4. Also Electric World, Feb. 21, 1925, p. 399. 
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to be contrary to the well-known explanations hereto- 
fore given to account for the increasing power factor 
with increasing potential gradient. That is, the 
lonization commences in the air spaces adjacent to the 
conductors and occurs progressively in the air spaces 
from the center outwards as the potential is raised. 
In view of these uncertainties, it appeared to us that 
further study of this phenomenon might give some 
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additional information as to the nature and effects of 
ionization in cables. 

Schrader® also found with small air spaces in flat 
dielectrics that the power factor increased to a maxi- 
mum and then decreased to a low value with increase 
of voltage. 

For purposes of study, we made a small cable model, 
Fig. 6, in which the ionization effects occurring in actual 
cables would be exaggereated. A glass tube having an 


inside diameter of 3.1 mm. and an outside diameter of . 


9.3 mm. was filled with mercury, the mercury forming 
the center electrode. A brass tube having an inside 
diameter of 14.3 mm. was placed concentric with this 
glass tube and insulated from it. Suitable guard rings 
were used, as shown in Fig. 6. The length of the brass 
tube between guard rings was 31.5 cm. Fig. 7 shows 
the curves of power factor, capacitance and watts loss 
obtained with this cable model at room temperature 
and at a frequency of 60 cycles per second. It will be 


observed that the power-factor curve begins to increase 


rapidly at 6.5 kv. and the other two curves at 8 kv. 
Also the power factor rises rapidly to a maximum of 


8. Schrader. ‘‘Corona in Air Spaces in a Dielectric.’ 
Trans., A. I. E. E., Vol. 41, 1922, Pp. 583. 
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45 per cent and then actually does begin to decrease, as 
we had anticipated. After passing its maximum, the 
rate of decrease at first is high, but becomes less with 
increase of voltage until at 27.5 kv. the power factor is 
only 20 per cent. The capacitance is constant below 
the ionization voltage. It increases rapidly just be- 
yond the ionization voltage. At first the increase is 
linear, but at higher voltages the increase is less rapid, 
the curve drooping slightly. This is the character of 
curves which we expected the cables would have. 

In order that we might obtain sufficiently high 
voltage gradients in cables to produce similar effects, 
it was found desirable to use smaller cable. This 
enabled us to use lower maximum voltages, thus making 
it easier to insulate the cable ends, and also reducing 
the probability of errors due to inevitable small corona 
formation in our air condenser. Accordingly, a 00 
A. w. g. (diameter = 0.418 in. = 10.6 mm.) single-con- 
ductor cable with a 9/32 in. (7.1 mm.) wall of insulation 
was used. In accordance with ordinary American 
practise, this cable would probably operate at 12 kv. 
The cable was guarded at its ends and end bells filled 
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with impregnating compound were fastened to the ends 
to prevent the compound from oozing out and air 
entering with change in temperature. The net length 
of cable tested was 71% ft. (2.8 m.). Curves taken for 
this cable under various conditions are shown in 
Figs. 8 to 16, inclusive. 

In Fig. 8 curves of power factor, capacitance and 
watts per foot are given for a frequency of 60 cycles 
per second and at a temperature of 20.4 deg. cent. 
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At each reading sufficient time was al- 
lowed for the reading to become constant. It will 
be noted that the power factor after reaching 
a maximum value of 2.4 per cent actually does 
begin to decrease, as had been anticipated. The 
capacitance begins to increase at 10 kv., corresponding 
to an apparent potential gradient of 22 kv. per cm. at 
the conductor surface. The rate of increase of capaci- 
tance is a maximum at 30 kv., at which potential the 


as shown. 


capacitance curve has a point of inflection. Beyond 
this potential the rate of increase diminishes. 
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The difficulties in obtaining quantitative data on 
cable samples under these conditions of test are illus- 
trated in Fig. 9, which shows curves taken at a 
frequency of 60 cycles per second and at a temperature 
of 53.8 deg. cent. The potential was first increased 
as before, readings being taken at frequent voltage 
intervals, and only after conditions had apparently 
become constant. When 58 kv. was reached the 
potential was decreased and readings taken at inter- 
vals to zero voltage. These readings, however, were 
taken immediately following each adjustment of 
voltage, a pause of only two or three minutes being 
necessary for taking each reading. Hence the dielec- 
trie was not given time to attain constant condition. 
It will be noted that the values of power factor, watts 
per foot and capacitance are all considerably greater 
for decreasing voltage than for increasing voltage. It 
should also be noted that with increasing voltage the 
watt curve and the power-factor curve begin to in- 
crease at a considerably lower voltage than the capaci- 
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tance curve. Moreover, with decreasing voltage the 
curves reach constant values at lower values of voltage 
than they do with increasing voltage. Before taking 
each reading with decreasing voltage, if sufficient 
time for conditions to become constant be allowed, 
the values obtained are in most cases only slightly 
greater than the corresponding results with increasing 
voltage. In some instances, however, it has been found 
even when steady conditions are reached that the 
values with decreasing voltage are less than correspond- 
ing values for increasing voltage. We have also 
found that measurements vary considerably from time 
to time, even when taken under the same conditions. 
With impregnated paper insulation, for example, 
dielectric measurements frequently do not repeat 
themselves. On one occasion after completing a 60- 
cycle test, we found that the 25-cycle losses were 
greater than the 60-cycle losses even though sufficient 
time had been allowed for the cable to reach constant 


conditions. Due to such variations in the cable dielec- 
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60 cycles per second. 88 deg. cent. (Dotted 


tric, great care must be taken if quantitative data are 
to be of value. 

In the opinion of the authors, one reason why with 
decreasing voltage the values of power factor, watts 
loss and capacitance are greater than with increasing 
voltage is that a large number of free ions still persist 
in the air spaces of the dielectric. The effect of dielec- 
tric absorption may also be present. Hence, the 
ionization effects will be greater for any given potential 
gradient than is the case with increasing voltage. 
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Other contributing causes of the higher values with 
decreasing voltage are the slightly higher internal 
temperature and the fact, which is well known, that 
a dielectric which has been over-stressed shows lower 
insulation resistance and greater dielectric loss than 
it does before being overstressed. 

Fig. 10 gives curves taken at a frequency of 60 
cycles per second and at a temperature of 45.9 deg. 
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begin at lower potential as would be expected on the 
basis of present-day ionization theories. In Fig. 10 
also both the power and the power factor curves com- 
mence to increase rapidly at a lower potential gradient 
than the capacitance curve. We find this effect to 
be true in every case except that of Fig. 8, in which the 
capacitance curve commences to increase rapidly at a 
lower .potential gradient than either the power or the 
power factor. Fig. 8 is the only exception to this effect. 
Our records show that the data from which Fig. 8 was 
plotted were taken shortly after another test had been 
completed. Probably in this instance sufficient time 
was not allowed for the cable to reach its stable 
condition. 

In Fig. 11 the solid lines are the curves of power 
factor and capacitance taken at 60 cycles but at 
a temperature of 88 deg. cent. It will be noted 
that the power factor increases rapidly when the 
potential is increased from 2 to 8.5 kv., at which 
point it reaches a first maximum. It then de- 
creases, reaching a minimum at 15 kv. and again 
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increases in the ordinary manner. This peculiar 
effect cannot be due to any errors in measurement, 
since we checked this portion of the curve carefully. 
Moreover, this effect occurs only at high temperatures. 
It appears again in Fig. 13 taken at a temperature of 
98.5 deg. cent. and at a frequency of 32 cycles per 
second. The authors are not prepared at this time 
to offer a definite explanation of this sudden varia- 
tion in the power factor. They feel, however, that 
it must be due to physical changes in the dielectric, 
either in the paper or in the impregnating compound, 
or possibly in both. Since we did not have any sample 
of the materials used in the manufacture of this cable, 
we were unable to make further analysis, but we in- 
tend to study this effect at a later date. 

It will be observed at the higher temperatures that 
the range of maximum power factor is greater than 
at lower temperatures; also the power factor does not 
begin to decrease at as low a voltage as it does at the 
lower temperatures, and further the decrease in power 
factor is not so marked. 
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Fig. 12 gives the three typical curves taken at a 
frequency of 32 cycles per second and a temperature of 
20 deg. cent. It will be observed that the watts per 
foot are less for any given potential, but that the 
power factor and capacitance are greater than those 
obtained at a frequency of 60 cycles per second and 
approximately the same temperature (Fig. 8). 

In Fig. 13 the solid lines are curves taken at a fre- 
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quency of 382 cycles per second and a temperature of 
98.5 deg. cent. It will be observed that this power- 
factor curve has the same peculiar characteristic which 
appears in the 60-cycle curve, Fig. 11. For purposes 
of comparison, the curves of Fig. 12 are shown dotted. 

Fig. 14 shows a set of curves in which the watts 
per feot are plotted as a function of temperature, each 
curve being taken at a constant voltage. The fre- 
quency throughout is 60 cycles per second. 

Fig. 15 shows curves of power factor as a function 
of temperature, taken at various voltages. We feel 
that the reason the 60-kv. curve crosses the 50-kv. 
curve at 40 deg. cent. is the fact that the dielectric in 
the cable was beginning to weaken under the repeated 
high gradients at which we were operating. Fig. 16 
gives similar curves for capacitance. These curves 
show consistent change in capacitance in the neighbor- 
hood of 45 deg. cent. at the lower voltages. Clark 
and Shanklin? obtained similar curves for the relative 
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permittivity of cables. We feel that this is a property 
of the dielectric but cannot give at this time a con- 
clusive explanation. 

The curves, Figs. 14, 15, and 16, are similar to curves 
which have been shown in the past, in which the power 
factor and watts per foot reach minimum values and 
then begin to increase with further decrease in tem- 
perature. Owing to the fact that samples of the com- 
pound which was used for impregnating this cable 

9. Clark and Shanklin, ‘Insulation Characteristics of High- 


Voltage Cables,” Trans. A. I.E. E., Vol. XXXVI, 1917, p. 447 
(Figure 10). 
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were not available, the authors are not prepared to 
state definitely at this time the reason why the cables 
reach a minimum loss and power factor per foot at some 
temperature in the neighborhood of AO deg. to 43 deg. 
cent. However, it has occurred to us that this mini- 
mum might possibly be due to a change in the physical 
structure of the impregnating compound at these 
temperatures. Hence, a cooling curve was taken for 
a sample of paper-cable impregnating compound which 
we happened to have in our laboratory. It was found 
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that if its temperature be plotted as a function of 
time, a change in the slope of the temperature curve 
occurs at 40 deg. cent. The authors conclude that a 
physical change, involving a change in energy relations 
in the molecule, probably occurs at this temperature. 
This effect might well account for points of minimum 
power factor which have so frequently been observed 
by others and for which thus far no explanation has 
been given. The authors intend to study this effect 
further at a later date. 

In a measure at least, the foregoing results are 
explainable on the basis of ionization. However, we 
feel that this explanation needs to be supplemented 
by further analysis of the effects of ionization. 


ANALYSIS OF IONIZATION PHENOMENA 


Since the curves taken with our glass-tube cable 
model (Fig. 7) have all the dielectric characteristics 
of the actual cable, it seemed as if further data taken 
with such models might be of considerable assistance 
in the analysis of cable phenomena, particularly in 
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view of the fact that the composite dielectric of glass 
and air is much simpler than that of paper, a compound 
of low viscosity, and air. Accordingly, another model 
similar to that of Fig. 6 was made and curves taken, 
Fig. 17. The glass of this model was slightly different 
from that of the first model, the curves for which are 
shown in Fig. 7. Aside from slight quantitative differ- 
ences, these curves are similar to those of Kiev 

In attempting to analyze our own results, as well 
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as those of Schrader, we found it necessary to know 
the effect of corona formation on the voltage gradient 
in air spaces and on the capacitance of air spaces. With 
the formation of corona about cylindrical conductors, 
it has frequently been assumed that corona increases 
the effective diameter of the electrode. This may 
be true, but certainly this assumption must be quali- 
fied to the extent that this corona formation is not 
equivalent to increasing the diameter of the electrode 
in the sense that the voltage across the corona forma- 
tion is negligible. Peek,! later in his book, recognizes 
this fact for on page 85 he states: “Hence, corona seems 
to be either in effect a ‘series resistance,’ or it grades or 
distributes the flux density.” 

If, for example, in a composite dielectric of solid 


10. F.W. Peek, Jr., ‘‘Diélectric Phenomena in High-Voltage 
Engineering,” p. 27. ehe ih % 

M. F. Gardner, ‘‘Corona Investigations on an Artificial 
Line,” Jour. A. I. E. E., Aug. 1925, --p. 813. 

J. J. Ryan and H. H. Henline, ‘The Hysteresis Character 
of Corona Formation,” Jour. A. I. E. E., Sept. 1924, p. 826. 
(The ‘statement, however, is omitted in the TRANSACTIONS.) 


material and air, the voltage across the air spaces 
were neglected after corona is formed, the capacitance 
would increase abruptly at the critical gradient and 
immediately attain a nearly constant value. With 
our glass cable models, the capacitance should behave 
in almost this same: manner when the gradient is 
sufficient to cause corona throughout the air space 
between the glass tube and brass cylinder. The outer 
and the inner radii of the air space (Fig. 6) are in the 
ratio of 1.54 to 1, or very much less than the critical 
ratio of 2.718 (Napierian base «). Therefore, our 
glass tubes, so far as this effect is concerned, are equiva- 
lent to flat air spaces and the capacitance should 
increase suddenly and reach almost immediately a 
constant value. A study of Figs. 7 and 17 shows that 
this is not true. 

In order to obtain additional information on the 
effect of corona on the voltage gradient in air spaces and 
on the change of capacitance, the variation of power 
factor and capacitance with voltage was determined for 
a concentric-cylinder condenser with air only as a di- 
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electric. The outer cylinder was provided with guard 
rings and the working section between guard rings was 
55 in. (140 em.) Iong. The center electrode was a 
smooth No. 14-A. w. g. wire having a diameter of 
64 mils (0.1635 em.) and the inner diameter of the 
outer cylinder was 7.34 cm. This gives 45 to 1 as 
the ratio of outer to inner diameter, which is so high as 
to give ample opportunity for corona to form before 
sparkover occurs. The curves taken for this condenser 
are shown in Fig. 18. 


150 
The capacitance is given by 


0.555 L 
C eegeiacs haus cads 
log. —— 
tf 


where R is the inner radius of the outer cylinder, r the 
radius of the center conductor and L the length in cm. 

If it be assumed that corona increases the effective 
radius of the inner electrode to a value 71, at which 
radius the gradient again becomes equal to the break- 


R 
down gradient of the air, the ratio ree cannot exceed 
2.718. 


Were the effect of corona to increase the effective 
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tance of a gaseous medium." In the initial stages of 
corona this increase 1s probably due to the doublet 
action within the atom, and in later stages the space 
charge effect increases the capacitance. 

Faraday, in attempting to explain the greater di- 
electric constant of solid material, was the first to 
assume that the molecules of the solid became polarized, 
due to induction. This shortens the tubes of force and 
hence increases the capacitance. Faraday also showed 
that these polarized molecules (or doublets, as they are 
now called) may be compared with small insulated 
globular conductors. Mossotti put this theory on a 
mathematical basis. Jeans replaced the idea of con- 
ducting spheres with clustered electrons, and in this 
manner uses Mossotti’s hypothesis to reconcile dielectric 
phenomena with modern views as to the structure of 
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4 = 7.34 cm. 


diameter of the inner electrode, the capacitance of the 
foregoing condenser cannot exceed 


6.0 SoS S14 = iy wey 


A study of Fig. 18 shows that a capacitance of more 
than twice this value actually was obtained before 
sparkover occurred at 15.9 kv. On the basis of the 
assumption that the corona increases the effective 
diameter of the center electrode, this would give a di- 
ameter of 4.37 cm. at sparkover, or an apparent ratio 
of outer to inner radius (R/71) of 1.68. The increase of 
capacitance, therefore, would indicate either that the 
gradient through corona formation is not small, but is 
comparatively large, or that ions in the air space in- 
crease the capacitance of thecylinder bya largeamount. 
In the opinion of the author, these two effects occur 
simultaneously. bg 


It is well known that ionization increases the capaci- 


r = 0.1625 cm. 


Length = 140 cm. 


matter. Essentially, Jean’s assumption is to consider 
the surface of the molecule as an equipotential surface. 

In the first stages of ionization the electron probably 
moves only from an inner to an outer orbit, thus ab- 
sorbing energy. In so doing, it increases the doublet 
action of the molecule and thus tends to increase capaci- 
tance slightly. When the gradient has become suf- 
ficient to cause the electron to leave the molecule, free 
charges are separated to a finite distance. The presence 
in the gaseous dielectric of ions and electrons separated 
by finite distances will increase the capacitance since it 
will cause a shortening of some of the lines of force. 
Hence, when the voltage gradient becomes sufficient 
to cause the electrons to leave the atoms and to produce 


1l. See J.J. Jeans, ‘Electricity and Magnetism,” Molecular 
Action in a Dielectric, p. 126. 

Harris J. Ryan. (Discussion) Trans. A. I. E. E., Vol. XXXII, 
1913, p. 1827. 
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further ionization by collision, a rapid increase of capaci- 
tance should result. 

Our results appear to bear out this theory. In 
practically every curve, Figs. 7 to 13, inclusive, and in 
Figs. 17, 18, and 23, the power and the power factor 
begin to increase before the capacitance increases 
appreciably. That is, at first the electron, in moving 
from an inner to an outer orbit, absorbs energy and 
increases the capacitance slightly. It gives out this 
energy as heat and visible corona, in falling back to its 
initial orbit. This would account for an increase of 
power with but a small increase in capacitance. When, 
however, the gradient reaches a value sufficient to cause 
electrons to leave the atoms, the capacitance increases 
rapidly, due to the space charge effect. 

So far as is known; no attempt has been made to 
determine the law connecting change in capacitance and 
ionization. Accordingly, some preliminary investiga- 
tions of this phenomenon have been made by the 
authors and some of the results are given in Appendix 
IV. These results show that with a flat air space 2mm. 
thick the capacitance of the air space when ionized 
reaches a value which is 28 times the capacitance for the 
non-ionized condition. 

In addition to the increase in capacitance in the air 
films, when ionization takes place, the relation of volt- 
age gradient to current also changes. To show in more 
detail the effects of this relationship, a reproduction of 
some curves given on page 267 of Townsend’s “Elec- 
tricity in Gases,” is shown in Fig. 19. These curves 
show the current-voltage relation of air with parallel 
plate electrodes. The curves are taken for spacings of 
2,1,and0.5cm. Thepressureineach casewas 1.1 mm. 
of mercury and the initial ionization was produced by 
X-rays. These curves represent some of the first data 
taken in experimental work on ionization phenomena 
and are now considered quite elementary. Neverthe- 
less, they are important in that they appear to offer 
explanations of some of the ionization phenomena which 
we have observed. 

At low voltages, a current which, although very 
small, is finite flows through the air space. This cur- 
rent is due to the motion of the free ions and is prac- 
tically independent of the voltage.. In air, under ordi- 
nary conditions, this so-called “saturation current” is 
very small, and is practically negligible. 

With increasing voltage the velocity of the moving 
ions increase and ionization by collision begins. As 
a result, the current increases rapidly, but there is no 
discontinuity in the curve. The curves have sharp 
bends, however, and after a certain voltage gradient is 
reached, the current density increases so rapidly with 
slight increases in voltage that we usually regard these 
curves as discontinuous and consider that the air has 
a definite breakdown gradient. It is important to 
remember that although the curves are not discontinu- 
ous with voltage gradients beyond the bend, the current 
density, increases enormously. with further slight in- 
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crease in gradient. In the limit the current density 
becomes so great that sparkover or arc discharge re- 
sults and the curve then takes a negative slope. With 
air films in solid dielectrics, the current is restricted 
by the solid dielectric in series with the air film, and 
the discharge does not go beyond the glow or corona 
formation, unlessrupture of the entire dielectric occurs.” 

From the curves, Fig. 19, it is apparent that for 
each spacing of electrodes the voltage gradient in- 
creases with the ionization current density untila limiting 
voltage gradient, which cannot be exceeded, is reached. 
With the 2-cm. spacing, Fig. 19, this gradient is ap- 
proximately 180 volts per em. and with the 1-cm. 
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spacing it is approximately 300 volts per em. With 
air, under ordinary conditions of temperature and 
pressure, this gradient is 30 kv. per cm. (maximum), 
except with very thin films."* With any current whose 
magnitude is consistent with values of currents existing 
in dielectrics, such as are given in Fig. 19, the voltage — 
gradient in the air is never zero. On the contrary, 
the gradient increases with increasing current density, 
approaching a definite maximum gradient for that 
particular air film. These effects have been verified 
by the tests made on ionized air, the results of which 
are given in Appendix IV. 

Returning now to the cable models, let e; be the 
potential across the air dielectric, and e: the potential 


1.1mm. Hg. (Data from Townsend ‘Electricity in Gasses,"’ 


12. A. L. Atherton, ‘1922 Developments in Autovalve 
Lightning Arresters,’” Trans. A.I. E.E., Vol. XLII, (1923) 
pe 179: 

13. F. Dubsky, ‘“‘The Dielectric Strength of Air Films En- 
trapped in Solid er be tps Trans. A. I. E. E., Vol. XX XVIII, 
1919, p. 537. 
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across the glass dielectric. Until the ionization voltage 
is'reached, the potentials e, and é2 will be inversely pro- 
portional to the normal capacitances ¢, and ¢2 of the 
air and glass. Beyond this voltage, however, the 
potential e, cannot increase appreciably but must re- 
main substantially constant. Hence, any further in- 
crease in the total voltage must be taken by the capaci- 
tance c.. Curves illustrating this effect are given in 
Fig. 20, in which the voltages e; and é are plotted as 
functions of the total voltage E. Each of the voltages 
e; and é, increases proportionately to Heantill 57 ky. 
is reached, beyond which point e,; remains constant. 
For voltages greater than this critical voltage, any 
increase in E produces in equal increase in é,. This 
assumes that e, and e, are substantially in phase. This 
is not strictly true, particularly at large values of EH, 
as e, tends to come in phase with the current because 
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of ionization losses in the air space. This would 
only change the slope of e: without changing its 
general character. 

In Fig. 29, Appendix IV, are shown similar curves 
which were obtained experimentally for a combination 
of glass in series with a flat air space. These curves 
are of the same character as those of Fig. 20. 

When the air spaces are ionized, their capacitance 
decreases, and due to energy loss, the current is prob- 
ably almost in phase with the voltage across the air 
space, or in phase with e:, Fig. 20. Hence, the power 
lost in the air space should be proportional to the cur- 
rent. We find this to be nearly true with the power 
curves in both Figs. 7 and 17. If correction be made 
for the increase of loss in the glass which is included in 
these power curves, the agreement is still closer. 
In order to avoid confusion, we have not plotted the 
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current in these figures. It is easily determined, how- 
ever, from the capacitance curves and total voltage E, 
since J = EC wo. 

We feel the foregoing relationship to be important, 
since it suggests a method by which the actual ioniza- 
tion loss in a gaseous dielectric may be separated from 
the loss in solid or non-ionized dielectrics. It also goes 
to substantiate the fact of the voltage gradient across 
ionized air spaces remaining substantially constant 
after corona forms. 

It seems reasonable, therefore, to conclude that 
corona in gaseous films produces a definite limiting 
gradient in the film which depends on the nature of 
the gas, the pressure, the temperature and the geometry 
of the film. The current density in such an ionized 
gas does not depend on the voltage across the film, 
but rather on the impressed voltage and the remainder 
of the dielectric circuit. That is, the solid or non- 
ionized dielectric will limit the current density and it 
cannot increase indefinitely, as is indicated by the 
curves of Fig. 19, until rupture of the entire dielectric 
occurs. 

This gives a condition which may be considered as 
restricted ionization. 


Decreasing Power Factor. Schrader,” in explaining 
the decreasing power factor with increasing voltage, 
which he obtained, states that it “indicates that satura- 
tion of ionization is approached.’’ Our ordinary un- 
derstanding of the statement “saturation of ionization” 
is that practically all the molecules have become ionized 
and the resulting ions and electrons are acting as car- 
riers of electricity across the gaseous film. Calculation 
shows that this condition cannot exist in such air 
films. For example, if it be assumed that there is but 
one electron per molecule carrying the ionization cur- 
rent, the current density through the ionized gas would 
be several amperes per sq. cm. Obviously, no such 
current density is possible in air films within dielectrics. 

Proos* plotted conductance against kilovolts and 
obtained curves very similar to power-factor curves, 
but consisting of three straight lines. He explains the 
greater slope which occurs just above the ionization 
voltage, and the lesser slope which occurs at a higher 
voltage, as follows: 


“When the ionization voltage is exceeded, the 
air directly around the conductor is ionized first 
because here the intensity of the electric field is the 
highest. As the voltage is increased still further 
the air farther away from the conductor is also 
ionized and when we reach the second step in the 
voltage curve nearly all the air in the cable seems 
to beionized. Theremaining particles of the air will 
be ionized gradually as a higher voltage is applied. 
It is very probable that the last part of the voltage 
curve will be horizontal again when all the air in 
the cable has been ionized or when the remaining - 
non-ionized air particles are so small that their 
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lonization cannot affect the results in a measurable 

_ Way.” (Translated.) 

If every molecule of air in the cable were ionized, the 
current density would be greater than could possibly 
exist in insulation. Proos possibly meant to say ““when 
the corona is formed in every air space” rather than 
“when all the air in the cable has been ionized.” More- 
Over, in our curves the maximum values of power factor 
occur at a potential gradient of approximately 110 kv. 
(r. m. s.) per inch or practically twice that of the break- 
down of air under ordinary conditions—53 kv. CPAs) 
per inch. Hence, we do not feel that this explanation 
is an adequate one, as will be shown later. 
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Clark and Shanklin® plotted “specific resistivity 
(effective)” or P/E, or the equivalent shunt resistance 
of the cable, against kilovolts. (This is the reciprocal 
of the quantity which Proos plotted.) They explain 
the lesser rate of decrease of their curves as follows: 

“Gradually a point of saturation is reached and 
the energy consumed by ionization approaches 
more nearly a true ohmic loss.” 

Shanklin and Matson" explain similar characteristics 
as follows: 

“Complete saturation is not yet reached, but the 
curve is flattening out, showing that the majority 
of the gas spaces have been ionized.” 

Although these statements are in a sense correct, 
we do not feel that they are adequate explanations 
of the phenomena. Even though ionization is a 
contributing cause, the character of these curves is 
not determined solely by the degree of ionization, but 
rather by the changes, due to ionization, in the con- 
-stants of the series condensers consisting of the solid 
dielectric and the air films. 

The equivalent circuit of the solid dielectric and air 
space is shown in Fig. 21, in which ¢, is the capacitance 
of the air space and 1, is its equivalent: shunted resis- 
tance; ¢2 is the capacitance of the solid dielectric and r. 
is its equivalent shunted resistance. It can be shown 
that the sine of the angle of phase-defect of the com- 
bination is 


(€1 €1)? 
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sn yy = E 


(5) 


where e, and e, are the voltages across ¢; and ¢», Eis the 


14. Shanklin and Matson, “Ionization of Occluded Gases in 
_High-Tension Insulation,” Trans. A. J. E-#., Vol. XX XVIII, 
1919, p. 489—See page 494. f 
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total voltage and y, is the angle of phase-defect of the 
solid dielectric. (See Appendix II.) 

Below the ionization voltage, e,¢, = @.¢. since ey 
and ¢, are substantially in phase with each other, hence 
the radical is equal to zero and the power factor equals 


€2 SIN Wy 


E 


Above the ionization voltage, e, and c. remain nearly 
constant. c¢, and é both increase very rapidly (Figs. 
20, 29 and 30). From our experimental data with both 
the cable models and with flat air spaces (Appendix VI) 
we know that immediately above the ionization voltage 
€2 Increases more rapidly than c,. Hence, the expres- 
sion under the radical sign increases rapidly, which 
causes a rapid increase in sine y or in the power factor of 
the combination. Also, when ionization commences, 
the left-hand term becomes small in comparison with 
the right-hand term. At higher values of the voltage 
Ei, c; commences to increase very rapidly also (see 
Fig. 30), and the rate of increase of the right-hand ex- 
pression becomes less than the rate of increase in EF. 
As a result, with further increase in E, sin y and hence 
the power factor of the combination commences to 
decrease. Therefore, above the ionization voltage, 
sin y at first increases rapidly, reaches a maximum and 
then decreases. In the limit e. is nearly equal to E, 
and sin y = sin y, the power factor of the solid dielec- 
tric. The ordinary cable would puncture before this 
limit was reached. 

We realize that in a cable the air films are not all 
ionized simultaneously, but the films nearest the 
conductor probably ionize first, due to the higher 
gradient there, and a greater and greater number further 
from the conductor become ionized as the voltage is 
increased. Hence, the power factor is determined by 
the summation of the effects of the separate films. This 
results in power-factor curves which rise less rapidly 
and which have more gradual changes in slope, as is 
shown by comparing the curves taken with actual 
cables with those of model cables. 

The results of Proos may be analyzed in a similar 


sin yy = 


manner. Foz example, 

‘ A (@; 1)? 
ants oe Oe Cre (6) 
pe tabs E 


which is similar to (5) multiplied by C. Proos did not 
carry his gradients to sufficiently high values to obtain 
decreasing values for (6). The curves of Clark and 
Shanklin and of Matson and Shanklin are merely the 
reciprocal of (6), and are subject to the same analysis. — 
Their gradients were not carried to sufficiently high 
values to obtain increasing values for the reciprocal 
function of (6). . 
Determining as closely as possible the constants of our 
glass cable models, we have calculated the power factor 
for the model whose curves are shown in Fig. 7, using 


154 


the foregoing equation. We assumed that the ioniza- 
tion voltage began at a definite value of 7.5 kv. In 
Fig. 22 the experimental curve and the calculated curve 
are plotted. In our opinion, the agreement between 
the curves is unusually good, particularly for dielectric 
phenomena of this character. These curves show that 
the foregoing theories are correct not only in a qualita- 


tive sense, but substantially so in a quantitative sense 


as well. They also show: that the decreasing power 
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factor is not caused by such phenomena as saturation of 
ionization but is merely the natural result of a combina- 
tion of series capacitances, of this character. We 
conclude from this that when ionization exists in cables 
the power factor alone cannot be used to determine the 
_degree of ionization in any one cable or to compare the 
ionization characteristics of different cables. 
_ It is apparent that it is possible to calculate with a 
fair degree of precision the effects which may be ex- 
pected in solid and gaseous dielectrics, provided we 
know the constants of the solid medium and the con- 
stants of the gaseous films. 
It has been’ recognized for some time past that, 
although the paper itself has lower dielectric strength 
than the impregnating compound, the dielectric 
strength of the cable is increased by using paper in 
combination with the compound. This is probably 
due to a considerable extent to the fact that the paper 
acts as a barrier,"® which prevents or restricts the motion 
of the ions through the insulation. We felt it worth 
while to study these effects with our cable models. 


15. William A. Del Mar, ‘‘Electric Cables,’’ p. 84. 
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The glass tube of the model whose characteristics are 
shown in Fig. 17 was wrapt tightly with dry manila 
paper, such as is used for insulating cables. The brass 
tube was then slid over the paper. Thus we produced a 
cable model having a composite insulation of glass, air 
and paper. 

Fig. 23 shows the curves of power factor, watts loss 
and capacitance plotted with kilovolts which we ob- 
tained with this model cable. The ionization point 
started at a lower voltage than with air and glass alone 
as the dielectric. This would be expected. The power 
factor increased to a first maximum of 24 per cent at 
7 kv. When the voltage was increased above 7 kv. 
the power factor decreased to a minimum of 18 per cent 
at 16 kv., after which it increased again to a second 
maximum of 27.5 per cent at 22 kv. Beyond this the 
power factor continued to decrease, reaching at 32.5 kv. 


50 ie | 
160 +——b- a + 16 
40 — + a - 
a 
© 140 = q 14 
oO 
te 
= G0) 
x. 
= 120 12 
Ses 
bt2E 
re, 
ey Ae) g 
Ps © 100 109 
Ca n 
106 E 
fad <= 
ro) = 
= 80 82 
J 5 
og a 
ee es 
Q 60 6 
(ates 
-< 
(S) 
40 4 
20 + 2 
0 A eer a L —_— 0 
0 5 10 15 20 25 30 
KILOVOLTS 
Fic. 23—Casite Mopsr. Guass-Arr-Parer DI®LECTRIC 


20 deg. cent. 60 cycles per second 


nearly a constant value. The capacitance curve in- 
creases steadily with increased kilovolts, but shows 
changes in slopes corresponding to the maxima and 
minima of the power-factor curve. The wattslosscurve 
begins to increase with the first increase of power factor 
and then increases suddenly when the power-factor 
curve begins to increase for the second time at 16 kv. 
For comparison, the curves of Fig. 23 and of Fig. 17 . 
are plotted together in Fig.24. 

Fig. 23 indicates that this composite cable has a 
second ionization voltage. The paper was removed and 
examined, and found to be pierced throughout by 
numerous fine pinholes. This effect could not be found 
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unless the voltage were carried up beyond the second 
ionization voltage. The explanation of the second 
ionization voltage is now obvious. 

As the impressed voltage is incr eased, the voltage 
across the air spaces reaches its maximum value and 
does not increase further. Hence the gradient in the 
paper and the gradient in the glass increase more 
rapidly with further increase in impressed voltage. 
When the gradient in the paper becomes sufficiently 
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high, the ions striking its surface are drawn through 


causing perforations. A number of ions concentrating » 


at one point causes a pinhole. The restricted ioniza- 
tion current density prevents dynamic rupture. Be- 
cause of the perforations, the dielectric and the barrier 
actions of the paper are in part destroyed. Any increase 
in impressed voltage now occurs almost entirely across 
the glass tube and the power factor begins to increase 
and then decrease again in the manner which was dis- 
cussed in connection with Figs. 7 and 17. 

This suggests that one of the requisite qualities 
of paper which is to be used for cable insulation may 
be its barrier action under conditions similar to the 
foregoing.’ 

If the voltage is catia sufficiently high, in these 
paper-glass cable models, a temperature is obtained 
which causes a slight carbonizing of the paper to a 
‘brown color. In addition, with a slightly lesser voltage 
than this, it is possible to produce charred spots at 
numerous places over the surface of the paper. 


The authors have not as yet made a study of this 
barrier action with paper tape impregnated with com- 
pound, which naturally approximates more nearly 
working conditions. 

The foregoing experiments and the resulting analyses 
suggest hypotheses which may explain the origin 
of “tree designs”? and the incipient causes of break- 
down. Fig. 25 shows a magnified and perhaps exag- 
gerated section of paper insulation in which two spaces, 
one on each side of a paper tape, happen to occur directly 
opposite each other, due to the tapes not touching. 
Owing to the fact that the tapes do not quite touch and 
the compound does not quite fill all the voids so formed, 
gas films exist in spaces Q’ Q and Q’ Q”. At low voltages, 
below the ionization voltage, the potential gradient 
across the air films and the corresponding layer of 
paper will be equal in most cases. Hence no potential 
difference will exist between points P and Q, P’ and Q’ 
P” and Q.” Above the ionization voltage the gradient 
through the paper increases. The gradient through 
the air-spaces cannot increase beyond a limiting value 
as already demonstrated. This causes a potential 
difference to exist between points P and Q, P’ and Q’, 
P” and Q”. Therefore, there will be voltage gra- 
dients tangential to the surfaces of the paper which may 
cause creepage or tangential currents which carbonize 
the surfaces and ultimately result in “tree designs.”’ 
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Fig. 25 


This creepage may be followed by discharges over the 
edges of the tape, and these discharges are likely to be 
more or less oscillating in character and of high fre- 
quency. These discharges cause further local heating 
and further destruction of insulation. The barrier 
action of the paper at Q’ may also be destroyed, as 
with the authors’ paper-glass models, causing increase 
in the watts loss (Fig. 23), and ultimately producing 
hot spots. Hence, these effects are all cumulative, and 
eventually rupture will occur at this point. 
CONCLUSIONS 

1. When corona occurs in air spaces, the increase 

in energy loss begins at a lower voltage gradient than 


the increase in capacitance. 


2. With ionization in a gas the voltage gradient 
must always be greater than zero. 

3. The gradient in an ionized gaseous dielectric 
is finite but cannot exceed a definite maximum value. 
This maximum value is the breakdown gradient for each 
particular condition. 

4. The ionization current is limited or restricted 
by the solid dielectric. 

5. When the voltage gradient in cables has reached 
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a value sufficiently high to ionize all the gas films in 
the dielectric, the ionization loss becomes proportional 
to the cable charging current. 

6. The power factor is a direct function of the 
relative capacitance of the solid dielectric and air 
spaces in series. Hence, power factor of itself does 
not show the degree of ionization which exists in a 
cable. 

7, The power factor due to a combined solid and 
ionized gaseous dielectric can be calculated if the 
constants of the two dielectrics are known. 

8. Restricted ionization effect has been called 
“the barrier action of paper’ in high-voltage cables 
and a method is suggested whereby it can be measured 
and the relative quality of cable papers be determined. 

9. “Tree designs” are probably due to tangential 
gradients set up in the cable as a direct result of 
ionization. 

10. Ionization causes progressive deterioration due 
to the high-frequency oscillations accompanying these 
internal discharges. The increased local temperatures 
or hot spots, due to ionization, tend to exaggerate 
these effects. 

The authors are indebted to the members of the 
Electrical Engineering staff of the Harvard Engineering 
School for their cooperation in this research and partic- 
ularly to Professor H. E. Clifford for his suggestions in 
the preparation of the paper. 


Appendix I 


In practically all bridge methods used for measuring 
dielectric loss, the air condenser is assumed to have 
zero loss or its angle of phase defect is zero. The angle 
of phase defect of such air condensers is not zero and at 


B Insulating base and support 

L High voltage lead 

P, High voltage electrode 

P» Low voltage electrode mounted on large, accurately cut screw 


very low power factors this assumption may cause large 
percentage errors. In order to eliminate, so far as 
possible, errors due to the phase defect of our air con- 
denser, we measured its angle up to 10 kv. by means 
of asubstitution method. This method is not new, but 
has been used frequently for low-voltage condensers. 
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In its application to high voltages, however, difficulties 
appear which do not exist with low voltages. 

This substitution method is applicable to any type 
of capacitance bridge. It is necessary to have one air 
condenser other than the condensers which are used in 
the bridge. This condenser must be variable and its 
loss must remain constant at different settings. In 
attempting to measure the phase angle of our condensers 


(a) (b) 
BiG 20 


at the higher voltages, we used a condenser consisting 
of two large galvanized iron plates with well-rounded 
edges and corners. The spacing of these plates could be 
varied so as to balance the bridge. A study of our 
results showed that the loss in this condenser changed 
with its adjustment. This led to further study and it 
was found that with any ordinary mounting the loss did 
not remain constant if a change in capacitance produced 
a change in the field of the solid dielectric. Hence, the 
type of condenser shown in Fig. 26 was constructed. 
The fixed high-voltage plate P: 1s entirely surrounded 
by the low-voltage plate P,. It is supported by a 
brass pedestal P, extending outside the condenser which 
in turn is mounted on a base of bakelite B. The 
capacitance of this condenser is varied by moving the 
low-voltage plate P, by means of a threaded support. 
It is seen that a movement of P, will produce no change 
in the dielectric field in the insulating base B. Because 
of the expense, we have not as yet constructed such a 
condenser for voltages exceeding 10 kv. The method of 
measurement is first to balance the bridge with this 
variable condenser asonearm. Calculate the difference 
y’ in the angles of phase-defect between this variable 
condenser and the condenser which must form one arm 
of the bridge. The variable condenser is then shunted 
by the test condenser and the bridge is re-balanced by 
decreasing the capacitance of the variable condenser so 
that the total capacitance of the bridge does not change, 
making any other adjustments that are necessary. 
Again calculate the difference y” in the angles of phase- 
defect between the combination (variable and fixed 
condenser) and the condenser which must form one arm 
of the bridge. 

To derive the equation, let the equivalent circuit of 
the variable condenser be represented by the circuit, 


eg 
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Fig. 27A, consisting of a fixed capacitance C, in series 
with a resistance r; shunted by a perfect condenser C,’. 
The equivalent capacitance of this combination, 
neglecting terms of higher order, is 


Cpe 
The equivalent series resistance 
Bape ee 
se bercue 
al Ci? Ww 
Tan y! = R' C’ » = ——— 


When this combination (Fig. 27A) is shunted by the 
condenser C. whose angle it is desired to measure, 
the resulting equivalent circuit may be represented by 
the circuit shown in Fig. 278. Now assume that the 
capacitance C,’ is decreased by the amount C,. The 
equivalent capacitance is 

Cc” = Ci a Cy” i Cy = C’ 
and the equivalent resistance is 


(a Ci? — To G2 
Ro = —— 
(C’)? 
Therefore 
(1 CY? 2 C2 
Tan y” = R’ Cw = a ae as (2) 
Subtracting (1) from (2) 
C2 
Tan yp” bs Tan y’ =, ges 
C 
or 
eu 
fo C2 @ = vee (Tan y” — Tan y’) = Tan v (3) 


Equation (3) gives the product r2 C2 w, of the con- 
denser whose angle of phase defect it is desired to 
measure, in terms of a ratio of two capacitances mul- 
tiplied by the difference of the tangents of -the two 
angles y” amd y’. - 

Appendix II 

Consider a condenser of composite dielectric, a part of 
which is air and the remainder some solid homogeneous 
dielectric. This may be considered as two condensers, 
¢, and cin series. Let c, be the capacitance of the air 
portion and c, the capacitance of the solid dielectric 
part. Fig. 21 shows the electrical equivalent of the 
combination. Assume that (1) Ionization begins at a 
definite voltage; (2) ¢c; has zero loss up to the ionization 
voltage; (3) the angle of phase defect of c, is independent 
of voltage; (4) above the ionization voltage e; is con- 
stant. The total voltage across the combination 

; H= €4 + € (4) 

Assume that E is given. Up to the ionization 
point e, and e, can be calculated in the ordinary manner. 
As soon as the ionization voltage is reached, e, becomes 
constant and e, is then found from equation (4). (See 
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Fig. 20.) . With parallel plate electrodes, the ionization 
voltage will be the breakdown voltage for that particular 
thickness of air. 


The power loss in condenser ¢» is 
IPs = @o If sin Wo 
where I is the charging current through the combina- 
tion, or 


9 


P, 


Co? Co W SIN Wo (5) 


Below the ionization voltage, the power factor of the 
combination c, and ¢, is 
2 


Sin y = EL 


or 
€4 


Sin yy = a sin ps (6) 


However, above the ionization voltage, the power loss 
in ¢,is 


Py er) sn yy (7) 
but 
1) (8) 
and 
; - Pi 
Sin yi = To T 


Where 7, is the energy current and 7, the quadrature 
current through c,. 


ea Be) be : 
.singy = 4) 1 Roos (9) 
Substituting (9) and (8) in (7) 
fy | CA 
12, = €; €o9 Co W ¥ il oO C2)? (10) 


The total power is equal to the sum of (10) and (5) 
or 
P 


| sired nt 


(€1 ¢1)° 
(€2 C2)? 


C5” Co w sin Wo ++ €; €2 C2 w| 1— 
The power factor of the combination is 


; 12 
Sin y = ay 


or 
-(€; €1)? 


€y SIN Po + e1 \ 1— Ghons 
SLL ror a re Sa IT (11) 


Equation (11) gives the value of the power factor of 
this combination of capacitances. Before ionization 
occurs, the right-hand term equals zero, and the equa- 
tion still gives the circuit power factor. Correction 
should be made for the phase difference between e; and 
és, but for a first approximation this is not necessary. — 


158 


The use of these formulas to check experimental data 
has been shown in Fig. 22. 
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The voltage was measured by means of a voltmeter 
coil in the high-voltage winding of the transformer. 
The ratio of the high-voltage winding and the voltmeter 
coil was determined by the bridge method of Fig. 28. 
A bridge of this type has been described by Atkinson.”* 
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Fig. 28 


However, the bridge (Fig. 28) was in use in our work 


before the publication of Atkinson’s paper. 
The equations of balance are: 


Ee SCy Re 
pe eR, ae 
Mo 

R, = Tan y (13) 


where y is the difference of the phase angles of the cur- 
rents in the two halves of the bridge. 


E 
In order to calculate the ratio Sane equation (12) is 


sufficient when both capacitances and resistances are 
known. In our work C, was a large air condenser, 
having approximately 50 u u f. capacitance, and C, was 
a 0.05 uf. secondary standard, mica condenser. The 
resistances R, and R, were about 100 ohms each. 
Equation (13), nevertheless, gives a method of cal- 
culating the phase difference between the voltage of the 
high voltage side of the transformer and that of the 
voltmeter coil, if the losses in C, and C2 are known. 
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A knowledge of the electrical properties of ionized air 
_is very important since these properties determine in 
such a large measure the behavior of dielectrics con- 

taining occluded gas. With flat air-spaces it is prac- 

tically impossible to determine these properties without 

having a solid dielectric in series, since, when the critical 

voltage gradient is reached, the current increases very 

rapidly with but a very slight increase in voltage gradi- 

ent (Fig. 19) and complete rupture of the air space 
16. ‘A High-Tension Bridge for Measurement of Dielectric 


Loss in Cables.” The Electrical Journal, Vol. 22, Feb. 1925, 
p. 57. 
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immediately follows. However, by having a solid 
dielectric in series, the current in the air space may be 
limited to any desired value and the properties of the 
air space studied under those conditions. The dis- 
charge in the air space then takes the form of true 
corona or a glow discharge. 
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In >order to determine quantitatively some of these 
characteristics, measurements were made on a flat air 
space, 2 mm. thick, in series with a flat glass plate, 
2mm. thick. The glass plate was first silvered on both 
sides. The active electrodes were circles having di- 
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ameters of 12.2 em. which gives an area of 117 sq. cm. 

One circle was surrounded by an annular guard ring 
having a radial thickness of 1.4 em. The dielectric 
properties of the glass. were then determined. The 
silver was then removed from one side and a brass 
plate electrode spaced 2 mm. from the non-silvered side 
was used in determining the dielectric properties of the 
combination of air and glass. 

The constants of the combination of glass and air 
were then measured. Knowing the constants of the 
glass alone, the constants of the air alone could be calcu- 
lated by the equations 


E E, EB. 


SA ee ay) 

Z=2Z,4+2, (21) 
and 

fe Ws (22) 


where J is the current, FE and Z the voltage and impe- 
dance of the combination, EF, and Z, the voltage and 
impedance of the air, and E, and Z, the voltage and 
impedance of the glass. 

These quantities are all vectors and the operations 
must be made vectorially. 

Fig. 29 and 30 give the results of the measurements 
on the air. The current voltage curve of Fig. 29 is the 
same character as the curves of Fig. 20 and shows that 
above the ionization voltage, the voltage across the 
ionized gaseous film remains practically constant. 
The solid dielectric then takes most of the voltage stress. 

Fig. 30 shows the increase of the capacitance, and the 
change in the impedance and the phase angle of the 
ionized gaseous film as functions of the current. Below 
the ionization voltage the capacitance of the air space is 
50 wwf. Above the ionization voltage it increases 
rapidly to 900 u wf. at 700 micro-amperes. It then 
increases more slowly but uniformly until at 2600 micro- 
amperes its value is 1430 uw wf. This curve then con- 
sists essentially of three straight lines. At 2600 miero- 
amperes the capacitance of the air space is 28 mes its 
non-ionized value. - Hence the dielectric constant of the 

: air under these conditions is 28. 

: The curve of the power-factor angle @ has a peculiar 
shape. After the ionization voltage is reached the 
angle decreases rapidly from 90 deg. to 20 deg. and then 
commences to increase more slowly, the rate of increase 
decreasing with increase of current. 

After the ionization is reached the impedance drops 
very rapidly to approximately one-fifteenth its initial 
value and then decreases very slowly with further 
increase of current. 
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Discussion 
A.E. Kennelly: Turning to the paper by Dawesand Hoover, 
it seems to me that the great force of that contribution 
lies in the fact that a bridge has been developed which employs 
a vibration galvanometer, with all the delicacy and precision 
that the vibration galvanometer affords, so that instead of 
having to employ a relatively great length of cable dielectric 
2 4 
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for test, it is sufficient to have only, say, a couple of meters, 
provided that the particular couple of meters shall represent 
fairly well the whole length of a cable under consideration. 

E. W. Davis: One of the most important problems which 
confronts the manufacturer of high-voltage cables is that of di- 
electric loss, its fundamental cause and its relation to the other 
necessary properties of a well designed cable. 

The paper by Messrs. Dawes & Hoover adds one more to the 
numerous theories concerning the nature of dielectric loss and 
power factor. Unfortunately many of the papers published to 
date, while excellent mathematical treatises on the subject, 
are not founded on any scientific research work or based on data 
of many tests. In fact, outside of a very few isolated experi- 
ments, many of the theories cannot be checked at all. 

In a recent paper presented before the British Institution of 
Electrical Engineers, ‘‘Dielectric Problems of High-Voltage 
Cable”, by Perey Dunsheath, an attempt is made to connect 
dielectric loss with dielectric absorption, dielectric hysterisis, 
and dielectric conduction. Much data and many curves are 
given to substantiate the theory and there is included a rather 
unique discussion of the relation between a-c. and d-c. losses. 

The paper by Dunsheath and the paper by Dawes & Hoover 
offer two widely divergent theories for dielectric loss, and yet 
both of them contain features that may be readily checked. 

Fig. 1 herewith shows a few typical power factor voltage 
curves that we have obtained with various impregnating com- 
pounds and at various temperatures. These tests were made 
in a special oil testing condenser and with a high-voltage, 60- 
eyele bridge. The curves are quite similar to those shown in 
the Dawes-Hoover paper, one in particular showing the peculiar 
knee found at high temperatures by these investigators. 

Fig. 2 shows two curves calculated by means of the formula 
(17) of the Dawes & Hoover paper. By slightly varying the 
assumptions as to location and dimensions of the air films, 
both types of curves are obtained. One interpretation of such 
tests would indicate that compound ordinarily contains more 
or less air distributed through it and exhibits the same phenomena 
of restricted ionization as laminated insulation even though the 
barrier effect of the paper is not present. Another phenomenon 
exhibited by cable insulation, but not discussed by Dawes & 
Hoover, is the V curve of power factor and voltage. Numerous 
samples tested show a decrease of power factor with increasing 
voltage and then as higher stresses are reached, a rapid increase. 

In built-up insulation, there are invariably minute air films. 
The loss through these films depends upon the conduction 
through and conduction around the film along the paper. The 
conduction loss at low stresses would follow Ohm’s law and at 
high voltages would depend upon the degree of ionic saturation 
or ionization. If we consider a very low-pressure air film 
between two paper tapes, the full ionie saturation would be 
reached at a very low stress and, therefore, the leakage current 
would not increase directly with the voltage. The dielectric 
loss, therefore, would not inerease directly with the voltage and 
this would mean a decrease of power factor with increasing stress. 
This phenomenon holds until a point is reached where ionization 
of the higher-pressure air in the insulation is complete. If the 
ionization took place at the same voltage for a large majority of 
the air films, we would expect a sharp increase of power factor. 
It is possible that the ionization point for various films may differ 
so much that a gradual rather than a sharp increase of power 
factor occurs. This effect is of course governed by the relative 
amount of air to insulation, the average pressure of these air 
films and the leakage characteristic of the paper insulation. We 
should not expect to find this phenomenon in a cable the 
paper insulation of which had quite high leakage characteristics. 

Tests on Impregnated-Paper Sheets. Power-factor tests on 
sheets of vacuum-dried and impregnated paper were made 


with a high-voltage bridge in order to check the previous conclu- 
_ sions. 


It was thought that tests on single sheets of paper in 
very close contact with the electrodes would show the character- 
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isties of the paper insulation itself. Then, using more than one 
sheet, tests could be made with air films between. 

The curves in Fig. 3 show the results of these tests. 

Tn no instance was a V curve obtained with a single sheet of 
paper. Two and three sheets of paper, when placed loosely 
together and tested, gave decided V curves of both the gradual 
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and the sharp type. With three and four sheets of paper, 
sufficient stress could not be obtained with the voltage available 
to reach the critical point in the power-factor curve but the start 
of theiV curve was obtained in each instance. The application 
of pressure to the upper electrode when testing multiple sheets 
changes the character of the curves very much. In Fig. 3,when 
two sheets are tested under pressure, the V curve is partially 
eliminated and the voltage at which ionization takes place is 
increased. With three sheets under pressure, the V curve is 
eliminated completely. In the case of four and five sheets, 
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sufficient pressure was not applied to remove the V curve 
completely but the dotted curves shown seem to indicate the 
tendency for this to take place. 

W. A. Del Mar: The paper by Dawes and Hoover contains 
a wealth of experimental material which requires considerable 
detailed study, and it is difficult to comment upon the results 
without knowing more about the materials worked upon. For 
instance, cables impregnated with different types of compounds 
would. probably show different characteristic curves. I think 
that the value of the paper w ould be increased very much if in- 
formation were given regarding the type of compound used in 
the cables for which curves are given—for instance, whether the 
compounds are solid or liquid at the temperatures at which the 
experiments were made, and so on. 

I notice that most of the experiments, if not all of them, were 
made with single-conductor cables. Some rather interesting 
work which Mr. Hanson has been doing and also some which has 
been done in England and recorded in the current Journal of the 
Institution of Electrical Engineers, England, indicates that in 
three-conductor cables, a large proportion of the loss which 
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occurs at the higher voltages occurs in the fillers, and if the 
fillers are omitted or replaced by some material which has not 
the same characteristics as the ordinary paper crepe, those losses 
can practically be eliminated and the ionization eurve,—that is to 
say, the voltage-power factor curve ,—becomes virtually a horizon- 
tal line between stresses of 20 volts and 100 volts per mil, which 
are about the limits in Fig. 5 of the paper. 

Tt would therefore seem that the work which the authors have 
done needs to be somewhat amplified by an analysis of just the 
parts of the cable in which the principal losses oceur, at the dif- 
ferent voltages. It is possible that by such an analysis, steps 
could be taken to reduce these losses at the higher voltages. 

Anyone who has done any laboratory work of this kind will 
appreciate the immense amount of painstaking, careful work that 
Prof. Dawes and Mr. Hoover have done in this paper. Never- 
theless, I am not entirely convinced that their curves represent 
insulation characteristics to the exclusion of test-apparatus 
idiosynerasies. When, however, you look at the curves and 
compute the number of experimental points they have made, 
the work appears to be really prodigious, and even if some 
corrections should have to be made, the authors are to be con- 
gratulated upon their results. 


Feb. 1926 


R. W. Atkinson: I have been interested in bridge measure- 
ments ever since I became connected with the cable industry, 
and last year published in the Electric Journal a deseription of 
the method we are now using and gave a brief description of it 
In a discussion before the Institute. The bridge that has been 
shown tonight, and the one I described are about as different 
In general construction and circuit as two instruments both 
of the bridge type could well be and yet serve the same purpose. 
Yet I am interested to note that they both have certain funda- 
mental characteristics and attain final results equivalent in 
many respects. 

The sensitivity of the two types is nearly the same, so far as 
I can judge from the figures given in the paper, and the voltage 
across the measuring parts of the bridges is comparable. These 
are fundamental parts of the whole problem of precision measure- 
ments of dielectric losses. As Prof. Dawes has pointed out, 
it is very desirable indeed to have the voltage drop across the 
resistance in series with the measured condenser very low so that 
no difficulty will be experienced from the effects of the capaci- 
tance to ground of the detector and certain other parts of the 
circuit. His instrument and mine are closely alike in this 
respect and have a very much lower drop than in the case of any 
other dielectric-loss-measuring device of comparable sensitivity 
that has been described. 

Some fundamental differences between the two bridges are 
these:—My bridge uses an a-c. galvanometer as a detector; 
Prof. Dawes uses a vibration galvanometer with vacuum-tube 
amplifiers to get the same result. 

The vibration galvanometer requires accurate frequency which 
is not always convenient where a commercial circuit supplies the 
power. The a-c. galvanometer requires an auxiliary source of 
current to supply the field at the same frequency as that supply- 
ing the measured condenser. 


An advantage of our bridge over most other devices for 
measuring dielectric loss is that it is so arranged that when 
balance is obtained, the power factor may be read directly from 
the dials. 


There is one difference between the two instruments, which is 
a very important one and is in favor of the a-c. galvanometer 
type. In using the vibration galvanometer, it is necessary to 
secure a very accurate capacity balance before the power-factor 
balance can be obtained. With the a-c. galvanometer type the 
bridge is first made sensitive almost entirely to capacity and 
then made sensitive almost entirely to the power factor, by 
changing the relation of the field so that the capacity balance 
does not have to be made nearly so accurately as it would other- 
wise have to be. This is very significant because it permits meas- 
urements to be made much more rapidly than with the other 
type. 

E. S. Lee: With reference to the Dawes-Hoover paper, 
I think there are several things of great interest to those who 
have to work with cables and make measurements thereon. 
In the first place, we find that we have one more method added 
to the already long list and large number of different means by 
which we measure dielectrig power loss. Thisis a bridge method. 
As Mr. Atkinson has said, about a year ago he described his 
bridge, and just a year ago from this same platform we were told 

- of work which had been done with the Schering bridge, which 
work has been carried on for this past year with great success. 

Prof. Dawes says: ‘‘On one occasion after completing a 60-cycle 
test, we found that the 25-cycle losses were greater than the 60- 
cycle losses even though sufficient time had been allowed for the 
cable to reach constant conditions.’’ Such conditions are not 
new to those who are making these measurements continually. 
Also, if you will observe the curves of his Figs. 11, 13, and 16 you 
will observe “humps” which might be looked upon as indication 
of error. But Prof. Dawes has stated that they have checked 
those portions and they find those humps should be there in the 
curves. These also are found by other observers. 
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Thus, we are glad to find that as new investigators take up 
this work, their results are in agreement with what has been 
found in factory testing and experimentation. 


I want to eall attention to one point, which may not be 
necessary, particularly to those who are familiar with the work, 
but I think it is quite necessary, particularly for those who are 
not so familiar with the work. Some reference was made to the 
fact that these are characteristic curves, and I grant you that 
they are, except I would call to your attention that the largest 
portion of these curves is outside of the operating range; that is, 
the curves.in Figs. 8 to 16 are for a cable which we would say 
would be normally rated at 12 kv. If you will look along 
the abscissas or on the curves for 12 kv., you will notice that 
within that value the dielectric power loss is quite small; the 
power factor is very low, and the change in these values is small. 
It is well beyond this voltage that the changes occur. In the 
present-day cable, the same conditions exist. We have to go 
beyond the operating values, considerably, in order to get these 
changes. 


There is one other thing to which I would like to eall atten- 
tion; when I first looked at these curves, I thought the change 
in capacitance was enormous, but if you will note the scales, you 
will find it is not. It is only about 5 per cent. The change in 
the power factor is of the order of 300 to 400 per cent, the 
change in dielectric power loss is of the order of about 3000 per 
cent. So one has to observe these scales carefully in order to 
obtain correct. conceptions. The explanation offered by the 
authors for the shape of these curves is good and of value, though 
if tests are made on cables with different treating compounds 
and with liquid fillers, it will be found that these same curves 
are not characteristic for those cables but that another set of 
characteristic curves will be obtained. Their shape likewise has 
to be explained. 


I believe we are largely forgetting what power factor is. 
We talk about it quite a bit. I believe I am right when I say 
that it is the ratio between the dielectric power loss and the 
product of the voltage and the current. In other words, the 
variations in these three quantities govern the variation of 
the power factor; therefore, a discussion of the variation of 
power factor must include the variation of these factors. It 
is really the dielectric power loss that we are interested in. 
If we talk in terms of power factor, then our results become 
more directly comparable without regard to volume of the 
dielectric, but I think if we remember that the loss varies quite 
nearly as the square of the voltage, that the capacitance does 
not change greatly, hence current is proportional to voltage, 
we can work out the ratio of these factors and see just about 
how the power factor will vary. If air ionization is present, 
however, conditions are quite different from those when no 
ionization exists, particularly since the dielectric power loss 
varies at a faster rate than the square of the voltage. 

I was interested in the agreement between calculated results 
and measured results, and the statement also that if we knew 
the constants, we could very readily caleulate. I think that 
is true but the constants are often difficult to determine. 

W. B. Kouwenhoven: The authors state that the air con- 
denser that they employed in their bridge had a phase angle. ‘In 
measurements that I have made with the Schering bridge I 
have never been able to detect any phase angle in the air con- 
denser used. Slight errors, however, may creep in due to in- 
sufficient shielding of the leads and apparatus, and these will 
cause discrepancies which are usually assigned to a phase angle 
in the air condenser. Proper shielding will often: eliminate 
these errors. 

In some work that I have been doing with Dr. Whitehead 
we have found it necessary to shield the air condenser and its 
leads as shown in Fig. 4 herewith, which shows the air condenser 
side of a high-voltage bridge. The pipe shield on the lead to 
the low-voltage plate of the air condenser must be maintained at 
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the same voltage as the lead, otherwise charging currents between 
this lead and its shield will introduce errors in the results. Any 
change that is made in the bridge resistance in series with the 
condenser lead must be accompanied by a proportional change 
in the resistance in series with the shield, otherwise an error will 
be produced in the phase angle as determined in the bridge. 
The shielding of the specimens should be carried out in a similar 
manner. 

In measuring losses at high voltages with the Schering bridge 
or with the quadrant electrometer at Johns Hopkins University 
we have followed the practise of determining the accuracy of the 
apparatus. In making this check we first measure the loss in a 
specimen and then insert a known non-inductive resistance in 
series with the specimen and measure the loss again. We 
determine the current in the specimen circuit and calculate the 
loss in the added resistance. If the apparatus is functioning 
correctly the loss in the added resistance should equal the 
difference between the first and second loss measurements. 
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W. F. Davidson: I desire to call attention to certain limita- 
tions of the method used by Dawes and Hoover and, indeed, by 
most other investigators. We are dealing here with a composite 
insulation which is stressed to such values that ionization 
reaches considerable proportions. As a consequence, such 
“constants” as capacity and resistance cease to be true constants 
and not only vary with the effective value of the impressed 
voltage but even vary cyclically. Whitehead, Peek, and others 
have called attention to the distorted current wave of corona, 
which is merely another way of stating that the capacity and 
resistance are not constant. 

Under these conditions the observed data, and with them the 
computed data, will depend upon the method of measurement— 
a wattmeter method will give one result and bridge methods 
other results. 

To illustrate this, assume that the impressed voltage is not 
distorted in any way and that we have a reference ‘“no-loss”’ 
circuit as well as the circuit containing the test specimen. The 
voltage and the two currents'may be written in the form: 

e = E[Aisinwt + Bicosowt} 
i, =I, [asinwt + bicoswt] 


iy = Ip la. sin wt 4. Bs COS. a f= ~- an Sin n wt + B, cos nw t) 
and 

Ai+ BY =1, a, + 6 = 1, fa? be Sore geen eaten eee 
Tn the test circuit the true power will be 


El» 
W= 5 (A; a + Bi Bs») 


since. the over-tones in the current wave have no corresponding 
element in the voltage wave and hence do not contribute toward 
the average power. 

If the measurements be made with a wattmeter (dynamometer 
or electrostatic) with an ammeter and voltmeter, the observed 
and computed results will be: 

Potential difference = H/ ¥2r. m. s. volts 


Current = J,/J2yY. m. s. amperes 
Power = ss (A; a2 + Bi B2) watts 
Power factor = Aja, + BiB 
Resistance = 7 (Ai a2 + Bi B2) 

: ak ode 
ge Be V1 — Gia + BBs? 


If the measurements be made with a bridge using a tuned 
vibration galvanometer or a dynamometer with fields excited at 
the fundamental frequency, the results would be as follows if the 
measured voltage and standard capacity are used: 

Potential difference = E/ V2r.m.s. volts 
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These results depend on the fact that the bridge will only balance 
the fundamental component of 72 against the reference circuit. 
In a bridge measurement, securing balance with a hot-wire or 
other untuned detector, it will be impossible to secure an exact 
balance and the observed values will differ in many points 
from those above. 

In closing, I should like to suggest that we have reached a 
point in our researches where it seems essential that we consider 
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instantaneous value Wi and not average values. For- 


tunately the means for doing this are already at our disposal in 
the cathode-ray oscillograph. The Journat of the Institution 
of Electrical Engineers for November, 1925, contains three 
excellent papers dealing with this powerful tool of the modern 
investigator into dielectric phenomena. 

G. B. Shanklin: Several years ago I made a special study 
of the subject of ‘ionization in cables,’ and as a co-author 
submitted some of the findings in Institute papers. Our work 
dealt largely with ‘‘cause and effect” from a practical standpoint. 
No quantitative nor qualitative analysis was attempted. The 
work, in conjunction with that of contemporary workers, re- 
sulted in recognition of the cause and importance of ionization in 
cables and established methods of eliminating or reducing it. 
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Recent advancement in the voltage rating of cables is based on 
the principles demonstrated by this early work. 

A more expert and systematic study by qualified physicists and 
research engineers familiar with the electron theory has long been 
needed. This excellent paper by Messrs. Dawes and Hoover 
represents, I hope, a beginning which will result in eventually 
establishing the theory of ionization in cables on a firm quantita- 
tive basis. 

Their present results are not only a distinct advancement but 
are in good agreement with our previous work, as far as it went. 
By using a length of ordinary impregnated paper cable with a 
special loose sheath, we obtained curves very similar to those in 
Fig. 7 of the paper. The curves were not, as theirs are, subject 
to accurate analysis, for ionization of the large air space directly 
under the loose sheath was obscured by simultaneous ionization 
through the thickness of paper insulation. The use of a model 
cable sample enabled them to obtain much more accurate data. 

Change or shifting of ionization curves, as shown in Fig. 9, 
is, as they state, a function of time. I agree that residual or 
free ions, after the voltage is reduced, are the main contributing 
cause of this, but do not agree that absorption or higher in- 
ternal temperature plays an important part. Instead, there 
appears to be a factor discovered by J. J. Thomson and ealled 
“Jonization pressure,’’ which is important. When the gas 
spaces are first ionized, this ‘ionization pressure” pushes the 
softened compound back, resulting either temporarily or per- 
manently in enlarged gas spaces. <A particular cable might 
operate indefinitely at normal voltage without ionization, but 
if a momentary over-voltage, such as produced by a switching 
surge, is applied, ionization might persist for some time after the 
voltage drops back to normal. This is, in effect, exactly the same 
characteristic shown in Fig. 9. 

The irregular shape of the first section of the high temperature- 
power factor curves, as shown by Figs. 11 and 13, is, I have 
believed for some time, due to the liquid nature of the compound. 
Some form of ionic conduction through this liquid is apparently 
responsible, for these peculiar shapes are obtained only with 
liquid filling compounds. I have seen the same type of curves 
obtained at room temperature when a thin oil is used for 
impregnation. 

On the fourteenth page the authors make the statement: 
“It has been recognized for some time past that, although the 
paper itself has lower dielectric strength than the impregnating 
compound, the dielectric strength of the cable is increased by 
using paper in combination with compound.” This statement 
ismisleading. They evidently mean that cellulose fiber in paper 
form and in combination with air has less strength than when in 
combination with compound. This is evident since compound 
has greater strength than air. Actually, cellulose in pure form 
is an excellent insulator, and this is why paper, acting as a 
barrier, improves the dielectric strength of the compound. 

Their theory of the formation of tree designs seems very plau- 
sible. Certainly, it must be due to tangential stresses along 
and between the surfaces of the paper wrappings. The high- 
frequency nature of this discharge is also ‘well established. It 
might be pointed out that impregnated paper insulation has 
something like one-tenth the dielectric strength longitudinally 
between surfaces of wrappings, that it has radially or perpen- 
dicular to these surfaces. The absence of fiber barriers in this 
direction accounts for this. 

It is sincerely hoped that the authors will continue their 
valuable work to a final conclusion. 

J. B. Whitehead: We have had some difficulties which 
Professor Dawes doesn’t mention, and which I hope he hasn’t 
had. There are also some that he has had which we have not. 
Dr. Kouwenhoven has ealled attention to one of our greatest 
difficulties, thatis, the screening of the test electrode and main- 
taining the guard electrode at exactly the same potential. On 
our Schering bridge, we found we could get power-factor meas- 
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urements in the same range that Professor Dawes is working, 
that would differ by 50 to 100 per cent simply by a variation 
in the resistance in the tail of the guard circuit. I presume he 
has solved that difficulty, or perhaps his bridge is not so sensitive 
to it as our own. 

As to the phase difference of his air condenser, I am astonished 
at the value that he finds. We have found nothing to indicate 
such a difference in our condenser. We have split it into two 
halves, put one-half in each side of the bridge, and have added 
small resistances in the tail circuit of the side we are measuring, 
thus checking by successive increments of power factor, to see 
whether there is any initial value of phase difference. We 
have not detected any, and I hope that Professor Dawes will 
tell us what he considers to be the source or cause of the phase 
difference he finds. In this connection I have the following 
references to phase difference in air condensers: 

Giebe and Zickner, in the Archive fur Elektrotechnik, find 
that in standard air condensers of the Reichsanstalt no phase: 
difference can be detected by methods measuring the same 
to an accuracy of from one to two seconds of arc. These are 
small air condensers, and I think the maximum voltage upon 
them was about 300 volts, and the measurements were directed 
only at the possibility of a phase difference due to the normal 
ionization of the air. This is the only souree that I can think of 
for a phase difference, unless one has actual point discharges 
between the plates of the condenser, in which case you could get 
ionization losses of any description. I assume that Professor 
Dawes’ condenser was free from error of this type. 


E. Moller also finds that radium rays and copious brush discharge 
in the neighborhood of an air condenser have no effect on its 
phase difference, but he is working at frequencies up to 180,000 
and above, so perhaps his figures cannot be taken. 


C. H. Willis who is working in my laboratory has computed 
the value of the phase difference due to the normal ionization 
in the air. This was for a condenser of our dimensions, in 
which the space separation up to about 35,000 or 40,000 volts 
is two inches. The ratio of charging current to conduction cur- 
rent is based on the normal velocity of ions in the air, and the 
potential gradient and the frequency, and so on,a very simple 
calculation. The value of the phase difference in this case 
works out to be 4 X 107-°. This is far below the figures which 
Messrs. Dawes and Hoover have given and indicates a negligible 
phase difference. 

I do not feel that it is necessary to invoke the structure of 
the atom in explanation of the behavior of this type of insulation. 
I believe that the change in the power factor, as it rises beyond 
the ionization point, can be accounted for by the saturated 
conditions in these air layers, if it be remembered that this 
ionization is extinguished at every half wave, as the voltage goes 
down below the critical value. We have every reason to sup- 
pose that at such frequencies as we are using here, there is 
complete. extinction every half wave. As a consequence there 
arises the question of the recombination of the ions, and I think 
it is clearly evident from the very interesting and beautiful 
experiments on the artificial cable with an air layer, that there is 
a normal saturated condition due to a limited air area, beyond 
which you do not get any further ionization and therefore no 
further loss, as you go on up in voltage. K 

Another thing that we have to note here is that there are two 
possible sources of loss in ionization: one due to the actual process 
of ionization itself, the actual collision or the knocking apart 
of component parts, and then on top of that such conductivity 
as exists due to the passage of the ions across the air space. 
I think it is very easy to picture a saturated condition and if we 
have that, it is very easy to see that as the voltage curve goes up, 
the power factor may reach a maximum. 

I also was particularly interested in the difference between 
the ascending and descending curves, and I would like to ask 
whether these curves repeat themselves accurately. Nothing 
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has been said here about the effect of the presence of ionization on 
the cable structure itself. It is a most powerful destructive 
agent. If you have any layer in which there is active ionization 
going on, I wouldn’t say that it would remain in the same condi- 
tion for more than a few seconds. I think it probable that 
much of the trouble in cable insulation is due to the fact that it is 
rapidly destroyed as soon as we let ionization start. I venture 
the prediction that in a few years’ time we are going to see some 
curves of this kind which will be flat, and when you do that, and 
not until you do, will you have cable that will be satisfactory. 
When ionization goes on, the cable is going to pieces, and it seems 
to me that it is only a question of thorough and complete im- 
pregnation. If we can get that, I don’t see how we can fail to 
straighten these curves out and get rid of the principal cause 
of this trouble. 

C. A. Adams: Referring to the destructive effect of internal 
corona, I have photomicrographs which show the fusing by 
corona of mica laminae in the insulation of a 25,000-kv-a. 
turbo alternator. There was in this case conclusive evidence of 
what might be called a “corona blast,’ namely the reaction 
of the corona currents on the magnetic field due to the load cur- 
rents in the armature conductors, the corona current being 
perpendicular to the magnetic field. 

C. L. Dawes: Mr. Del Mar requested some more data on the 
cable. These are in the hands of the Committee. ' We have the 
cable numbered and I believe we know the manufacturer, but 
we we do not know the compound. He states that he hopes we 
determine in which part of the cable the loss occurs. At the 
present time we are analyzing the cable layer by layer, finite 
thicknesses from the center out, those thicknesses being so small 
that they are practically surfaces. Our one source of error is 
that we must assume that the air spaces are equally distributed 
through the insulation. If that is not true, our work obviously 
will be in error. 

He states that we have done a lot of work and determined so 
many experimental points. I merely wish to add to that and 
state that these are just a few representative data. There 
wouldn’t be room in an ordinary journal to include all the curves 
which we could put in. 

We are very glad Mr. Lee pointed out the fact that we were 
carrying the operating range of the cable above the ordinary 
operating voltage. It is necessary to do this, however, in order 
to study the phenomena. We are studying ionization itself, 
and we are not attempting to obtain the ordinary commercial 
curves which have been published or which are readily obtain- 
able in many manufacturers’ laboratories. 

Mr. Davidson brought out the fact that the current is dis- 
torted by the variable factors in the circuit. We have had that 
in mind for some time, and Mr. Hoover and I have discussed 
the possibility of obtaining oscillograms of the charging current 
through the cable. That is one of the details which we have set 
aside until a more opportune time comes to make an investiga- 
tion in that particular direction. I will state, however, that in 
some of our early experiments the man who was doing the work 
at that time told me that he had obtained a power factor of 
something like 0.1 per cent. I questioned it very much, and on 
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further investigation I found that he was using as a source the 
commercial lighting circuit, and he had not become familiar with 
the galvanometer, and inadvertently he tuned in for the third 
harmonic; in other words, he was balancing up the third har- 
monie and in his calculations he obtained a power factor which 
was one-third of what he should have obtained. 

P. L. Hoover: I will reply first to Mr. Atkinson’s statement 
that in balancing a bridge “it is necessary to secure a very 
accurate capacity balance before the power-factor balance. can 
be obtained.” It can be shown mathematically that this effect 
is inherent in the bridge and does not depend on the type of 
measuring instrument used. Furthermore, with the Wien and 
Schering bridges it can also be shown that the power factor, 
as determined by a minimum deflection of the detecting instru- 
ment, may be in error by 50 or 100 per cent if the capacity 
balance is out by about one per cent. This effect does not enter 
in the bridge used for this investigation. With this new bridge 
an accurate capacity balance can not be obtained if the power- 
factor balance is out very far. The two balances must be ob- 
tained simultaneously. 

Furthermore, an amplifier is not necessary with this bridge 
although it helps considerably at the lower voltages if the sample 
is small. At higher voltages, above 25 kv., the amplifier is not 
used. 

The question raised by Professors Kouwenhoven and White- 
head concerning the grounding of the condenser shield through a 
resistance is interesting in that it points out another advantage 
of this new bridge over the Wien and Schering bridges. Since, 
with the latter bridges, it is necessary to make the capacity 
balance to extraordinary precision in order to get a fair precision 
in the power-factor balance, it is essential to maintain the guard 
ring or shield at exactly the same potential as the low-voltage 
electrode of the condenser. Otherwise the effective capacity 
of the condenser will change due to the change in the potential 
distribution within the condenser. This effect is largely elimi- 
nated in this new bridge since the power-factor balance does not 
depend upon such a critical balance of the capacitances. 


It should also be noted that the resistance in the shield cireuit 
is not a constant, neither is it equal to the resistance in the 
other arms of the bridge. If C:and C2 represent the capacitances 
of the low-voltage electrode and the shield respectively, and 
Rj and R¢ the resistances in series with these capacitances, then, 
for the shield to be at the same potential as the low-voltage 
electrode the shield resistance must beRi = R2 (Ci C2). Con- 
sequently the resistance in the shield must be changed every time 
the bridge is changed. With the Wien and Schering bridges 
this effect is very important and accounts for Prof. Whitehead’s 
observation that a small change in the shield resistance may 
change the power factor by 50 to 100 per cent. 


Check measurements made since the writing of this paper 
have shown that the angle of our air condenser was due to in- 
sufficient shielding of the lead from the low-voltage electrode of 
our air condenser as Prof. Kouwenhoven has pointed out. In 
our particular case there was magnetic coupling as well as elec- 
trostatic. Shielding corrected the difficulty and our air 
condenser now has no measurable loss. 
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Operating Performance of a Petersen Earth 
Coil-[] 


BY J. M. OLIVER: 


Associate, A. I. E. EB. 


Synopsis.—At the A. I. E. E. Spring Convention, Pittsburg, 
April 24-26, 1923, a paper was presented by the authors on the 
operation of a Petersen earth coil installed by the Alabama Power 
Company on its Lock 12-Vida 44,000-volt system. That paper 
reported an excellent performance record for the cotl, although 
several unaccounted-for bus insulator flashovers occurred at Lock 12, 
indicating that further investigations on the action of the coil were 
necessary. 

This paper presents eleven months’ additional operating ex- 
perience with the Earth Coil, which shows that over-voltage disturb- 
ances can be eliminated by doing all line switching operations with 
the Petersen Coil out of service, that ts, with the system 
neutral solidly grounded. It is believed that the same 


AND 
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Associate, A. I. E. E. 


results can also be obtained by under-tuning the coil. 

The Lock 12 Coil is no longer in service, as the system has out- 
grown the need of such equipment; additional power sources have 
been added to the system and reliable service can be maintained 
without the use of flashover suppressing devices. 

It appears that the application of Petersen Earth Coils is limited 
to comparatively low voltage lines (66,000 volts and less) of moderate 
length with a single source of power supply. In such an applica- 
tion, the use of a Petersen Coil between system neutral and ground 
has the advantage over grounded neutral operation by reducing line 
outages due to flashovers and over isolated neutral operation by 
eliminating arcing grounds. 


* * * ** * 


HE purpose of this paper is to present eleven 

months’ additional operating experience with the 

Alabama Power Company’s Petersen earth coil 
installed on its Lock 12-Vida 44,000-volt system, shown 
in Fig. 1. A detailed description of this installation is 
given in the writers’ earlier paper? presented at the 
A. I. E. E. Spring Convention, Pittsburgh, April 24-26, 
1923. A complete operating log of the Lock 12 coil 
for the period extending from October 12, 1921 to March 
1, 1923 was also given in that paper, which showed an 
excellent performance for the coil, the number and 
duration of interruptions due to lightning flashovers 
having been reduced by 83.5 and 94 per cent respect- 
ively, by its use. There were, however, several 
unaccounted-for bus insulator flashovers at Lock 12, 
which indicated that further investigations on the 
action of the coil were necessary. 

The bus insulator flashovers in question occurred 
when the line switch at Lock 12 opened automatically 
or was opened by hand while the Petersen coil was in 
service. It was the eonsensus of opinion of those who 
discussed the Pittsburgh paper that the high-voltage 
flashovers were caused by the non-simultaneous open- 
ing of the three poles of the line breaker. Thisis a very 
plausible explanation of the trouble because at that 
time the coil was overtuned—that is, it had excess 
reactance—and the disconnection of one line conductor 
ahead of the other two would change the line capaci- 
tance in the right direction to produce a condition of 
resonance in the series circuit, in which case there would 
be nothing to limit the rise of voltage except the system 
losses. Assuming that this is the correct explanation 
for the high-voltage disturbances, there are two 
remedies which can be applied; namely (a) to undertune 

‘1. Both of the Alabama Power Co., Birmingham, Ala. 


2. A.J. E. E. Transactions, 1923, page 435-45. 
Presented at the Midwinter Convention of the A. I. E. E., 


the coil, and (b) to electrically interlock the control 
circuit of the grounding switch with the overload pro- 
tective relay scheme on the line switch so that the 
grounding switch is always automatically closed before 
the line switch opens to clear phase-to-phase short 
circuits. 
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Of these two methods, (a), if successful, would prove 
the more advantageous since no change in the normal 
control connections is required. Method (b) has the 
disadvantage. of introducing complications in the con- 
trol scheme and also slows up the relay operations on 
phase-to-phase short circuits, since additional timing 
must be allowed for the closing of the ground switch. 
Method (b), however, had already been applied and was 
in operation when the theory of undertuning was ad- 


' vanced so it was decided to continue operation with the 


interlocking feature between the ground and line 
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switches during the 1923 lightning season, and then per- 
haps operate the coil under-tuned during the 1924 sea- 
son. Unfortunately, the coil had to be taken out of ser- 
vice before the 1924 lightning season for reasons stated 
in the latter portion of this paper, and the under-tuning 
principle of operation thus far has not been given a trial. 


OPERATION WITH INTERLOCK BETWEEN LINE AND 
GROUND SWITCHES 
Fig. 2 is a connection diagram of the complete control 
equipment on the Lock 12 Petersen coil, the interlock- 
ing of the grounding switch control circuit with the 
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ing procedure from February 24, 1923 to January 26, 
1924, during which time no further high-voltage dis- 
turbances were experienced, indicating that a satis- 
factory solution to the problem had been found. 

A complete log of all the operations was taken during 
the period mentioned and summary of these operations 
is given in Table I which shows the following results: 


Flashovers. There was a total of 109 insulator 
flashover indications recorded on the combined graphic 
ammeter and voltmeter, 94 of which, or 86 per cent, did 
not result in line interruptions and are considered 
perfect operations of the Petersen coil. 


On the remaining fifteen flashover indications the 
line switch opened causing an interruption to service. 
In each case, however, the line was promptly put back 
into service, O. K., indicating that the trouble was not a 
solid ground, but rather a flashover which the Petersen 
coil failed to clear. These operations are therefore 
considered faulty. 


Solid Grounds and Phase-to-Phase Short Circutts. 
There was a total of five solid grounds and 21 phase-to- 
phase short circuits, due to line and transformer 
troubles. These cases of trouble were outside of the 
operating sphere of the Petersen coil, but in each case 
the line overload relays functioned properly and 
promptly to clear the disturbance. 

Interruptions to Lock 12-Vida Line Due to all Causes. 
Table II is a classification of service interruptions to the 
Lock 12-Vida line from March 1, 1923 to January 


: TABLE I 
SUMMARY OF PETERSEN COIL OPERATIONS.+ 


| FPlashover Indications 


Faulty 
Operation of Switch 208 Transformer Trouble Line Trouble 
Coil Closed 
Under Over Line Switch but no Phase-to- — Phase-to- Phase-to- Phase-to- 
6 Amperes 6 Amperes Opened Interruption ground Phase Ground Phase 
— 2 1 - 1 - - - 
— 2 2 _- - 1 - 2° 
4 5 3 6 - - 1 5 
—_— 4 —- —_— - 1 - 3 
— 4 — — - - 2 3 
iN) 22 a — - - - 5 
2 9 1 4 - - - 1 
—_— 4 — 4 - - - - 
= = 1 1 = = = = 
2 2 — — - - - = 
1924 
—_ 1 —- 1 - - 1 Ss 
23 55 H 15 16 ‘ 1 2 4 19 
Total number of operations........--- 135 


1. Copies of the complete log from which this Summary was compiled may be obtained from the authors on request. 


protective relay scheme on the line switch being accom- 
plished by the use of the two type H G auxiliary relays 
shown in the lower left hand corner of the diagram. 
Operators were also given instructions to always close 


the neutral grounding switch; that is, to take the 


Petersen coil out of service before doing any line switch- 
ing. The Lock 12 coil operated under this new operat- 


26, 1924, exclusive of prearranged interruptions and 
those due to trouble on other parts of the Alabama 
Power Company’s system. This tabulation shows that 
there was a total of 40 interruptions to service with a 
total outage of 221 minutes for this eleven months’ 
period, which is a far better service record than was 
obtained for any previous period of similar duration. 


ae deh a 


Feb. 1926 OLIVER AND EBERHARDT 
This service record is especially remarkable for a long 
radial feeder when it is taken into consideration that 
144 minutes of the total time out were due to a single 
case of trouble when a tree fell into the line. 

Since the function of the Petersen coil is to reduce the 
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Of course, a second Petersen coil could have been 
introduced between the Upper Tallassee neutral and 
ground since on a Petersen coil system a reactor must 
be installed at each grounding point; but with two 
sources of power supply to Lock 12-Vida system, it was 


TABLE II 


INTERRUPTIONS ON LOOK 12-VIDA 44-KV. SYSTEM MARCH 1, 1923 TO JAN. 26. 1924. 
(Exclusive of Interruptions due to Trouble on Other Parts of Alabama Power Cmpany’s System.) 


Trees Falling Insulator on 
Lightning Into Line Lightning Arrester Transformer Unknown Total 
No. of Time No. of Time | No. of Time No. of Time No. of Time No. of Time 
Month Cases |Out Min.| Cases |Out Min.| Cases |Out Min.| Cases |Out Min. Cases |Out Min.| Cases |Out Min. 

1923 

IMG Glia wey rete oe te 1 2 = - = - i 2 - - 2 4 

PAD rile corvette eS citar once 3 5 1 6 - E 2 - - 5 13 

INS ie Aare 1 2 - - il 2 = - rf 11 9 15 

UiUlG Rae ocis OA Gree 2 4 1 2 - - 1 2 - = 4 8 

DU Vie Scie ee ew eree bene ore 2 3 a! 2 - = = = 2 3 5 8 

PAU SMa ne Sete a oes boa cs iit 23 - - - - - - 1 2 12 25 

CM beeper tess a clazie leis & Saris 2 i - - - - - - 2 2 

(St 45 62 Se See eee - - - ~ - - - = = - = = 

ING Witt Se SONG ae - - - ~ - - - - 2 1 2 

DEG R ae ee peer ect oeens - - - - - = = = oF = = = 
1924 

SN UTM eee nee hay deh ondacavass = ~ i 144 - - - - - - 1 144 

pO telderr ee hee Sac sc cs cen « 22 41 4 154 1 2 3 6 11 18 41 221 


interruptions due to lightning, a comparison of service 
interruptions to the Lock 12-Vida line chargeable to 
lightning for the years 1922, 1923 and 1924 proves very 
interesting as the following tabulation will show: 


Interruptions due to 


felt that reliable service could be maintained at Mont- 
gomery without the use of Petersen coils and their ex- 
pense therefore was not justified. It was also foreseen 
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Number of Lightning 
Lightning 
Storms Over Total Time 
Year Method of Operation Line Number Out 
1922 | System neutral solidly 
grounded 82 43 230 minutes 
1923 | Neutral grounded through 
Petersen Coil 97 7 14 minutes 
1924 | Ditto 80 22 41 minutes 


This tabulation shows that although approximately 
the same number of lightning storms have occurred in 
the vicinity of Lock 12 each year, the interruptions due 
to lightning were greatly reduced while the Petersen 
coil was in service, proving its effectiveness in suppress- 
ing flashovers. 


LIMITATIONS IN USE OF THE LOCK 12 CoIL 


The Lock 12 coil was taken out of service and the 
system neutral solidly grounded January 26, 1924, 


_ because 


(a) At that time the line mileage of the Lock 12-Vida 
system was practically doubled by the addition of new 
lines, making the total line charging current greater 
than the Petersen coil was designed for and to take care 
of which would have required new taps on the coil, and 

(b) A generating station was added at Upper 
Tallassee which was connected to the system through a 
delta-star transformer bank with a solidly grounded 
neutral on the 44,000-volt winding. 
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that the Lock 12-Vida system would be further extended 
and linked with the Alabama Power Company’s main 
44,000-volt network, which is solidly grounded at 
Warrior, Bessemer, Leeds, Jackson Shoals and Anniston 
substations. This interconnection was completed in the 
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latter part of 1924 and the 44,000-volt system network 
now exists, as shown in Fig. 3. 


CONCLUSIONS 

The Alabama Power Company’s experience with the 
Petersen earth coil indicates that it will greatly reduce 
the number of interruptions due to insulator flashovers 
during lightning storms. 

All high-voltage disturbances which were experienced 
when the coil was first placed in service have been en- 
tirely eliminated by making provisions to do all line 
switching, both hand and automatic, with the coil out of 
service—that is, with the system neutral solidly 
grounded. 

The application of Petersen coils appears to be 
limited to comparatively low-voltage lines (of 66,000 
volts and less) of moderate length, with a single source 
of power supply. Onan interconnected network, such 
as the Alabama Power Company now operates, several 
sources of supply are maintained to all principal load 
centers and good service can be carried on without the 
use of flashover suppressing devices. In other words 
the expense and complications of a Petersen coil installa- 
tion are justified only on radial feeder systems where it is 
desired to improve service to an important load center 
which is connected to the power source by only a single 
line. The Petersen coil in such an application has the 
advantage over grounded neutral operation by reducing 
line outages due to flashovers and over isolated neutral 
operation by eliminating arcing grounds. 


Discussion 


L. P. Ferris: I wish to ask what was the condition of the 
coil as regards tuning during the period covered by this paper? 
Was it the same or different from the tuning employed during the 
period covered by the authors’ previous paper on this subject? 
If the coil remained in the condition of tuning mentioned in the 
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previous paper, overtuned by some 23 per cent., perhaps that 
will explain to some extent why the coil failed to prevent the 
tripping of the line switch in some of those fifteen cases listed 
in Table I. Under this detuned condition, the coil does not 
limit the fault current to as low a value as it would if it were 
tuned more exactly. With 23 per cent overtuning (7. é.; with 
1207 ohms reactance), the measurements reported in Mr. 
Lewis’ paper of 1923 indicate a fault current of about 4.8 am- 
peres, whereas the same paper gives measured currents of 
approximately 2.4 amperes for the coil setting nearest resonance 
(982 ohms). It is conceivable that, under some fault conditions, 
the are might be maintained if the current were not reduced 
below the first figure, but would be extinguished if the current 
were limited to the smaller value corresponding to exact tuning. 
Perhaps Messrs. Oliver and Eberhardt could say how large a 
factor this detuning might be in accounting for some of these 
fifteen cases? As brought out in the discussion of the earlier 
papers, it would seem desirable if the coil were operated slightly 
detuned, that it be operated somewhat undertuned rather than 
overtuned, although the direction in which it deviates from the 
exact tuning would not seem to affect its ability to quench an are. 


W. W. Lewis: In this country the trend of operation away 
from the isolated neutral and toward the grounded neutral has 
limited the field of the Petersen coil. Nevertheless, the report 
of Messrs. Oliver and Eberhardt is valuable in clearly pointing 
out what can be done with this device under suitable circuit 
conditions. 


In Europe, the tendency has been to design the reactor with an 
iron core to operate normally off resonance, but to be pulled into 
resonance by saturation when one conductor becomes grounded. 
As an alternative, the reactance is designed to be outside a 
certain band on each side of the resonance condition at all times. 
Both of these designs are intended to prevent certain overvoltage 
troubles anticipated when the three poles of an oil circuit breaker 
do not operate simultaneously. The modified devices have 
found much favor and have been very successful. 

W. W. Eberhardt: I shall answer Mr. Ferris’ question by 
stating that the coil, during the period reported in this paper, 
was overtuned approximately 23 per cent. Towards the end of 
the operating period, the coil was slightly undertuned but that 
was after the end of the lightning season and no operating ex- 
perience was obtained with the undertuned setting. 
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Theory of the Autovalve Arrester 


BY JOSEPH SLEPIAN: 


Member, 


Synopsis.—The advantage of valve type arresters for high-voltage, 


of the autovalve arrester is given. 


A.1. E. E. 


power-system protection is briefly discussed. The theory 


I. INDUCTION AND REGULATION OF SURGES 


N the last few years, considerable light has been shed 
on the manner of induction of high voltage on power 
systems by lightning,? and some estimates of the 

magnitudes involved have been made. Charges on 
clouds produce electrostatic fields extending down to 
the ground, which induce charges on power lines. The 
vertical gradient at the earth’s surface due to these fields 
has been estimated? to be of the order of 100 kv. per ft. 
When the inducing charges on the clouds disappear 
suddenly by a lightning discharge, the induced charges 
on the power lines produce voltages to ground equal 
to the height of the lines multiplied by the inducing 
gradient, and, therefore, of the order of hundreds of 
kilovolts. The induced charges may be a few miles in 
extent. 

The power line becomes then a source of voltage so 
high as to be dangerous to connected machines, and 
the very important question arises when considering 
the possibility of relief by lightning arresters as to what 
is the regulation of this source of voltage. It is now 
well recognized’ that voltage due to a free charge of this 
type on a power line regulates like a generator having 
an internal resistance of a few hundred ohms. Hence 
the voltage can be quickly materially reduced if, and 
only if, sufficient current is drawn from the line. An 


difficulties in the design of arresters of the arc-resistance 
type for higher voltage circuits. This is not due to the 
energy of the surge itself, which is only moderate in 
amount because of its short duration, but to the energy 
supplied by the normal working voltage, which lasts 
throughout the whole arcing period, and may be from 
one-half cycle to several seconds. For example, a 
surge 1.86 mi. long will discharge for only 1/100,000 
sec. If an arrester connected to a line, the normal 
voltage of which to ground is 10,000 volts, discharges 
900 amperes from this surge and reduces the voltage 
thereby to 30,000 volts, the energy involved will be 
only 30,000 by 900 by 1/100,000, or 280 watt- 
seconds. On the other hand, if the normal line voltage 
discharges 300 amperes for one half-cycle, or 0.0083 


Volts 


~ Break-down Voltage 


This Slope gives Arrester 
Resistance 


arrester will be effective, if, and only if, it draws nearly 


two amperes per kilovolt of induced surge®. An ar- 
rester then must be able to discharge hundreds of 
amperes with only a moderate rise of voltage. 


II, ENERGETICS OF SURGE DISSIPATION 


The large current, which must pass through an ar- 
rester if it is to be really effective introduces great 
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second, the energy will be 10,000 by 300 by 0.0083 or 
24,900 watt-seconds, or more than 90 times the energy 
due to the surge alone. 

Valve type arresters, being built up of elements 
having the characteristic shown in Fig. 1, are not sub- 
ject to the disadvantage of disposing of this large draft 
of energy from the normal voltage. With the passing 
of the surge, and the restoring of normal voltage, the 
discharge ceases. It is, therefore, entirely practical 
to construct valve type arresters with adequate dis- 
charge capacity for even the highest voltages. 

Some illuminating calculations made for an arrester 
set at the center of a freed charge as shown in Fig. 2 
are given in the curves of Fig. 38. The initial surge 
voltage is taken as 250 kv. The normal voltage to 
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ground is taken to be 8660 volts, and the line surge 
impedance, 400 ohms. The heavy line curves show the 
reduction in voltage for varying resistance in an ar- 
rester of the are type and one of the valve type with 
critical voltage, 10,000 volts. Evidently suitable 
protection is not obtained until the arrester resistance 
is less than 50 ohms. 

The light lines show the energy dissipated in the 
arrester. In order to get the curve for the valve type 
well into the picture, it is necessary to consider a surge 
400 mi. long; the more reasonable surge length, 4 mi., 
would be barely visible on the scale chosen. 
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Fig. 3— ENERGETICS oF SURGE DISSIPATION 


The energy relations illustrated in Fig. 3 have proved 
determining factors. The only practical arresters with 
adequate discharge capacity for high-voltage lines are 
the valve type arresters. 


Ill. MopERN VALVE TYPES 


The so-called valve characteristic, shown in Fig. 1, 
has been frequently discussed, and the terminology 
indicated in the figure is generally used. Conducting 
systems having this characteristic are numerous in 
nature. However, in most of these systems the critical 
voltage is too low (as in contacts or electrolytic 
polarization cells) or the current which may be carried 
is too small, (as in thermionic or low-pressure gas tubes), 
to be useful for lightning arresters for power lines. 
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Sq far the only systems which have been found 
to possess the valve characteristic to a necessary 
degree have been certain films which are made 
conducting by application of sufficient voltage, but 
which are subject to constant repair action, requiring 
the continued application of the high voltage for 
the maintenance of the conductivity and in which the 
original resistivity is restored when the voltage is 
reduced. Three practically used arresters have been 
developed utilizing films of this type. 

The Electrolytic Arrester. The film in this arrester 
consists of a layer of gas-laden aluminum oxide, which 
forms on an aluminum anode in a suitable electrolyte. 
Application of a few hundred volts breaks this film 
down, but the flow of current brings about a repairing 
electrolytic action. 

The Oxide Film Arrester. In this arrester, the film is 
initially a layer of varnish, which, in use, is gradually 
replaced by litharge, PbO. The repairing action lies 
in the thermal effect of the current upon lead peroxide, 
which reduces it to litharge at the points of breakdown 
of the film. : : 

The Autovalve Arrester.. Here the film isa thin layer 
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of air next to a cold cathode which is the seat of the 
cathode drop in a glow discharge. With the applica- 
tion of sufficient voltage, this air film becomes highly 
ionized, but the discharge of these ions into the elec- 
trodes and recombination quickly restore the normal 
resistivity when the voltage is reduced. 


IV. THE BREAKDOWN OF AIR BETWEEN PARALLEL 
PLANE ELECTRODES 


Since the active element in the autovalve arrester is 
air, any explanation of the arrester’s design and func- 
tioning must include a discussion of the properties of 
air with respect to electrical breakdown and resulting 
conductivity. Fig. 4 shows the relation between 
breakdown voltage and distance between parallel plane 
electrodes. A striking feature of this curve is the 
minimum at electrode separation of 0.001 cm., so that 
shorter separation than this requires increased voltage 
for breakdown. This remarkable fact is readily ex- 
plained by the current theory of ionization by collision’. 


iada J. whomson; “Conduction of Electricity in Gases,” 


p. 381. J. S. Townsend, ‘‘Electricity in Gases,” Chap. VIII 
and IX. 


be short-circuited at the contacts. 
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The existence of a minimum breakdown potential of 
about 350 volts for short gaps may seem contradictory 
to experience. For example, a widely used type of 
telephone protector consisting of two small carbon 
blocks separated by 0.002 in. will usually break down 
at 200 volts, or sometimes even less. In this case, 
however, the breakdown is due to the lining up of 
carbon dust particles in the intense electric field so that 
a conducting bridge which starts an are is formed. If 
precautions are taken to prevent contacts taking place 
in this or any other manner, the existence of a minimum 
breakdown voltage may be shown experimentally. 

In the autovalve arrester, as will be explained later, 
it is necessary to use gaps between resistance material 
electrodes with a breakdown voltage of little more than 
350 volts. The curve of Fig. 4 indicates that an 
electrode separation of 0.0003 in. is necessary for this. 
At first sight, so minute an electrode separation would 
appear impracticable in a commercial arrester. 

This difficulty was overcome in the early experi- 
mental autovalve arresters by merely placing the 
resistance electrode disks in contact. Due to the 
resistivity of the electrode material, the gap would not 
At the same time, 
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in the neighborhood of each contact, there would be 
points at which the electrode separation was 0.0003 in., 
and there, breakdown at 350 volts would occur. 

A better solution now used was found later and 
consists in using a mica spacer, 0.003 to 0.005 in. thick, 
placed directly between the disks. Fig. 5 shows the 
standard autovalve element (right) and section at the 
mica spacer, highly magnified (left). The .mica, 
having a dielectric constant of six to seven, distorts the 
electrostatic field, very much as if it were conducting. 
Thus there is a concentration of electrostatic stress at 
the corners of the mica. 
in the nature of the surface of the resistance disk and its 
contact with the mica spacer, the total voltage applied 
is not expended symmetrically between the two disks 
and the edges of the mica, but at some points nearby, all 
the voltage appears between one resistance disk and the 
adjacent mica edge, and at other points between the 
other resistance disk and adjacent edge. Hence, when 
a little more than 350 volts is applied, these highly 
stressed points break down and precipitate the dis- 
charge of the whole gap. Numerous tests have shown 


that in commercial autovalve arresters, the breakdown 


of the column of disks is less than 400 volts per gap. 
This expedient of using the electrostatic influence of 
the mica spacer to precipitate the discharge at low 
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voltage is not practically useful if metal electrodes are 
used. ‘The discharge must start at' the mica, and if it is 
permitted to concentrate at its point of origin, as with 
metal electrodes, the mica is quickly destroyed. In 
the autovalve arrester relatively high resistivity 
electrodes are used, which limit the intensity of the dis- 
chargenext tothemica. Hence, thousandsof discharges 
may be sent through it with no deterioration of the mica. 


V. ELECTRIC DISCHARGES IN AIR 


Arc Discharge. The breakdown of a gap is due to the 
ionization produced by the high electrostatic gradient. 
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If the gap is to remain conducting for the duration or 
a discharge, this ionization must somehow be main- 
tained. If the cathode remains cold the ionization is 
effected by the field becoming so distorted that with 
carbon electrodes approximately 350 volts areimpressed 
across a layer of air 0.001 cm. thick next to the cathode. 
The discharge then takes the form of a glow. If, how- 
ever, the cathode becomes sufficiently hot for ther- 
mionic emission, much less voltage need be expended at 
the cathode and the discharge takes the form of an are. 
In the are discharge the voltage expended at the 
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cathode must be sufficiently great to maintain the 
cathode at a temperature sufficiently high for thermionic 
emission, and also must be sufficiently great, and con- 
centrated on a sufficiently small space next to the 
cathode, so that the electrons liberated thermionically 
will ionize by collision. Twenty volts is sufficient for 
both these purposes for most electrode materials. 

In addition to the voltage expended at the cathode 
some must be expended in carrying current in the re- 
mainder of the discharge. This additional voltage is 
found to vary inversely as the current strength, so that 
characteristics such as shown in Fig. 6 are obtained. 
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It is now clear why an arc discharge is not suitable 
for giving the valve characteristic to a gap. Aside 
from the melting or burning of the cathode due to its 
necessary high temperature the voltage of the arc 
discharge is too low, (about 20 volts for short gaps) 
in comparison with the lowest reliable gap breakdown 
of about 350 volts. 

Glow Discharge. When the cathode is too cold for 
thermionic emission the glow form of discharge takes 
place in which the ionization is primarily produced by 
ionization through collision due to high gradient in a 
film of air about 0.001 cm. thick next to the cathode. 
The voltage expended in this film is about 350 volts for 
carbon electrodes. Fig. 7 shows on a magnified scale 
the appearance of sucha glow between copper electrodes. 
This was obtained by reducing the current to a few 
milliamperes by means of a high series resistance. 
When the current is so small, the heating of the cathode 
is insufficient for an arc, and so the glow discharge may 
be maintained indefinitely. A, the cathode dark 
space, is the 0.0003-in. film which is kept broken down 
by the high gradient due to the 300 volts (cathode drop 
for copper) across it; B, the cathode glow is a highly 
ionized blue region, about 0.005 in. thick. C, the 
Faraday dark space, is also highly conducting, and is 
about 0.010 in. thick. D, the pink positive column, 
extends to the anode. 

So long as the cathode is not completely covered by 
the discharge, the cathode drop and the cathode current 
density are approximately independent of current, 
the cathode glow simply increasing or decreasing in 
area as the current is varied. The cathode drop and 
current density do vary with the nature of the cathode; 
for carbon, the cathode drop and current density are 
respectively about 350 volts, and 10 amperes per em". 

When the cathode is completely covered by glow, 
further increase of current must of course increase the 
current density. Anincrease of current density causes 
a moderate increase in the cathode drop. Extrapola- 
tion of a theoretical formula shows that an increase in 
current density of 25 amperes per sq. cm. increases 
the cathode drop by 871% volts. 

The conductivity of the blue glow and the Faraday 
dark space is so great that little voltage is consumed in 
these parts. In the pink column, however, the resistiv- 
ity is greater, and for small currents, the gradient init 
may amount to over 5000 volts per cm. However, 
this gradient decreases as the current increases. 

Volt-ampere characteristics of a glow between copper 
electrodes are shown in Fig. 8. The longer gap lengths 
show a falling characteristic due to the properties of the 
pink positive column. For the 0.1-mm. gap, the posi- 
tive column is completely eliminated and so a flat 
characteristic is obtained. 

Transition from Glow to Arc Following Sparkover. 
At the moment a spark-gap is broken down by high 
voltage, the electrodes and, in particular, the cathode 
are, of course, cold. It follows, then, that the dis- 
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charge must begin as a glow. After a short but finite 
time, the energy input at the cathode, due to the glow, 
heats some spot to such a degree that thermionic 
emission begins there. The cathode drop then falls to 
about 20 volts and the current concentrates at the point 
to sufficient degree to maintain the point hot. For a 
definite time, then, immediately following a sparkover, 
the discharge is in the form of a glow. 

Heating of Autovalve Disk. It would seem, then, 
that if the time taken between the sparkover of a gap 
and the transition from the resulting glow into an arc 
is long compared to the duration of a surge, it should be 
very easy to make a lightning arrester which would only 
discharge in glow form. It is easy to get an estimate 


of the time involved. The formula given on page 98 
of Heat 


of “Mathematical Theory Conduction,” 
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Ingersoll and Zobel, Ginn & Co., may be readily 
transformed into 


é Wt 
~ 418 faked 


where k, cand 6 are heat conductivity, heat capacity and 
density, respectively, of the material making up an 
infinite solid; W is the power input per unit area on an 
infinite plane surface in that solid, and T is temperature 
rise at that surface. Units are deg. cent., small calories, 
grams, centimeters and watts. 

For the resistance material electrodes used in the 
autovalve arrester, c = 0.185 cal. per gr., k = 0.016 
cal. per cm2. per deg. cent. per cm’. 6 = 2.0 gr. per cm’. 
For a glow discharge at normal current density we have 
approximately 10 amperes per cm’. at 350 volts, 
giving W = 3500. Using these numerical values, we - 
get the curves shown in Fig. 9. Remembering that 
each one-thousandth of.a second corresponds to 186 
miles of surge, it is evident that the heating of the 
electrode surface is so slow that in any surge of practical 
length the temperature rise will be only a few degrees; 
hence the discharge will still be in the glow form when 
the surge has ended, and if the normal line voltage per 
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disk is less than glow voltage, the discharge will stop 
when the surge voltage disappears. 

Current Concentration at I nhomogeneities. So far, it 
would appear from the formula for the surface tem- 
perature rise under a glow that the most desirable 
materials for electrodes would be those having the 
highest thermal conductivity and capacity. Metals, 
then, would seem to be particularly suitable, and one 
would expect to find them superior to the resistance 
material used in autovalve arresters. However, when 
put to test contrary results are obtained. With 
metal electrodes, a heavy discharge only ten micro- 
seconds long will usually end as an arc, whereas, with 
autovalve arrester disks, it will still be a glow for a 
discharge 100 times as long. Some as yet unconsidered 
factor is playing a part here. This factor is the great 
current concentration in the glow which takes place at 
any points of the metal surface which happen to have a 
lower cathode drop than the rest of the metal surface. 

It has been mentioned before that the cathode drop 
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in‘a glow discharge is a function of the material making 
up the cathode, being 350 volts for carbon, 300 volts 
for copper, 250 volts for iron, etc. However, like 
other properties of surfaces, these cathode drops are not 
absolute constants of the material, but vary somewhat 
depending upon the state of the surface. Films of 

absorbed gas or moisture change the cathode drop by a 

small amount. Dust particles or adhering impurities 

of any kind may lower the cathode drop enormously. 
_ The alkali metals and their oxides are particularly 
_ effective in this respect, and may lower the cathode 
drop to less than 150 volts. 

Now imagine on a cathode carrying a glow discharge 
a point at which the cathode drop is a few volts less 
than that of the rest of the surface. It is evident that 
instead of a uniform current distribution over the 
cathode surface at the moderate density of ten amperes 
; per cm?., there will be concentration of current at the 

point of low cathode drop. This point will heat up very 
- much faster than is indicated by Fig. 9, and the transition 


Another effect which is even more important for very 
short gaps in hastening the transition from glow to are, 
is the lining up of minute conducting dust particles, 
under the intense electrostatic field. In the cathode 
dark space, the electric gradient is of the order of 
350,000 volts per em. The mechanical force on 
conducting particles in such fields is relatively enor- 
mous, and there is a tendency for these particles to form 
into chains almost instantly. In very short gaps, five 
mils or less, these chains bridge the electrodes and start 
arcs by the current concentration in them with re- 
sulting rise in temperature. 
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Temperature of a Contact. The effects of surface 
inhomogeneities and conducting bridges in causing 
premature heating of some cathode surface point and 
striking of an arc is combated in the autovalve arrester 
by giving the electrode material sufficient resistivity. 
We may say that if at any point less voltage is con- 
sumed in the discharge or gap space than at other points, 
then this difference of voltage will be expended on the 
resistance of the path offered to current immediately 
behind this point in the electrode material. Conditions 
are then very similar to those which take place at a 
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point of contact between electrodes as illustrated 
diagrammatically in Fig. 10, the arrows indicating the 
lines of flow of current. It is not difficult to calculate 
the approximate temperature rise at such a contact, if 
the contact area is assumed circular. It is 


KE? 
MRSS D 
where E is the voltage on the contact and - 
k and p are the thermal conductivity and electrical 


resistivity, respectively, of the electrode material. 
Because of the very small thermal capacity of the 
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contact, this temperature rise is almost instantaneous. 
If copper electrodes were used with k = 1.0 and 
(agi 0ny a surface inhomogeneity or conducting 
bridge which would throw 10 volts onto the electrode 
material at a point would give a temperature rise of 


ms 100 
Bap enone 
so that an are would form instantly. Autovalve 


electrodes on the other hand with k = 0.016 and p = 20 
give 


Ti ese — 3 x 10° deg. cent., 


100 
(Mess 33 x< 0.016 X 20 — 9,4 deg. cent., 
or a practically negligible -increase in the tendency to 
strike an are. 

Experiments on Are Drawing at a Contact. The 
considerations given above show that the voltage neces- 
sary to start an arc by contact, increases with the 
resistivity of the electrode material. The results of 
experiments confirming. this are shown ination ds 
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The parabolic relation found between voltage and 
resistivity is predicted by the formula, 


Design of Autovalve Arrester. The three essential 
parameters in the autovalve arrester element which 
determine its electrical performance are gap length, 
electrode resistivity, and electrode area. A desirable 
characteristic is a discharge voltage only little less than 
the breakdown voltage, and this with a minimum of 
resistivity in the electrode material so that impracti- 
cally large area will not be necessary for adequate dis- 
charge capacity. 

From Fig. 8 it would appear that if the current 
density is sufficiently limited, a discharge voltage nearly 
equal to the breakdown voltage may be obtained. 
Thus the valve characteristic may be obtained for any 
gap length if only electrodes of sufficiently high re- 
sistivity are used. It is very interesting that this 
principle was understood and described seventeen years 
ago by P. H. Thomas in his U. S. Patent No. 882,218. 
Fig. 12 shows his proposed arrester. Quoting from his 
patent, “It is an essential characteristic of my inven- 
tion that there shall be an opportunity for a large 
number of independent static discharges between the 
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discharge plates and that each discharge path shall 
have such resistance that the dynamo current cannot 
follow the static discharge.” 

However, it is only by using very short gaps with a 
few hundred volts breakdown, that resistivity suf- 
ficiently low for a practical arrester may be used. To 
see this, consider again the curves of Fig. 8 for glow 
discharge between copper electrodes. Suppose that by 
using mica spacers or otherwise, a 2-mm. gap could be 
broken down by 1500 volts. Then the current and 
voltage of the discharge would be determined by the 
intersection of the 2-mm. glow curve, and the straight 
line drawn from 1500 volts on the voltage axis, with a 
slope equal to the resistance of the circuit. The line 
shown in the figure corresponds to a resistance of 
102,500 ohms, and with this resistance, the discharge 
voltage is only 600 volts. If the discharge voltage is to 
be raised up to 20 per cent less than 1500 volts, that is 
1200 volts, the line must be swung around until it 
corresponds to a resistance of 440,000 ohms. At its 
point of intersection with the 2-mm. glow curve the 
current will now be one milliampere. Taking 10 
amperes per cm’. as the current density in the glow 
this gives 0.001 cm’. as the area. The resistance in 


0.261 
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an electrode up to such an area is given by p 
where p is the resistivity of the material, a is the radius 
of the area, in this case 0.0056-em. Thus, p X 46.6 
— 440,000 or p = 9400 ohms per cm*. This is prohib- 
itively large. If, however, the gap length and break- 
down voltage are lessened, the resistance necessary to 
keep the discharge voltage nearly equal to the break- 
down voltage decreases, and when 0.1-mm. gap with 
950-volt breakdown is reached, no resistance is neces- 
sary for keeping up the discharge voltage. 

For a practical arrester, then, it is necessary to use a 
gap so short that its glow volt ampere curve is substan- 
tially flat. This will occur if the glow has no positive 
column and from the dimensions given in connection 
with Fig. 18, this means a gap length not over 0.015 
inch. In the commercial autovalve arrester, gap 
length of not over 0.005 inch is used to ensure break- 
down at little more than 350 volts. 

With gap lengths less than 0.015 inch the resis- 
tivity of the electrode material must be made only 
high enough to take care of surface inhomogeneities 
and the partial contacts due to bridging particles. 
These are not calculable, and the permissible low limit 
resistivity must be determined by test. The low limit 
for resistivity in commercial autovalve arresters at 
present is 20 ohms per cm*., giving a total resistance 
of only a fraction of an ohm per disk. 

The gap length and resistivity being thus given, 
the area of the electrodes will determine the discharge 
rate of the arrester. In the S V type of autovalve 
arrester the area has been chosen to give a discharge 
rate equal to that of the electrolytic arrester. 


~ eurves from the disk-plus-spacer volt-ampere curves. 


ae Ta ae be 


Feb. 1926 


Discussion 


K. B. McEachron: The comparison made by Dr. Slepian 
between the energy to be handled by the valve-type arrester and 
the arc-resistance type for equal protection is important. With 
the are type, if the flow of system energy following the impulse 
is not to be excessive, it is necessary to employ considerable 
series resistance with the result that the arrester’s ability to 
discharge the impulse is seriously impaired. To prevent system 
current from following the discharge of an impulse through an 
arrester, it is necessary that the voltage across the arrester, as the 
impulse ceases, be equal to or greater than the system crest 
voltage. The modern valve-type arresters are designed to 
operate on this principle. 


In his discussion of the glow discharge Dr. Slepian states 
that with an electrode spacing of slightly less than 0.001 em. a 
voltage of 350 volts is required to maintain the glow. The 
theory given states that the voltage required to start the glow is 
less than 400 volts and the current density in the glow is about 10 
amperes per sq. cm. until the disk area is covered, after which 
the gap voltage increases with increasing current becoming 
38714 volts with a current density of 25 amperes per sq. cm. 
Since the effective area inside the mica spacer is of the order of 
15 sq. em. the voltage drop across the air-gap based on Dr. 
Slepian’s figures should be constant at 350 volts with a current 
of 150 amperes or less increasing to 38714 volts with a current 
of 375 amperes. 

A series of tests covering a period of two years made on these 
disks have led the writer to suspect that the voltage across the 
alr gap during a discharge was not maintained at approximately 


350 volts during a discharge. 


It was found, for instance, that with 280 volts (crest) applied 
that current would follow an impulse so timed as to strike near 
the crest of the 60-cycle wave. This seemed to indicate a volt- 
age much less than 350 volts following the impulse since 280 
volts was sufficient to cause current flow. With steep-wave- 
front impulses, applied voltages as high as 1200 volts were 
indicated across a single gap which showed that the breakdown 
might be more than three times the glow voltage. 


More recently we have been able, using the cathode-ray 
oscillograph, to determine accurately the volt-ampere character- 
istic of disks with spacers even when the discharge lasted but a 
few millionths of a second. With this oscillograph photographs 
have been taken showing wave fronts of less than a microsecond 
duration with oscillations whose frequencies were of the order of 
100,000,000 cycles showing so plainly that their wave shape 
could be determined. With this instrument, three volt-ampere 
curves were taken on a stack of sixteen disks with fifteen mica 
spacers, each different volt-ampere curve having a different crest 
value of current. The disks were then coated with copper on 
each side and stacked up without the spacers and a volt-ampere 
curve taken from which the voltage drop in the disks was deter- 
mined for any particular value of current. By this means it was 
found that the average resistance of a single disk was 3 ohms at 
10 amperes and 2 ohms with 150 amperes flowing. With 450 
amperes the average disk resistance is 1.1 ohms. 

The volt-ampere curves of the air gaps for the three different 
currents were obtained by subtracting the disk volt-ampere 
Using 
Dr. Slepian’s statement that with current densities less than 10 
amperes per sq. cm. that the area of discharge is proportional to 
current, itis clear that the disk voltage is constant for currents 
less than 150 amperes, and is numerically equal to the voltage 
when 150 amperes are flowing through the disk. Using this 
method of calculation of disk resistance the curves shown in 
Fig. 1 herewith were obtained. The theoretical glow voltage 
according to Dr. Slepian is also given. It is to be noticed that a 


a voltage of from 600 to 700 volts was required to start current 
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flow through the gap with the particular wave front used. As 
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the current increases to about five amperes the voltage rises to 
710, 810, and 830 respectively for the three current waves. 
With both of the higher current curves the voltage tends to 
remain constant at about 800, decreasing, however, for currentsin 
excess of about 100 amperes. When the current begins to 
decrease the voltage falls off until at low current values the 
voltage is less than 100 volts which seems to indicate the forma- 
tion of an are. It must be remembered that the shape of these 
curves is dependent on the amount of resistance material in- 
volved at any particular current and if the author’s theory of the 
spreading of the discharge is incorrect then the values of re- 
sistance which have been used are not correct. The volt- 
ampere curve obtained across the stack of disks is a true 
characteristic, and the volt-ampere relations in the gap will be 
those given if the proper correction has been made for the re- 
sistance of the disks. 

If the discharge had the characteristics attributed to it by 
Dr. Slepian, the voltage across the gap would be represented by 
350 volts plus the additional 3714 volts as the current increased 
to 375 amperes. With decreasing current the relation between 
the voltage and the current should still be the same so that the 
volt-ampere curve will be represented by a single line instead of 
the loop which is actually found. 

With all three volt-ampere curves shown, the applied voltage 
rose to the gap breakdown voltage in a time close to one micro- 
second, while the respective currents rose to their crest values in 
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20, 35, and 48 microseconds. From these results it would seem 
that the time-current relations are important in the gap dis- 
charge for with the same current different voltages were found 
on each of the three different volt-ampere curves. 

The effect of rate of voltage application on the breakdown 
of the gap was not discussed by Dr. Slepian but, as with any 
phenomena involving ionization, time is required for the gap to 
reach breakdown conditions. The results of tests on sixteen 
disks with mica spacers are as follows: 


Trme-VOLTAGE RELATIONS OF AUTOVALVE GaP 


Time to Rise to Breakdown Gap Voltage (Crest) 


1.5 microseconds 665 volts 
P43) Wy 530 “ 
30 . 3907S 
60 cycles 400 “ variable 


These results show that in discussing the characteristics of the 
discharge between two electrodes as in the autovalve gap, the 
effect of time both before the discharge begins and after it has 
started cannot be neglected. 

The test results given in this discussion show that discharges 
having quite different volt-ampere characteristics from those 
given by Dr. Slepian are actually to be found in the air gap be- 
tween autovalve disks. These results are useful not only in 
connection with the theory of the glow discharge but also are of 
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importance when applied to the actual arrester performance in 
service. So far as I know these results are the first to be actually 
obtained under impulse conditions where the time, voltage, and 
current relations are fully determined. 

On the sixth page Dr. Slepian gives a formula for the deter- 
mination of the temperature rise at the surface of a disk when 
a certain amount of energy is liberated at the disk surface. I 
believe that several factors have been left out of this formula. 

J. Slepian: The paper which I have presented was written 
over a year ago, and in that time there have been some important 
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additions to our knowledge of the theory of the autovalve 
arrester which I would like to mention briefly before taking 
up Mr. McEachron’s welcome account of his researches. 

The autovalve arrester in its functioning depends on the well 
established fact that a heavy current discharge between elec- 
trodes of resistivity of the order of ten ohms per cu. cm. re- 
mains in a high-voltage form for a relatively long time, whereas 
such a discharge between metal electrodes changes into a low- 


. 


voltage form within less than a microsecond after its initiation. 
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These two forms of discharge have long been known as glow and 
are, respectively, and their properties, at least in the steady 
state, are fairly well known. As stated in the paper, it is gener- 
ally believed that the are discharge takes place when the cathode 
is hot enough for thermionic emission. Then a difficulty arises 
because it appears that the density of energy input into a metal 
cathode surface from a glow is not great enough to heat a spot 
on the electrode to a high temperature in a time so short as a 
microsecond. It seems necessary to assume almost immediate 
convergence of current into some spot before that spot has be- 
come hot. The resistivity of the autovalve electrodes opposes 
this concentrating tendency. 

Until recently, it was assumed that this concentration of cur- 
rent took place at inhomogeneities of the metal surface. Now, 
however, a new theory has been developed which seems to fit 
the facts quantitatively, and eliminates the need for inhomoge- 
neities to start the current concentration. This theory is that 
in the heavy-current glow discharge at atmospheric pressure, the 
air immediately adjacent to the cathode becomes heated almost 
immediately to a temperature high enough for thermal ionization, 
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and with metal electrodes this thermal ionization causes the 
glow to be unstable and to converge into an are. Further 
particulars may be found in a paper which appeared in the 
Journal of the Franklin Institute for January, 1926. 

Another advance which has been made is in our understanding 
of the factors which determine the rate of spreading of the 
discharge in the autovalve gap from its point of initial breakdown 
next to the mica spacer. We have known, from our tests on the 
protective valve of the arrester, that this spreading is very 
rapid, but now ‘we have information as to the influence of elec- 
trode spacing, and also know how this factor influences the volt- 
ampere characteristic for impulse voltages. 

The points of lowest breakdown in the autovalve gap are 
next to the mica spacer, the breakdown voltage there being 
usually less than 400 volts. If the mica spacer were not there, 
the breakdown voltage would be much higher, depending on the 
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width of the gap, and for a 5-mil gap would be about 1000 volts. 
Now it is clear, that with such a 5-mil autovalve gap, if 1000 
volts areapplied, the discharge does not need to start at the mica, 
but the gap will break down at all points together. For such a 
voltage then, the discharge may be said to spread instantly over 
the electrode surfaces. For a lower voltage the rate of spreading 
while still very fast will no longer be instantaneous. Since the 
rate of spreading of the discharge determines the rate at which 
the discharge current builds up in the arrester, we may expect a 
curve such as in Fig. 2 herewith, with an asymptote at 1000 volts 
for the 5-mil gap. Fora3-mil gap the asymptote will be at about 
700 volts. 


1000 


VorTs (Crest) 
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When an impulse current is sent through an autovalve gap, 
the total voltage while the current is increasing is determined 
by the rate at which the current is increasing. If the current 
is increasing slowly, the voltage will be about 400, but if the 
current builds up instantly the total voltage may be 1000 for 
the 5-mil gap and 700 for the 3-mil gap. The total voltage here 
includes not only the discharge voltage but also the resistance 
drop through the disks. 

These ideas are largely the result of a study by G. F. Har- 


rington of the impulse volt-ampere characteristics of arresters 


with different sizes of spacers. These were taken by deter- 
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mining the maximum volts and maximum amperes in a dis- 
charge by means of sphere gaps. Fig. 3 shows results obtained. 
Tt is evident that with the disks in contact, the voltage obtained 
corresponds to the steady-state glow, but that when the disks are 
separated, there is an additional rise in voltage which is neces- 
sary to cause the discharge to spread sufficiently rapidly over the 
disk faces. 

The lowest curve in Fig. 3 is the impulse volt-ampere curve 
of the disk resistance, obtained by copper-plating both faces 
of each disk and stacking them in series. On subtracting this 
curve from the others in Fig. 3 we get the curves of Fig. 4. 
Disks in contact give a curve which lies very close to the 350- 
volt line, but with increasing thickness of spacer, the voltage on 
impulsive discharge increases rapidly. 

Coming now to the results which Mr. McKachron has ob- 
tained with the cathode-ray oscillograph and which are shown in 
his Fig. 1, we see that as regards the magnitudes of the voltage 
for increasing current, there is general agreement with the results 
obtained by Harrington and shown in Figs. 2 and 3. It would 
seem from these curves that Mr. McKEachron used spacers at 
least 0.005 in. thick, which is the upper limit for spacer thickness 
tolerated in the commercial autovalve arrester. With thinner 
spacers even better performance would be obtained. However, 
I believe that because of the incorrect value which he has taken for 
the ohmic drop through the disks, the lower parts of Mr. 
McEKachron’s curves are in error. 


First of all, the current density in the discharge is only ap- 
proximately 10 amperes per sq. em., and may actually be some- 
what larger. It is probably also not an absolute constant, 
and may vary with slight changes in disk composition. But 
taking this value, although the whole disk area is not uniformly 
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covered for current less than 150 amperes, when the current de- 
ereases to less than this value, the discharge breaks up into a 
large number of very small spots which are distributed over the 
whole face of the disk. With this distribution of discharge the 
ohmie resistance is that of the whole disk and not that of only 
part of the disk as Mr. McHachron figured. Therefore I have 
redrawn Mr. McKachron’s curves with the correct ohmic drop 
in Fig. 5. 

These curves show three more or less distinct portions— 
first there is a higher voltage part where the current is spread- 
ing over the disk face. Then comes a drop to approximately 350 
volts, where the curve tends to become horizontal. The slight 
departure from 350 volts is readily accounted for due to un- 
certainty in the disk resistance, since the current distribution 
in plated disks is different from that with discharge, and also 
uncertainty in the proper value to take for the current density. 
Lastly there is a low-voltage part during the last 50 amperes of 
the discharge which is undoubtedly due to vague contacts and 
lining up of particles in the gap by the intense field. 

These vague contacts which follow an intense discharge 
explain Mr. MeEKachron’s finding a current flow at 280 volts. 
By raising the resistivity of the disks this leakage current may be 
reduced to as small a value as we please. In the commercial 
autovalve arrester this leakage is usually not detectable on an 
ordinary oscillograph. 

Mr. McHachron’s experiments on the impulse breakdown of 
autovalve gaps are very interesting. They show that the 
voltage rises to less than double for very fast discharges. When 
the voltage reaches the value corresponding to the gap length 
without distortion due to the spacer, we should expect speeds 
equal to that of a sphere gap 
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Synopsis.—In a previous paper, tests were described which 
proved conclusively that if conducting material were lodged between 
the turns of a reactor having bare conductor, the reactor would flash- 
over at the instant a failure occurred on the circuit in which the 
reactor was placed. In this paper, tests are described which were 
made during the development of a proper insulation for the conductor 
of reactors. 

Short-Circuit Tests. Reactors tested consisted of one reactor 
with enameled conductor and two reactors with asbestos insulated 
conductor; one having a thin covering of asbestos; the other a thicker 
covering. 

The reactor with enameled conductor flashed over during the first 
short-circuit test. That with a thin covering of asbestos stood one 
short circuit and arced over in the second short circuit. The reactor 
with the thick covering stood many short circuit tests without any 
failure or sign of distress. 

These tests established the fact that thin insulation on the conductor 
will not prevent such failures, even though it has sufficient dielectric 
strength to withstand the voltages placed across it for the reason that 
the magnetic force exerted on iron and steel objects will cause them to 
break through thin insulation. On the other hand, thick insulation 
will adequately protect the reactor from failure due to foreign 
substances. 

Thermal Tests. Thermal tests on 
established the following facts: 


the asbestos insulation 


First: That this insulation does not smoke excessively at tempera- 
tures below 350 deg. cent. 

Second: That it does not burn even at temperatures of melting 
copper. 

Third: That its insulation and mechanical strength are not ap- 
preciably affected when heated rapidly as high as 350 deg. cent. 

Thermal Capacity. The thermal capacity of the conductor is 
affected by the insulation, as follows: 

First: Under the effects of extremely high short circutt currents 
for a very brief interval, the thermal capacity ts not affected by the 
asbestos. 

Second: With a moderate short-circutt current for a longer length 
of time, the thermal capacity of the insulated conductor is increased 
due to the storage of heat in the insulation. 

Third: During normal operation, at rated current, the temperature 
rise of conductor is increased due to the drop in temperature in the 
insulation. 

Costs. The asbestos insulation increases the cost of the reactor 
directly by the addition of the cost of the insulation itself and in- 
directly by making vt necessary occasionally to increase the size of the 
conductor. However, this increase in cost is not a large percentage 
of the total cost of the reactor. 


* * * * * 


N a previous paper entitled “The Design, Installa- 

tion and Operation of Current Limiting Reactors’ 

presented by Kierstead and Stephens at the Annual 
Convention of the A. I. E.E., July 1924, short-circuit 
tests upon reactors were described. These tests 
proved conclusively that if conducting material were 
lodged between the turns of a reactor having bare 
conductor, the reactor would flashover at the instant 
a failure occurred on the circuit in which it was placed. 
In other words, if a piece of metal, such as a nut, bolt, 
washer, or screw drops or is magnetically drawn into a 
reactor and becomes lodged between two of its turns, 
there may be no indication of its presence in the reactor 
during the normal operation of the circuit but at the 
instant of a fault on this circuit, the voltage between 
these turns jumps to many times its previous value, 
incipient arcs shoot out at the points where the metal 
bridges between turns and this is followed instantly 
by a complete flashover of the reactor. Since that 
paper was presented, an investigation has been carried 
out to determine a suitable insulation for the conductor 
of reactors to prevent such foreign conducting material 
causing reactors to flashover. The purpose of this 
paper is to describe the tests which were made to 
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determine the kind and thickness of insulation to be 
used. 

The primary requisites of such insulation are as 
follows: > 

First: It must have sufficient dielectric and me- 
chanical strength to prevent short circuits between 
turns by foreign conducting materials. 

Second: It must conform to the well established 
practise of using only fire-proof materials in the con- 
struction of current-limiting reactors. 

The first part of this paper is devoted to a description 
of the short-circuit tests made upon reactors to de- 
termine the insulation to be used, while the second 
part describes thermal tests made to determine the 
fire-proof characteristics of the insulation. 


SHORT-CIRCUIT TESTS 


Enamel and asbestos were chosen as the most suit- 
able insulations because of their fire-proof characteris- 
tics. One reactor was built with enameled conductor 
and two reactors with asbestos-insulated conductors; 
one having a thin covering of asbestos, the other a 
thicker covering. The reason for making tests on 
reactors with these different insulations was to de- 
termine the thickness of insulation necessary. 

The short-circuit tests made upon the reactors con- 
sisted of bringing up the terminal voltage on a 26,700- 
kv-a., 25-cycle generator to 13,200 volts, and then 


178 


Feb. 1926 


short-circuiting two of its phases through the reactor 
under test. All three reactors were the “cast-in con- 
crete’ type rated 60 cycles, 68 kv-a., 229 volts, 300 
amperes, and were designed for use in introducing 
3 per cent reactive drop in a 13,200-volt circuit. A 
diagram of the connections used in the tests is shown 
in Fig. 1. The tests made upon the different reactors 
are described under the following headings: (A) Re- 
actor with Enameled Conductor, (B) Reactor with 


+ Reactor 
8 Under Test 


Opening Oil = Closing Oil 
Circuit Breaker Circuit Breaker 
Fie. 1—Driacram or Circuit Usep WHen Maxine SHort- 


Circuit TEsts 


Generator 


a Thin Covering of Asbestos Insulation on the Con- 
ductor, (C) Reactor with a Thick Covering of As- 
bestos Insulation on the Conductor. 

A. Reactor with Enameled Conductor. The con- 
ductor of the reactor on which these tests were made 
was enameled and the purpose of the tests was to 
determine whether the enamel would afford sufficient 
insulation to prevent a flashover if conducting material 
bridged between the turns. 

The test was made by placing a steel nut between 


Second Picture After Arc-Quer. 


a ee 


Third Picture After Arc-Over Sixth Picture After Arc-Over 
Fig. 
During SHort-Circurr Tests oN REACTOR WITH EENAMELED 


CoNnDUCTOR 


Arcing due to steel nut. Enamel did not afford sufficient insulation. 


two adjacent turns of the reactor midway between 
the top and the bottom and then short-circuiting the 
generator through the reactor. The reactor as it 
appeared immediately before the test 1s shown in the 
upper left hand corner of Fig. 2 which is an enlarge- 
ment ofa portion of the motion pictures taken during 
these tests. The nut is painted white and is clearly 
visible in the photograph. 

Although the reactor had previously been tested 

several times under short circuit (without giving any 
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indication of distress), after the nut was placed in it, it 
flashed over during the first half-cycle of the first 
short-circuit test. This test proved that enamel is not 
sufficient insulation to prevent a flashover, due to foreign 
conducting material. 

‘he nut was thrown violently from the reactor to a 
distance of about 30 ft. where it struck a board and 
dented it toa depth of 144 in. In short-circuiting a 
portion of the reactor winding, the nut carried a current 
in opposition to the main current in the reactor and the 
magnetic force between these opposing currents was 
probably the propelling force which expelled the nut. 
In this respect, foreign conducting material partakes of 
lifelike characteristics in that it may cause a lot of 
damage and then clear out and leave no clue as to 
the cause of the damage. 

B. Reactor with a Thin Covering of Asbestos on the 
Conductor. The reactor on which the tests under this 
heading were made had a thin wall of asbestos covering 


Fig. 3—ReEpPRopUCTION FROM Morton-PicturE FILM TAKEN 
During SHortT-Crrcuit Tests on ReactoR WITH CONDUCTOR 
INSULATED witH THIN ASBESTOS 


Arcing due to nail. Asbestos wus not thick enough to afford sufficient 


insulation. 


on its conductor. It received the same tests as those 
applied to the preceding reactor, except that in this 
case a nail was tied to the conductor so as to span be- 
tween the outside turns of the upper two layers. The 
reactor with the nail attached is shown in the upper left 
hand picture of Fig. 8 which is a reproduction of a 
portion of the motion pictures taken during this test. 
This reactor stood the first short-circuit test without 
showing any visible signs of distress but flashed over 
during the first half-cycle of the second test. The 
other pictures shown in Fig. 3 immediately followed 
the instant of flashover. 

These tests showed that while the thin asbestos 
covering afforded more protection than the enamel 
(since it was able to pass through one short-circuit test 
without failure) still it was not thick enough to ade- 
quately protect the reactor from foreign conducting 


material. 
C. Reactor with a Thick Covering of Asbestos Insula- 
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tion on Its Conductor. The reactor tested next had 
thicker asbestos insulation on its conductor than that 
of the preceding reactor. Many short-circuit tests 
similar to those previously described were made on 
this reactor with steel bolts and nuts variously located 
in an endeavor to make the tests as severe as would be 
encountered in actual service. In this reactor, however, 
the insulation on the conductor was sufficient to afford 


Fre. 4—Repropuction From MorTion-PicTuR® FILM OF 
SpHort-Circuir Tests oN REACTOR WITH CONDUCTOR INSULATED 
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py Magnetic Frerp. Arrows InpicaTE NAILS 


the conductor adequate protection from the foreign 
conducting material to which it was subjected. Some 
of the reproductions of the motion pictures taken dur- 
ing these tests are of interest, for the reason that 
having been taken at the rate of 125 pictures per second 
they show the movement of loose steel objects around 
and in the reactor. Fig. 4 shows four pictures taken 


Fia. 5—Sriuar To Fia. 4 BuT SHOWS BOLT BEING DRAWN BY 
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when a loose bolt was placed on the winding midway 
between the top and the bottom. The pictures are 
consecutive in the order in which they are numbered. 
The first picture shows the bolt resting on the winding. 
The next picture taken 1/125 of a second later, shows 
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one end of the bolt raised up by magnetic force so that 
it is striking against one of the turns above while the 
other end is resting on one of the turns below. The 
pictures also show nails which had been strewn on the 
floor near the reactor being lifted by the magnetic 
field. Fig. 5 shows a similar group of pictures except 
that the bolt is first resting on top of the winding but 
is later pulled down so as to span between the top and 
next adjacent layers. The picture again shows nails 
being lifted from the floor. In Fig. 6, the bolt was 
placed so that it spanned the space between the top and 
next adjacent layers before the test and did not move 
during the test. The chief interest in these latter pic- 
tures is that they show nails being lifted from the floor 
and being drawn into the windings with considerable 
force. 

The reproductions of the motion pictures show that 


Fig. 6—Stmrar To Fria. 5 BuT sHows NAILS BEING DRAWN 
rrom Fioor «nto Reactor By Maenetic Firup. ARROWS 
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the magnetic field of a reactor exerts a considerable 
force on magnetic substances. Therefore, the insula- 
tion on the conductor not only must be strong enough 
to withstand the electric stress which may be placed 
upon it, but must also be strong enough mechanically to 
withstand, without injury, the cutting or piercing ac- 
tion of iron and steel objects when drawn against it by 
the magnetic force. It was this latter action that 
was the primary cause of the failures of the first two 
reactors. 

The thicker insulation on the last reactor tested had 
sufficient resilience to resist the blows delivered to it 
by the steel objects without being cut and in addition, 
being thicker, could be indented to a greater depth 
without being pierced through to the conductor. There- 
fore, it was able to withstand the many short-circuit 
tests it was subjected to, without failure. 

Summarizing, the foregoing tests established the 
following facts: ; 

First: That a reactor with bare conductor will 
flashover during a short circuit if conducting material 
is lodged in its winding. 
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_ did the insulation show any tendency to burn. 


Second: That thin insulation on the conductor 
w:!l not prevent such failures, even though it has 
sufficient dielectric strength to withstand the voltages 
placed across it, for the reason that the magnetic force 
exerted on iron and steel objects will cause them to 
break through thin insulation. 


‘THERMAL TESTS 


Having established the thickness of asbestos insula- 
tion required to prevent electrical failures in reactors, 
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7—SuccessivE PrcTURES TAKEN DURING HigH TEMPERA- 
TURE TrEst ON ASBESTOS INSULATED CABLE 


Fig. 


it was next required to determine if this insulation was 
fire-proof. 

Tests to determine whether the insulation would 
burn were made on 5-ft. lengths of 250,000-cir. mil. 
cable insulated with asbestos insulation. The equip- 
ment used in making these tests is shown in Fig. 7 and 
is comprised of a transformer for use in obtaining high 
current, a current transformer for measuring the cur- 
rent, and a thermocouple placed in the center of the 
eable. The tests consisted of holding 2500 amperes in 
the conductor until it melted. The amount of smoke 
emitted from the cable during these tests is more 
clearly shown by Fig. 7 than can be described. 
The figure shows that smoke just began to make 
its appearance at 312 deg. cent. while it became 
most dense at 440 deg. cent. As the temperature 
increased above this figure, the denseness of the 
smoke gradually decreased and had discontinued 
before the melting point was reached. At no time 
After 
the cable had been raised to the melting point of 
copper, the binding materials which held the asbestos 
fibers together had been destroyed and as a result the 


mechanical strength of the asbestos was practically 
zero. . 
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The next tests were made to determine to what 
temperatures the cable could be raised without damag- 
ing the asbestos insulation. 

It was felt that the insulation should be cabable of 
resisting the effects of having the conductor rapidly 
heated up to a temperature of 350 deg. cent. without 
injury. to its mechanical or electrical strength. There- 
fore, a test was made by holding 2500 amperes in the 
cable until 850 deg. cent. was reached. This required 
about 2144 minutes. The insulation showed no in- 
dication that its mechanical strength had been injured 
by this test and the puncture tests showed that its 
insulation strength had not deteriorated. 

Summarizing, the foregoing high temperature tests 
have established the following facts: 

First: That this asbestos insulation does not smoke 
excessively at temperature below 350 deg. cent. 

Second: That it does not burn even at tempera- 
tures of melting copper. 

Third: That its insulation and mechanical strength 
is not appreciably affected when heated rapidly to 
temperatures as high as 350 deg. cent. 

In actual service with the reactor carrying full short- 
circuit current, there will be no tendency for the re- 
actor to smoke or the insulation to be injured for the 
reason that the current will be interrupted by the 
circuit breaker long before the temperature of the con- 
ductor has risen to 350 deg. cent. 

The question quite naturally arises as to what effect 
the asbestos insulation will have on the thermal capac- 
ity of the conductor. Of course, if a short circuit is 
maintained for such a brief period of time that prac- 


oO 
=} 
So 


Bare Conductor |, 


TEMPERATURE IN DEGREES CENTIGRADE 


20 30 40 50 60 
TIME IN SECONDS 
8—ComparaTIvVE Rate or Hearinc or Bare AND 
INSULATED CONDUCTOR FOR SHORT PERIODS 


Fie. 


tically all the heat is stored in the copper then the 
insulated conductor will rise to practically the same 
temperature as the bare conductor. 
hand, if the short circuit continues until an appreciable 
part of the heat generated is dissipated, there will be a 
period during which the flow of heat from the insulated 
conductor into its insulation will be more rapid than 
the flow of heat from the bare conductor into the air. 
Dur ng this period, the insulated conductor will be 
cooler than the bare conductor. 


On the other — 
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The accuracy of the above statement was checked 
by comparative tests on bare and insulated 250,000- 
cir. mil. cable. The tests consisted in holding 4000 
amperes in each cable and measuring the time re- 
quired for the conductors to rise to a given tempera- 
ture. The temperature of the conductor was measured 
by thermocouples soldered to the conductor. In Fig. 8, 
the results of these tests are plotted. It wil be noted 
that in all the tests the bare conductor was the 
hottest. 

During the normal operation of the reactor when 
it is carrying rated current continuously, all the heat 
generated is of course, dissipated and naturally the 
insulated conductor becomes the hottest. It has been 


Fig. 9—‘‘Cast-In: ConcrETE” ReacToR WITH CoNnDUCTOR 


INSULATED WITH ASBESTOS COVERING 


found, however, that although asbestos is one of the 
best insulators of heat, the asbestos covering used 
on the conductors for reactors does not impede the 
flow of heat from the conductor to a great degree. The 
explanation for this is that the asbestos fibers are so 
densely formed around the conductor that the rate of 
conduction through them is many times more rapid 
than through the forms of asbestos used for heat in- 
sulation. 

As has been shown in the preceding pages, the use 
of thick asbestos insulation removes the danger of 
flashover that a reactor without such insulation is 
subject to and yet does not affect its fire-proof quali- 
ties or the simplicity of its construction. Fis?"9 
shows a reactor with asbestos insulation on its con- 
ductor. It will be noted that it is of the same general 
construction that has typified the .‘‘cast-in concrete” 
type of reactors for the past ten years. The asbestos 
fibers are closely and firmly woven on the conductor. 
They are treated with a compound which makes them 
very strong and able to resist cutting or tearing very 
tenaciously. 
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Insulating the conductors of reactors with asbestos 
increases their cost directly by the addition of the cost 
of the insulation itself and indirectly by making it 
necessary occasionally to increase the size of the con- 
ductor to compensate for the reduction in the rate of 
heat dissipation caused by the insulation. However, 
the cost of the insulation is not a large percentage of 
the total cost of the reactor and the additional cost of 
a larger conductor is greatly offset by the reduced 
operating charges resulting from the reduction in 
losses occasioned by use of a larger conductor. Fur- 
thermore, as stated above, the asbestos covering has 
not been found to impede the flow of heat from the 
conductor to a great degree. These cost increases, 
therefore, are slight and will make no material differ- 
ence in the present economies of a system which in- 
cludes reactors. 

In conclusion, attention is again called to the fact 
that the tests described in this paper have proved 
that any conductor insulation which will afford ade- 
quate protection to a reactor from foreign conducting 
material not only must have sufficient insulation 
strength to stand the voltage stresses placed upon it, 
but also must have sufficient mechanical strength to 
withstand without injury the cutting and piercing ac- 
tion of iron or steel objects that may be drawn against 
it by the magnetic field of the reactor. Furthermore, 
the tests have shown that the asbestos insulation 
which has been developed for reactors affords pro- 
tection from foreign conducting materials without 
sacrificing the fire-proof qualities which modern central 
station practise demands. 

The author wishes to acknowledge the valuable 
assistance which Mr. L. P. Burgess rendered when the 
tests herein described were made. 


Discussion 


V. M. Montsinger: The general tendency today is to make 
all electrical apparatus as fool-proof as possible. This is 
especially true of apparatus applied to protect other apparatus. 
In other words, when the safety of other apparatus worth many 
thousands of dollars is dependent upon the proper functioning of 
a reactor it becomes doubly important to make the reactor as 
nearly perfect as possible. Mr. Kierstead’s paper shows & 
marked advance in the art of making a dependable current- 
limiting reactor. 

I well remember some of the early designs a few years ago, 
which were built by spacing bare copper eables by means of 
wooden supports notched to hold the conductors in place. 
Obviously a reactor having its turns supported by a combustible 
material, like wood, would not stand a very high temperature on 
short circuit, certainly not over 150 to 175 deg. cent. ' It was soon 
realized that a reactor of this design would not meet the severe 
conditions demanded of it. When the cast-in conerete type 
was developed and perfected it was thought that the problem 
of building a perfect reactor was solved. 

But it was not long before someone left a bolt or a nut near 
a reactor and when a short circuit came on, the loose metal was 
drawn into the reactor by the magnetic forces set up, and the 
reactor failed to perform its function. A new. problem had ap- 
peared which must be solved. This problem was not an easy one 
to solve because it was a difficult matter to obtain an insulation 
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with sufficient toughness to resist the cutting or bruising action 
of a bolt hurled against it and at the same time to withstand a 
temperature of 300 to 400 deg. cent. without becoming charred. 
Some of the early forms of asbestos insulation were not satis- 
factory because they contained an appreciable amount of cotton, 
which soon burned out and weakened the fabric. Mr. Kierstead’s 
efforts have succeeded in obtaining practically a 100 per cent 
asbestos insulation which is entirely satisfactory and we now 
have once again a reactor which appears to be practically perfect. 

It is to be hoped that operating engineers who are dependent 
upon these reactors to protect large and expensive apparatus will 
appreciate Mr. Kierstead’s efforts in producing a product so 
nearly proof against failures. 

S. I. Oesterreicher: While I am in hearty agreement with 
many of Mr. Kierstead’s statements regarding the insulation of 
current-limiting reactor conductors, still I regret very much not 
being able to give him full credit for his interesting conclusions. 

As far as covering of reactor conductors is concerned, origi- 
nality belongs to Mr. Philip Torchio and Mr. H. R. Woodrow. 
As far back as 1912, these two gentlemen designed and put in 
service current-limiting reactors in which the conductors were 
insulated partly with asbestos and partly with a rubberized tape. 

Due to the increased generator rating and voltage of the 
circuit on which some of these first reactors were installed, they 
became obsolete and we had occasion to dismantle and inspect 
them. 

On some of them the insulation efter about 12 years of service 
was not impaired in the least and would have been good for 
many more years of service. 

There is no question in my mind about the necessity of cover- 
ing the reactor conductor with an insulation if reliability is 
sought. I believe that under normal operating conditions, if 
foreign materials are dropped or drawn into a bare conductor 
of a reactor, the effect will be far more serious than Mr. Kierstead 
states. If reactor turns or layers are short-circuited within 
the reactor, they act as secondaries in a transformer and the 
eurrents in the two circuits are inversely in proportion to the 
number of turns in these circuits. Therefore, the heating due 
to the increased currents in the short-circuited sections will make 
itself manifest in a very short time and greatly to the detriment 
of the reactor. 

Mr.. Kierstead attaches great importance to the absolute fire- 
proof quality of the insulation upon the reactor conductor. He 
gives data of tests carried up to 350 deg. cent. without any dis- 
tress of the asbestos insulation. 

However, the limitation of an arrangement as Mr. Kierstead 
describes it is not the absolute fire-proof construction but the 
fact that the temperature coefficients of expansion between 
copper and concrete are so greatly different and the temperature 
stresses caused by the copper in the concrete so out of proportion 
that cracking of the concrete starts long before any shortcomings 
of the insulation becomes dangerous. ’ 

We have in operation throughout the country over 2500 
reactors with all kinds of fibrous insulations and do not seem to 
have trouble on account of the kind of insulation over the 
ecnductor. 

I do agree with the statement that the insulation should be 
mechanically strong to be able to withstand injury. From time 
to time, we have received complaints from one or another of 
our clients that suddenly a reactor started to rattle. Investiga- 
tion proved that in practically all cases the trouble was due to 
foreign bodies becoming lodged in the reactors. 


Thus it would seem that as long as the reactor conductor in- 
sulation has ample dielectric and mechanical strength it is only a 
convenience of design or cost as to what kind should be used. 


A. E. Kennelly: In connection with Mr. Kierstead’s paper, 
it may be worth while to point out what is certainly known 
although not perhaps very generally known, that in a uniform 
magnetic field, parallel lines of magnetic force so to speak, a small 
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sphere of iron or steel is not subjected to any mechanical pull. 
That is contrary to popular belief on that subject. If a small 
sphere of steel is supported in a uniform magnetic field, no 
matter how strong the field, it will pull one way as much as the 
other. But if the magnetic field, instead of being uniform, is 
divergent in one direction, or convergent in the other, then the 
ball of iron or steel inserted in the field will be pulled in the 
direction of convergence and the pull is proportional to the 
flux density and to convergence. Mathematically it may be 


dB 
dc 


W. W. Lewis: Reactors as well as other apparatus have their 
share of failures; some of these in the past have been due to 
mechanical weakness, others have been attributed to high 
voltage and others to so-called foreign metallic material. 

The theory of foreign material has been amply substantiated 
in practise. In one installation 9 reactor failures occurred. 
Inspection after the first and last of these disclosed nails lying 
across some of the turns. In two other cases the reactors had 
been previously damaged. In the five other cases no definite 
cause was found for the failure. After the first failure, however, 
a quantity of bolts, nuts, washers and nails was cleaned out of the 
reactors. It may well be that some of these articles were 
missed in the inspection as indicated by the nail found after the 
last failure. 

It seems obvious that live conductors so closely spaced as in 
reactors, are a menace to operation if left uninsulated and Mr. 
Kierstead is to be commended for removing this source of trouble. 


expressed as proportional to B . 
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SECTION THROUGH A Reactor, SHowinafHow tHE MaGnetic 
Forcre Exrrts a COMPRESSIVE STRESS Upon THE CONCRETE 


F. H. Kierstead: Mr. Oesterreicher is correct in his state- 
ment that when the conductor is raised to 350 deg. cent. the 
conerete may crack, but his inference that failure of the reactor 
follows this cracking is not correct. The magnetic field of the 
reactor exerts a force on the winding that is transmitted as a 
compressive force on the concrete which forces the cracked 
surface closer together as is indicated in the illustration shown 
herewith. Because of this fact the reactor continues to perform 
its function just as well after the concrete has cracked as before. 
The principle involved here is very much the same as that in a 
reenforeed concrete building. The concrete of a building cracks 
due to expansion and contraction but it causes no concern because 
its compressive strength is not impaired by the cracks while the 
steel reenforcing resists the tension forces. The two cases are 
similar except that in the reactor the forces are all compressive 
and thus the reenforcing steel is not required. 

These statements have been verified by twelve years of 
experience with this type of reactor in service. 
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Synopsis.—Experimental investigations were made for the de- 
termination of the temperature rise and the losses occurring wm 
structural steel members exposed to the fields from a-c. conductors. 
The work originated from the dem and among the designing engineers 
of an electrical manufacturing company for practical data which 
would enable them to estimate, at least roughly, the temperature 
rise and the heat losses in the more common cases of structural 
steel members passing near the conductors. In the paper presented 
here are given the results of the investigations in question. Examples 
are given illustrating the method of procedure wn estimating tempera- 
ture rise and losses in structural steel. The method of calculation 
applied is, in most cases, empirical. The major factors affecting 
temperature rise and losses are discussed on the basis of the test 
data. An understanding of these factors will often permit a de- 
signer to avoid iron heating without sacrifice of space or of economy. 
Thus a good part of the data presented apply to cases for which 
the temperature rise of the steel would ordinarily be considered not 
seriously objectionable. 

Iron members passing between going and return conductors 
in adjacent-phase layouts may reach very high temperatures; on 
the other ‘hand, iron members passing at right angles to, but outside 
of, a group of govng and return conductors will usually heat less 
than an iron member crossing a single conductor, when the current 
and minimum spacings are the same. 

The temperature rise of structural iron beams in large rectangular 
magnetic frames surrounding a straight conductor (as in isolated- 
phase layouts) and having sides larger than, say, 5 ft. may be 
calculated separately for each individual beam disregarding the 
other three sides of the frame, even if the conductor passes near the 
corner at a point as close as 8 in. from the nearest part of each of the 


elds from A-C. Conductors 
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and 


two adjacent sides. Small closed structural steel frames or ducts 
having sides of the order of two ft. or less, when surrounding @ con- 
ductor must however be expected to heat considerably more than a 
single straight vron member passing at right angles to a conductor, 
for equal spacings and currents. 

A long and narrow steel member, such as an I-beam or a channel, 
will ordinarily heat much less when running parallel to a conductor 
than when crossing tt at right angles, for the same spacings and 
currents. This is because in the parallel arrangement the tron 
portion of the flux path around the conductor is usually a much 
smaller part of the complete flux path than in the case of a steel 
member crossing at right angles to the conductor. It will, therefore, 
often be advantageous, from the standpoint of iron heating, to lay 
out stations with conductors parallel rather than at right angles to 
the iron members. 

For various sizes of straight long solid structural iron members 
crossing at right angles to a conductor and having a thickness not 
less than Y% in., when placed with respect to the conductor at any 
one center spacing within the range from, say, 6 to 16 in., the 
temperature rise Was practically independent of the size, or cross- 
sectional area or shape of the vron member. In the same tests 
the losses of the various solid structural iron members not thinner 
than Ye in. were proportional to the perimeter of the vron cross 
section regardless of shape or volume. The tron members in question 
ranged in size from a 1 \4-in. standard pipe to a 12-in. by 10-in. 
I-beam. . 

The results presented were found to be in good agreement with 
other investigators’ theoretical results relating to skin effect and 


‘losses in solid iron. 
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INTRODUCTION 


N electric stations heavy a-c. conductors are often 
run in close proximity to steel structural members. 

It is well known that the steel members when ex- 
posed to a-c. magnetic fields will tend to heat on ac- 
count of induced eddy currents and hysteresis losses. 
While a local temperature rise of a few degrees here 
and there in the steel will generally not be seriously 
objectionable, the iron losses must not reach an amount 
sufficient to raise materially the ambient temperature 
in the vicinity of the conductors themselves or in the 
vicinity of other electrical apparatus. Moreover un- 
desirable expansion of the building steel and cracking 
of the concrete may sometimes result from excessive 
heating of the steel. It is even possible that, unless 


consideration is given to the iron losses, they may 


seriously add to the station losses. 
While all of the above matters have been known, at 
least qualitatively, there has been but a secant amount 
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of data available for designers to estimate the tempera- 
ture rise and the losses in question. ; 


OBJECT AND SCOPE OF PAPER 


Since there has been an increasing demand for data 
on heating and losses in solid structural steel, especially 
in view of the more frequent use of the isolated-phase 
system of station layout, with its more wide-spread 
stray magnetic fields, an experimental investigation 
was made by an electrical manufacturing company to 
obtain, for their designers and engineers, practical 
data on the temperature and the losses in a number of 
the more common cases of structural steel members 
passing in the vicinity of heavy-current a-c. conductors. 
Actual measurements of temperature rise and of 
losses on full-sized steel members were made in the 
laboratory. Naturally only a_ limited variety of 
structural arrangements could be represented. Nor was 
it possible to set up a general or fundamental formula, 
for practical use, for the calculation of the temperature 
rise of solid iron members. Hence the application of © 
the results obtained is primarily limited to the range 
of conditions covered by the tests. Nevertheless, it has 
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been possible, by suitable choice of test conditions, to 
obtain a considerable amount of useful data, which 
have been effectively applied for a year or more, in 
practical cases of station steel design and of conductor 
layout. The principal results obtained are summarized 
in the following paper. The major factors affecting 
temperature rise in structural steel are reviewed and 
discussed from a practical, rather than theoretical, 
standpoint. An understanding of the factors affecting 
heating will often permit a designer to avoid iron 
heating without sacrifice of space or of economy. Thus 
a good part of the data presented apply to cases 
for which the temperature rise of the steel would 
ordinarily be considered safe and not seriously objec- 
tionable. No recommendations are made, however, 
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Fig. 1—Crrcurir ARRANGEMENT FOR HEATING AND Loss TEstTs 
OF SOLID STRUCTURAL [TRON MEMBERS 


¢ [ransformer 550 /27.5 volts, 150 ky-a. 

X adjustable air and iron core reactor 

Cc. T. Current transformer. 6000 amperes, ratio 1200:1 

Circuit A C D to current transformer consisting of four 4 in. by 4 in. 
copper bars in multiple; circuit from C 7 to B consisting of three 2,000,000- 
cir. mil cables in multiple. 

The magnetic field intensity at points below the center of C-D and up to 
16 inches from the center of C D was approximately the same as that for a 
long straight conductor running along the line of C D with return conductors 
remote. The busbar currents had a wave shape approaching closely a sine 
wave. 


concerning the safe permissible temperature rise of 
the steel members or the maximum allowable losses. 

Results are given of measurements of temperature 
rise and of losses in structural steel [-beams, channels, 
pipes, plates, ducts and of temperature rise in rods, 
sheets and meshes when the iron members were ex- 
posed to the fields from 60-cycle, 40-cycle or 25- 
cycle conductors carrying currents as high as 5800 
amperes. Special tests on riveted and bolted steel 
frames placed within the field from a high-current 
circuit simulating isolated-phase construction were 
made. Experimental data were obtained to serve as 
a basis for designing copper sleeves to minimize 
heating and losses in structural iron members crossing 
at right angles to conductors. 

It was, however, not attempted, in this work, to 
establish fundamental methods of calculating losses 
and temperature rise for the most frequent case of a 
straight magnetic member crossing at right angles 
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to a straight conductor, because of the considerable 
variation of the m. m. f. along the iron. For this case 
a detailed analysis of the magnetic, electrical and 
thermal phenomena occurring within the steel and in 
the space nearby, when exposed to a-c. fields, would 
be extremely complex, since a thoroughgoing calculat- 
ing procedure of this kind would call for consideration 
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Fies. 2-5—Txrst Positrons or Iron Muempers (J-BEAM AND 
CHANNEL Beam, Samptes No. 1 anp:+3 RESPECTIVELY IN 
Tasues I anp II) 


With respect to conductor crossing at right angles to the iron 


of not only the varying m.m.f. along the iron, but 
also of the varying heat distribution along the iron. 
The effect of these factors would have to be studied in 
addition to such factors as the varying permeability 
both at different surface flux densities and at different 
depths; the varying degree of flux and current pene- 
tration in thick and in thin iron members; the heat 
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Fic. 6—114-1n. Stanparp SwitrcHBoaRD [Ron Pips (ITEM 
No. 7 1n Tasuzs I ann IT) 


Crossing at right angles to conductor C-D of Fig. 1 


dissipation characteristics of the iron, including the 
effects of surrounding space; the electrical resistivity; 
the frequency; the hysteresis losses at both low and 
high densities. It is therefore highly questionable 
whether a rigorous analysis of the problem of solid 
structural steel heating would lead to practical results 
in the common case of non-uniform m. m. f. along the 
iron member. Hence in the investigation reported 
here, the experimental method was preferred to the 
theoretical analysis because it was felt that the ex- 
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perimental procedure would give sufficiently close re- 
sults for practical use with a minimum of expense and 
time. 

On the other hand, in cases where a uniform dis- 
tribution of m. m. f. along the iron path exists or 1S 
closely approached, as, for instance, in the case of a 
solid iron circular ring surrounding a straight con- 
ductor, or even in the case of a uniform square magnetic 
frame with a straight conductor passing approximately 
through the center of its plane, the results of theoretical 
analyses made by previous investigators* were found 


Fie. 7—114-1n. STANDARD SWITCHBOARD Tron Piers Crossine 


av Rigut ANGLES TO A STRAIGHT LONG CONDUCTOR 


to be applicable to practical estimates of losses and 
temperature rise, and are dealt with in the paper. 
CLASSIFICATION OF CASES INVESTIGATED 


The cases of iron heating investigated were of three 
kinds: 

1. Straight magnetic members running parallel 
to or crossing at right angles to the conductor (or con- 
ductors). The flux produced by the conductor current 
passes partially through the air and partially through 
the iron (see Fig. 1). This case is commonly met, 
since heavy-current conductors very frequently run 
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8,9, 10—Tust ARRANGEMENTS OF 6-FT. BY 6-FT. CLOSED 
CHANNEL Iron Frame (Item No. 11 1n Tas I) 


With respect to a straight conductor passing through the frame at right 
angles to its plane 


parallel with or at right angles to steel floor beams, 
columns, reinforcing rods, pipe supports of switch- 
boards, etc. When such iron members pass at right 
angles to a conductor, higher iron temperatures will 
generally be obtained than in the case when the iron 
members run parallel to the conductor. 

2. Magnetic members forming a closed frame or 
loop (‘“‘magnetic loop”) around the conductor, so that 
there is a closed magnetic path in a plane at right 
angles to and surrounding the conductor, as in Figs. 
8, 9, 10. This case occurs, for instance, in isolated- 
phase layouts when large closed structural steel frames 
(see Fig. 19) are used in the station buildings, but is 


*See Bibl. 1, 2, 3, 5, 12. 
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generally of more serious importance in respect to 
heating when the frame is small, having sides of the 
order of, say, 1.5 to 2 ft., or less as, for example, pipe 
frames in switchboard construction (see Fig. 13). 


3. Closed loop of structural steel in a plane parallel 
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Fig. 11—4-1n. py 3/s-IN. STEEL Puats (ITEM No. 4 1n TABLES 


I anp IT) 


Crossing at right angles to a straight long conductor 


to the conductor so that the steel frame acts as a short- 
circuited transformer secondary (“‘electric loop’) carry- 
ing an induced circulating current due to the flux set 
up by the conductor and passing through the loop. 
(See Fig. 12). 


Fic. 12—Txzst ARRANGEMENT OF ‘‘ELEecTRIc Loop” Con- 
SISTING OF A 6-FT. BY 6-FT. CHANNEL IRON FRAME, (ITEMS 
No. 11 anv 12 1n Tastsz I) 

Conductor C D being in the plane of the frame 


Among the cases not dealt with here are those of 
steel plates or sheets through which a conductor is 
passed at right angles, and of steel sheets located ina 
plane which passes through the conductor. 


METHOD OF TEST 


The iron structural members to be tested—in most 
cases full-sized pieces—were placed in a variety of 
positions with respect to heavy-current test circuits 
as indicated in Figs. 1-21. Ina good many of the tests, 
isolated-phase construction was simulated by having 


beicake se 
Fig. 13—Cuosep 18-rn. By 18-1n. Pipz Frame (Item No. 15 
IN TaBueE I) 


Surrounding a straight 2,000,000-cir. mil cable passing through the center 
of the frame 


the return conductors relatively remote from the 
samples under test, so that the simple case of one in- 
finitely long, straight conductor, with the return con- 
ductor infinitely remote, was closely approached. In 
other tests the resultant field, at the iron member under 
test, due to all conductors in the circuit had to be con- 
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sidered. Moreover, in some circuit arrangements the 
adjacent-phase construction was deliberately imitated. 
The effects of conductor bends and loops on nearby 
iron members was also investigated. All tests were 
made at an ambient temperature of from 20 to 25 
deg. cent. 

In 'Tables I and II are listed the magnetic members 
tested, their dimensions and electrical as well as mag- 
netic characteristics. 
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Fig. 14—1)4-1n. Stanparp Swircnspoarp Iron Pree (ITEM 


No. 7 1n Tasuzs I anp II) 


Passing at right angles through the center of a circular loop formed by a 
2,000,000-cir. mil cable 


The temperature measurements were made with 
mercury thermometers attached with putty to the 
iron samples under test, or by thermocouples in the case 
of some of the smaller samples such as reinforcing rods. 
In most cases the sustained final temperatures, or 
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15—Lone Iron PLATE OF WipTH A-B RuNNING PARALLEL 
To A LONG STRAIGHT CONDUCTOR 


Fig. 


temperature rise, of the steel for constant loads were 
obtained. 

The currents in the test circuit were of substantially 
sine-wave shape at frequencies of either 60, 40 or 25 
cycles per sec. In the different tests both multiple 
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Fig. 16—Crircuir ARRANGEMENT FoR Hpatina TESTS ON 
Rernrorcine Rops (Items No. 8, 16, 17 1 Tasues I ann IT) 


The conductor circuit consisting of one 2,000,000-cir. mil cable 


rectangular bar conductors and single or multiple in- 
sulated copper cables were used to carry the currents 
supplied to the test circuit through stepdown, high- 
current transformers. Current measurements were 
made on portable indicating ammeters with the aid of 
high-range current transformers. The magnitudes of 
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current were as high as 5800 rm. S. amperes. 
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In a number of cases loss measurements were made. 
The method was to obtain the total input into the bus- 


Fig. 


17—Suext Iron Duct 18 In. py 18 IN. oF !/s-1N. SHEET 
Steet (Item No. 14 1n Taste I) 


Enclosing a 3000-ampere busbar 


Fig. 


18—Circuir ARRANGEMENT AND 
Heatine ano Loss Test or Square SHeet Iron Duct (ITmM 
No. 14 1n Taste 1) 


DIMENSIONS IN 


Enclosing a 3000-ampere conductor 


bar system and to subtract therefrom the copper losses. 
A sensitive wattmeter of the reflecting dynamometer 


TABLE I 
DIMENSIONS AND DESCRIPTION OF MAGNETIC MEMBERS 
TESTED 
“Cross- 
sectional | Cross- 
circum- | sectional 
Item Dimensions and | Length] ference area 
No Name description ft. in. sq. in. 
1 | Girder J-beam 10-in. flange, 12-in. 12 64 18.75 
web. Thickness of 
flange 1 in, maxi- 
mum. Thickness 
web 3/3 in. 
2 |Girder beam 10-in. flange, 1 in. 12 21 26 15) 
flange thick 
3 | 5-in. channeliron | 5-in. web, 3/1g in. 6 16.5 1.88 
thick. 134in. flanges, 
7/4 in. thick 
4 | Blue’ annealed | 34 in. by 4in. 8 834 1.5 
machinery steel 
plate 
6 | Blue annealed | % in. thick 18 in. 5% | 36 2.25 
sheet steel wide 
6 | 4/i6-in. blue an- | +/19 in. thick 18 in. 6 36 1.125 
nealed sheet iron | wide 
7 | Standard switch-| 134 in. inside diam.| 6 5.2 | 0.85 
board 1 4-in. iron| 15/s in.outside diam. 
pipe, painted 
black 
8 | Round reinforc- | % in. diameter 8 1757 0.196 


ing rods 
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T'ABLE I—Continued 
Item 
No. Name Dimensions and Description 


6 ft. sq., 3/32 in. thick, 1 in. rhombic 
mesh holes 


9 Expanded metal mesh 


10 Galvanized fine iron wire] 6 ft. sq., 1/32 in. thick wire. Hexag- 
mesh ona] mesh, openings of % in. sides. 
11 Square frame of channel | Consisting of four 5 in. channel irons 
iron 6 ft. long of 134 in. flanges and 5 in. 


web (same as No. 3 above). From 
one to four % in. bolts in each joint. 
Joints not painted. 

The same as Item 11, but four % in. 
rivets in each joint (driven . hot). 
Joints were painted with red lead 

: before assem lye 

13 Rectangular iron pipe] 6 ft. 11 in. by 5 ft. 2 in., consisting of 

frame 1% in: black aes iron pipes 
joined by standard pipe clamps for 
right-angle pipe cross-overs. 

Consisting of 4 sheets of !/g, in. thick 
iron of 5 ft. 6 in. length by 18 in. 
wide mounted on 1% in. angle irons 
in the corners and fastened with 
3/16 in. iron screws. (See Fig. 18). 

Consisting of four 1% in. standard 
switchboard iron pipes each 18 in. 
long, joined by standard threaded 
pipe clamps. (See Fig. 13) 


12 Square frame of channel 
iron 


14 Horizontal square sheet 
iron duct, blue annealed 
sheet iron 


15 Square frame of iron pipes 


16 Square reinforcing rods 1% in. by 14 in. square reinforcing rods 
with 1/32 in. high ridges every 
5/8 in. 

Ly Round reinforcing rods % in. round reinforcing rods with 
1/32 in. high ridges every 1 inch 


and with 2 longitudinal ribs !/g in. 
high on either side. 

Consisting of a 4in. by % in. machin- 
ery steel bar of 62.5 in. length bent 
into a circular ring of 20 inches 
diameter, ends welded together. 


18 Cylindrical closed iron ring 
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large numbers. Another error might come in due to 
changes in the current distribution in the busbars 
under the influence of the adjacent iron. Hence the 
copper loss measured together with the iron losses 


Fig. 19—Cwannet-lron Frame 6 Fr. BY 6 Fv. (Item No. 11 


IN TABLE [) 


Surrounding a 3000-ampere conductor 


probably differed somewhat from that measured in 
the absence of the iron. The latter error, however, was 
minor, because the spacing between busbar and iron 
was greater than the width of the copper bars, and 


TABLE II 
MAGNETIC AND ELECTRIC PROPERTIES OF. STRUCTURAL STEEL SAMPLES 
Flux 
density 
Samples Flux at magnet- 
were density Permea- izing 
taken at max- bility force 
from Test Maximum imum at B= H = 25 Hat B 
Item Sample permea- permea- 10,000 gilbert = 15000 
No.* No. Specification of test sample bility bility gausses per cm. gausses Resistivity 
gilberts microhm 
gausses gausses per cm. -cm. 
1 1 Cut off from 12-in. by 10-in. girder 1700 6600 1450 14400 aS 15) 15.9 
beam flange, at right angles to 
rolling direction 
4 2 Cut off from 4-in. by 3/s3-in. blue an- 1500 6200 1300 14200 38 13.2 
nealed steel plate a 
5 3 1/s-in. thick blue annealed sheet iron 1300 7000 1170 14300 33. 14.3 
6 4 1/,,.-in. thick blue annealed sheet iron 4265 6350 4000 16000 10 24 9 
i 5 Standard switchboard! 4-in.iron pipe 1260 6300 1000 13800 44 13 8 
8 6 tZ-in. round reinforcing rod samples 1210 7800 1150 15200 28 15.4 
16 A y-in. by -in. square reinforcing rod 450 7000 400 10200 74 25 3 
sample ; 
18 8 |; Cut off from '4-in. machinery steel 1800 6500 1500 14900 26 13.4 
plate parallel to rolling direction ; 


*These item numbers refer to the items listed in Table I. 


type was used whose current coil was connected to the 
line-current transformer and whose potential circuit was 
connected to two points of the busbar system embracing 
all the flux which produces losses. The copper losses 
were measured separately in the absence of the iron 
members. 

The results obtained by this method are subject 
to error, the iron losses being the difference of two 


because any change in the relative impedances of the 
individual conductor laminations on account of the 
iron would be largely local. The measurement of a 
known loss (of the order of magnitude of the iron 
losses) produced by a current induced in a short-cir- 
cuited coil by the flux from the busbar circuit AB (Fig. 


1) showed an over-all accuracy of loss measurements of 
better than 10 per cent. 
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Short-circuited copper windings of one or more turns 
were placed around the iron member in several cases 
so as to embrace the flux passing through the iron 
member and thus toreduce theiron loss. Measurements 
of the circulating current in the short-circuit windings 
were made for the purpose of obtaining a relation be- 
tween iron heating (and losses) and the ampere turns 
in the short-circuited copper. A convenient method 
for measuring the circulating currents in copper bands 
placed around the iron is afforded by the use of Rogow- 
ski’s* m.m.f. meter. The device—used for measuring 
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Fig. 20—Conpuctor anp Iron Piper Layout ror Iron 


Heatine Tests with ADJACENT-PHASE CrrcuIT 


the total m. m. f. in a closed magnetic circuit, i.e., line 
integral of Hdl along a closed path—consists of a 
helical (single-layer) coil of uniformly spaced turns 
whose axis forms a closed loop. The voltage induced 
in the winding is a measure of the total m. m. f. around 
the path formed by the axis of the coil. If, for instance, 
the coil is placed such that its axis forms a closed, 
say circular, path linking an a-c. conductor, the volt- 
age induced in the coil is a measure of the current 
flowing in the conductor. One of the coils used had an 
axial length of 36 in., 1600 turns of No.24B&S§ 
double-cotton-covered wire were wound around a 
36-in. length of rubber gas tubing, of 0.5-in. outside 
diameter, in one layer having approximately 40 turns 
per inch axial length. The voltage induced in the coil 
was measured by a’sensitive reflecting d-c. galvanom- 
eter with the aid of a 25-milliampere thermocouple. 


Calibrations were made with the Rogowski coil placed 


around a conductor carrying adjustably variable known 
currents. 
RESULTS OF TESTS 
I. Straight Magnetic Members 

In the case of straight magnetic members passing at 
right angles to conductors higher maximum tempera- 
tures at the iron may generally be expected than in the 
case of the iron running parallel to the conductor. 
Hence the case of straight iron members passing at 
right angles to conductors’ will be treated in detail. 


TEMPERATURE RISE OF STRAIGHT MAGNETIC MEMBERS 
CROSSING AT RIGHT ANGLES TO CONDUCTORS 


The effect, on temperature rise, of each of the follow- 
a *Bibliography No. 10. f 


TEMPERATURE RISE AND LOSSES IN SOLID STRUCTURAL STEEL 


189 


ing variables will be summarized below: Conductor 
current, spacing between conductor and iron member, 
frequency, shape, thickness and mass of iron, and fields 
from more than one conductor. Unless otherwise 
stated final values of maximum temperature rise of the 
iron are given for constant currents in the conductors. 
In the first paragraph below temperature rise data for 
a standard 114-in. switchboard iron pipe will be given 
to show of what order the temperatures are in a typical 
case. 
TEMPERATURE RISE IN TYPICAL CASES 


The temperature rise of a standard 1l44-in. bare 
switchboard iron pipe, 1.66-in. outside diameter and 
6 ft. long, placed horizontally at 4-in. center spacing 
from and at right angles to a long straight 1500-ampere 
60-cycle conductor (return conductor remote) had a 
temperature rise of 21 deg. cent. measured by ther- 
mometer at the hot spot, 7.¢., at the point nearest to the 
conductor. A similar bare pipe (at A in Fig. 21) 
placed vertically half way between the going and re- 
turn conductors of a long loop, 8 in. wide, so that the 
pipe was at 4-in. center spacing from either conductor, 
had a hot-spot temperature rise of 82 deg. cent. by 
test when 2000 amperes at 60 cycles per sec. were 
flowing through the conductor loop of Fig. 21. 


EFFECT OF CURRENT ON TEMPERATURE RISE 


The final temperature rise at the surface of the steel 
member at the point nearest to the conductor was found 
to vary as the 1.7th power (average value) of the con- 
ductor current. The value given is an average ex- 
ponent derived from test results obtained with the 
structural arrangements of Figs. 1,16, 20 and 21, covering 
a current range from 1000 to 5800 amperes, center 
spacings between conductor and iron member from 2.5 
to 16 in., and values of iron temperature rise from 10 
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Fig. 


With pipes passing outside of conductor group as well as between going 
and return conductors in adjacent-phase circuit 


to 175 deg. cent. Values of the exponent obtained 
from the various tests ranged from as high as 2 (for low 
values of maximum flux density and temperature 
rise) to 1.4 (for the highest values of temperature rise 
tested). See also below under discussion of “‘Effects of 
Fields from Several Conductors.’’ This exponent 
cannot, of course, be expected to be strictly a constant, 
since the permeability of the steel is not constant and 
since the hot-spot temperature is materially affected 
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by the distribution, along the steel, of the heat gener- 
ated and by the heat dissipation characteristics of the 
iron and surrounding space. Typical curves of hot- 
spot temperature rise Vs. current are shown in Fig. 238. 
TEMPERATURE RISE AT DIFFERENT SPACINGS FOR 

STRAIGHT IRON MEMBER CROSSING AT RIGHT 

ANGLES TO A SINGLE STRAIGHT CONDUCTOR. 

The effect on temperature rise of spacing alone, in 
the absence of material effects of return conductors, is 
indicated in Fig. 22, for the case of a long, straight 
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Fig. 22—TEmPERATURE RIsE vs. SPACING (CURVE A) 


For long straight bare structural iron members crossing at right angles to 
a straight 3000-ampere, 60-cycle conductor, return conductors remote. 

Including data obtained from tests of the following steel members: 
items No. 1, 2, 3, 4, 5, 7, 8, 16, 17 

Curve A: Final maximum temperature rise at iron hot spot for a 
constant conductor current 

Curve B: Air field intensity vs. spacing for a single 3000-ampere straight 
long conductor 

Center spacing measured from center of conductor to center of iron 
member 


3000-ampere, 60-cycle conductor crossing at right 
angles to a long, straight, horizontal, bare, solid, 
structural iron member. (It will be shown later that 
the shape and size of the iron member, within certain 
limits, do not materially affect the hot-spot tempera- 
ture rise for a given center spacing and current). All 
spacings are from center of conductor to the center of 
the iron member. The data for Fig. 22 were obtained 
(1) from tests in which the conductor circuit and the 
position of the iron member were such that the funda- 
mental case of a single straight long conductor crossing 
at right angles to a straight long iron member was 
closely approached, as in Figs. 1 and 16, and (2) from 
tests in which the temperature rise at the iron hot spot 
was materially affected by the return conductors but 
in which the effect of these conductors could be allowed 
for in accordance with the results given below under 
the heading “Effect of Fields from Several Conduct- 
ors,” items a and Db. : 

According to Fig. 22 it is seen that increasing the 
spacing from 6 to 10 in. reduced the maximum tempera- 
ture rise of the iron 35 per cent, a further increase of 
spacing to a total of 16 in. gave a temperature rise about 
half that for the 6-in. spacing. 


EFFECT OF FREQUENCY ON TEMPERATURE RISE 
Tests for temperature rise at 25, 40 and 60 cycles per 
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sec. gave values of temperature rise roughly in the ratio 
of 1, 1.3, and 1.6, currents and center spacings being 
the same. The tests were made on 114-in. standard 
switchboard bare iron pipes (item No. 7 in Tables 1 and 
2) in the circuit of Fig. 
and 14-in. square iron reinforcing rods (items No. 8, 16, 
17 in Tables I and II) in the circuit of Fig. 16. 


EFFECTS OF SIZE, SHAPE, AND THICKNESS 
ON TEMPERATURE RISE 


Various kinds of straight iron members crossing at 
right angles to a conductor, and not less than, say, 4% in. 
thick and of cross-sectional dimensions (in a direction 
perpendicular to the conductor as dimension h in Fig. 2) 
up to 12 in. at center spacings from 10 in. to 16 in. from 
the conductor, had substantially equal values of tem- 
perature rise at any given busbar current, as indicated 
by tests of the following iron members: 12-in. by 10-in. 
I-beam, 5-in. by 134-in. channel beam, A-in. by 3-in. 
by 8-ft. steel plate, 10-in. I-beam flange,* 114-in. switch- 
board steel pipe. See Fig. 24. In other words, the 
temperature rise under these conditions was independent 
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Fig. 23—RELATION BETWEEN Maximum TEMPERATURE Rise 
or Sotip StRUCTURAL IRON MEMBERS AND ConpucTorR CURRENT 

Bare, vertical, 114 in standard switchboard iron pipes in circuit of Fig. 21. 

Curve A for pipe No. 3 at center spacing s = 2.63 in. from nearest 
conductor “4 

Curve B for pipe No.6 at center spacing s = 3.9 in. from nearest 
conductor 

For Curve A the temperature rise is proportional to the 1.65 power of 
current 

For Curve B the temperature rise is proportional to the 1.55 power of the 
current. 

Frequency is 60 cycles per sec. 


of the size, or cross-sectional area or shape for a given 
center spacing between conductor and iron, regardless of 
the distance from the conductor to the nearest part of 
the iron. Variations of temperature rise within this 
rule were found to be not higher than 30 per cent and 
usually much less. 

The temperature rise of straight, compact} iron 

*Cut from the 12 in. I-beam already mentioned. 

+Meaning members in which the metal is continuous such 
as plates, I-beams, channels, pipes, sheets; but not including 


members in which the metal is seatttered or not continuous such 
as meshes and screens. 


14, and on bare 1-in. round. 


a 
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members crossing at right angles to a conductor may 
therefore be estimated from the current magnitude and 
the center spacing between conductor and iron member, 
regardless of its size, cross-sectional area or shape, pro- 


vided the iron thickness is not less than, say, 14 in. and 
the ratio R representing the fraction 


center spacing between conductor and iron member 
cross-sectional dimension of the iron in a direction 
perpendicular to the conductor 


is larger than 0.8 (minimum ratio R for the above I- 


10 
beam is — 


iota 0.83). 


On the other hand, when the ratio 
F is 0.8 or less (as may occur for instance in the case of 
large beams) the maximum temperature rise should be 
estimated by considering the nearest part of the iron 
member as a plate (or sheet as the case may be) and 
reducing the temperature rise of this equivalent plate 
by, say, 30 per cent, the 30 per cent reduction being a 
rough allowance for the heat carried off by the iron ad- 
joining the plate. 

If the iron members have a thickness of the order of, 
or less than, two or three times the equivalent depth of 
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24—CoMPARISON OF VALUES OF MAximuM TEMPERATURE 
Risk 


Fig. 


For different iron members crossing at right angles to conductor. 

Circuit layout of Fig. 1, iron members horizontal 

Constant busbar current of 3000-ampéres at 40 cycles per sec. 

Figures on plot indicate center spacing between conductor and iron 
members 


flux penetration{t (calculated for relatively thick mem- 
bers,) or say less than 1 in., it will have a smaller 
temperature rise than thicker iron members because a 
smaller volume of iron per unit of surface will participate 
in the production of loss. This fact is indicated by a 


_ 21-deg. cent. temperature rise of a '/;,in. horizontal 


black iron sheet 18 in. wide and 5 ft. long against 28 
deg. cent. of a 1%-in. black iron sheet, 18 inches wide 
and 5 ft. 6 in. long, both at the same center spacing of 


{Bibliography 2. Also equation (5) below. 
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10 in. from the busbar and for 3000 amperes, 40-cycle 
busbar current. 

A 5-ft. by 6-ft. expanded metal mesh of 1-in. rhombic 
openings and */3»-in. square mesh ribs exposed to the 
field of a 3000-ampere, 40-cycle busbar current and at 
10 in. from the center of the busbar had a maximum 
temperature rise of only 5 deg. cent. 

A 6-ft. by 6-ft. fine galvanized wire mesh of ! /s2-In. 
wire diameter (chicken mesh) under the same test con- 
ditions as above, had a negligible temperature rise. 

It is seen that the temperature rise of the meshes 
tested (cross-sectional dimensions of mesh wire less 
than l4-in.) was not over 25 per cent of the tempera- 
ture rise for the compact iron members tested.§ Meshes 
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Fie. 25—Iron Loss vs. Magnetizine Force av FREQUENCIES 


oF 25, 40, anp 60 CycLE PER Sxc. 

For solid iron ring 20 in. diameter, of 4 in. by 34 in. steel (item No. 18 in 
Tables I and II) 

M.m.f,. applied by means of a uniformly distributed winding of 453 
turns of No. 10 B & S stranded double-cotton covered copper wire. Sine- 
wave voltages were applied to the terminals of the magnetizing winding 

For all three frequencies the iron loss is proportional to the 1.6 power of 
the m.m.f. 


composed of members of more than 1-in. cross-section 
may be expected to have a temperature rise greater 


§The reduced temperature rise observed in the meshes is 
affected by the following factors: 

The most important one is probably the good ventilation 
of the mesh, the air being absolutely free to circulate around 
the mesh ribs. 

Moreover, if two sides of the mesh openings are parallel 
to the flux, the other two sides (at, say 90 deg. to the flux) will 
carry heat away from the loss-producing ribs and serve to in- 
crease the radiating surface, thus further reducing the average 
temperature rise. 

In the case where none of the mesh ribs is parallel to the 
magnetizing force, the flux and loss per unit metal surface of the 
mesh ribs will also be less than that of an unbroken iron sheet. 

A further reduction of the heating of iron meshes will occur 
when the mesh ribs have a thickness of less than, say, 14 in. 

There is, of course, a factor tending to increase the heating 


of a mesh, namely the J2R losses due to circulating currents 


caused by the flux passing through the mesh openings. The 
heating due to these circulating currents will generally occur 
at points away from the hot spot nearest to the conductor. 
These additional J2R losses prevent somewhat the heat flow 
from the hot spot and therefore will tend to increase the maxi- 
mum temperature rise. However, judging from the test data, 
it appears that this last effect is largely outweighed by the cooling 
effects stated above. 
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than that of the meshes tested, but not more than that 
of a compact iron member, under otherwise similar 
conditions. Iron meshes made from material having 
cross-sectional dimensions within the range from 1% in. 
to 14 in. were not tested. 


EFFECT OF FIELDS FROM SEVERAL CONDUCTORS 
ON TEMPERATURE Ris OF [RON 


In a great many practical cases, there is more than 
one conductor contributing to the field at the hot spot 
of the iron. Often the return conductors are nearby, 
or the conductor in question has bends, as in the case 
of current-transformer or circuit-breaker connections, so 
that there are several conductors, perhaps carrying 
different currents, to be taken into account. The 
general case of a multiplicity of conductors affecting the 
iron heating has not been solved nor experimentally 
investigated. However, data were obtained for the cir- 
cuit arrangements snown in Figs. 1, 14, 16, 20, and 21. 

At once the question arises as to what the relation is be- 
tween the temperature rise and the field intensity at the 
iron, say at the section of the hot spot. Since only part 
of the flux path around a conductor crossing a magnetic 
member is shunted (magnetically speaking) by the iron, 
and since the portion so shunted may be large or small 
depending on the spacing between iron and conductor, 
the calculation of the true m. m. f. along the iron would 
be quite difficult, even if only one straight, long con- 
ductor were involved. However, in most ordinary 
cases, the “‘air field intensity” at any point along the 
axis of the iron may be determined. It gives a simple 
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Fic. 26—Comparison or Totat Iron Loss witH CRoss- 
SectionaL Prerimeter or Various Iron MmmBers CROSSING 
av Riaut ANGLES TO CONDUCTOR 


Test circuit of Fig. i, Each iron member was tested separately in the 
position of the I-beam shown. 


Center spacing between iron member and conductor 10 in. 
Test current 3000 amperes at 40 cycles per sec. 


measure of the resultant field intensity due to several 
conductors. By “air field intensity” is meant the 
calculated resultant intensity, due to all conductors, in 
air assuming no magnetic bodies present, the intensity 
for the present purpose being calculated along the line 
of the longitudinal center axis of the iron member at 
the section through the hot spot, 7. e., usually at the 
point where the axis is at the shortest distance from the 
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nearest conductor. The air field intensity was cal- 
culated for all test data taken with the circuit arrange- 
ments of Figs. 1, 14, 16, 20, 21 and the following results 
were obtained. 

a. Atany given center spacing from iron member to 
nearest conductor, the hot-spot temperature rise varied 
as the 1.4 to the 2.0 power (see Table III) of the air 
field intensity calculated for the center point of the 


WATTS LOSS PER INCH LENGTH OF 
CROSS SECTIONAL CIRCUMFERENCE 


9 2 4 6 8 10 12 
4 \NCHES CENTER SPACING 


Fic. 27—Iron Loss Par IncH LENGTH OF Tron CROSS- 


SECTIONAL PERIMETER VS. SPACING 

Test circuit of Fig. 1, closely approaching, as far as iron heating and 
losses are concerned, the arrangement of a single, long, straight conductor 
crossing at right angles to a straight long iron member. Busbar current 
3000 amperes. 

Based on tests of the following structural steel members: items No. 1, 2, 
Sy Age lis 

Center spacing s measured from center of conductor to center of iron 
member. 


cross-section nearest to the conductor, as for instance, 
point C in Fig. 2—a relation similar to that already 
given for the current. 


TABLE III 


VALUES OF EXPONENT 7 IN Equation. (2) FoR CALCULATION 
oF TeMPERATURE Rise OF SoLip STRUCTURAL 
Tron Mrempers Crossing at Rieut 
ANGLES TO CONDUCTORS 
H 
r. m. s. gilberts per em. air 
field intensity. 
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b. An approximate relation useful in a variety of 
eases for estimating the temperature rise of iron mem- 
bers exposed to fields from more than one conductor 
was found to be the following: at any given center spac- 
ing between an iron member and the conductor con- 
tributing the major component of the resultant field 
(usually this is the conductor passing nearest to the iron) 
the maximum hot-spot temperature rise, for any 
particular value of air field intensity (due to all 
conductors), at the center of the iron section through 
the hot spot, was independent of the arrangement of 
conductors—within certain limits. A material de- 
parture from this rule was found, as would be expected, 
for those cases in which the different arrangements of 
conductors involved considerable changes in the dis- 
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tribution of the m. m. f. along the iron member (4. €., 
on either side of the hot spot). 

The application of rule 5 over a wide variety 
of structural arrangements is favored, in cases where 
substantial values of temperature rise occur, by the 
fact that for high flux densities (above say 8000 gausses 
for structural steel), the permeability decreases with in- 
creasing m. m. f. Thus rule, 6, applied quite well 
within experimental error to all cases in which the 
principal components of the resultant field at the iron 
member were additive (i. e., of the same sign) asin the 
case of iron sample A in Fig. 21 or in the case of thepipe 
in Fig. 14. 

c. However, for iron members outside the loop of 
Fig. 21, such as pipes No. 3 and 6, and for the iron 
samples in Fig. 20, the experimental values of tempera- 
ture rise were from 20 to 30 per cent less than those esti- 
mated from rulings a and 6 above, the reduction allow- 
ing for the fact that in the cases in question the m. m. f. 
and hence the iron losses fall off much more rapidly 
along the iron (7. e., on one or on both sides of the hot 
spot) than the m. m. f. and the losses in a steel mem- 
ber crossing at right angles to one straight conductor 
only, center spacings being equal. 

The application of these relations to practical cases 
of estimating temperature rise is illustrated in-a few 
examples below and is shown to give results closely 
approximating the observed values of temperature rise. 


TRON MEMBERS RUNNING PARALLEL TO CONDUCTOR 

A long and narrow steel member, such as an I-beam, 
a channel, or a pipe, will ordinarily heat much less when 
running parallel to the conductor than when crossing 
it at right angles, for the same spacings and currents as 
already mentioned. This is because the iron portion 
of the flux path around the conductor is a much smaller 
part of the complete flux path than in the case of a steel 
member crossing at right angles to the conductor. The 
following test results may be used for rough estimates 
of temperature rise of iron members running parallel to 
a conductor: Wher the ratio of width to spacing, i. e., 
of the width A B (in Fig. 15) of the iron member 
(measured in a direction perpendicular to the plane 
through the conductor and the longitudinal axis of the 
iron member) to the spacing C D (in Fig. 15) was from 
0.5 to 1.0, the temperature rise was. only from 20 to 
30 per cent as much as that obtained when the same 
member was crossing at right angles to the conductor 
at the same spacing. When the ratio of width to spac- 


ing, that is, the ratio was from 2 to 3, the 


A 
CD 
temperature rise was from 50 to 75 per cent as much as 
that obtained when the same iron member was crossing 
at right angles to the conductor. 
OTHER FACTORS 

Both the permeability of the wron and its resistivity 

affect its temperature rise when exposed to a-c. fields. 
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Special tests to determine the separate effects of these 
variables were not made, 7. €., samples of chiefly one 
grade of steel were investigated. According to Table IT, 
the permeability and resistivity of the structural steel 
samples tested did not cover a sufficiently wide range 
to indicate the effects of these variables on temperature 
rise. (For the J-beam, channel beam, switchboard pipe, 
round reinforcing rods and steel plates tested the resis- 
tivity ranged from 13.2 to 15.9 microhm-cm., and the 
maximum permeability from 1210 to 1800 at densities 
of from 6200 to 7800 gausses). In so far as structural 
steel members are concerned (having values of re- 
sistivity and permeability within the range of those 
given) approximate estimates of temperature rise may 
be made on the basis of the test data given here (in 
accordance with the procedure outlined in the examples 
below), without further consideration of permeability 
and resistivity. 


However, when permeability or resistivity, or both, 
are considerably different from the values obtained 
here, proper allowance must be made. Previous in- 
vestigators* have dealt both theoretically and _ ex- 
perimentally with the effects of permeability and 
resistivity on flux penetration and losses in solid iron. 
The effect of these factors on losses may be roughly 
predicted, for a wide variety of cases, from Rosenberg’s 
approximate formula for eddy-current losses in solid 
iron, discussed in Appendix A. 


The effects, on temperature rise, of embedding the iron 
member (as, for instance, in the case of reinforced 
concrete construction) was not investigated except in 
one test with concrete-embedded steel rods. A slab 
of concrete was made, 48 in. long, 18 in. wide and 5 in. 
thick, containing three 1%-in. reinforcing rods 6 in. 
apart and running lengthwise half way between the 
top and bottom of the slab. With a single straight 
conductor carrying 1500 amperes at 60 cycles and 
crossing the rods at 3 °/,,-in. spacing from the center 
plane of the rods they reached only half as large a 
temperature rise as similarly placed rods (cut from 
the same pieces as those embedded) in open air, (see 
Fig. 16). At the time of the test the concrete was two 
weeks old, having been kept at room temperature in the 
laboratory during this period. The average values of 
observed temperature for the three rods were 12 deg. 
cent. at the embedded rods, and 24 deg. cent. at the 
bare rods. However, it may be expected that em- 
bedded iron members having a cross-sectional circum- 
ference of an order of magnitude approaching more 
nearly (or exceeding) that of the concrete, will reach 
materially higher temperatures than corresponding 
members, in open air, similarly placed with respect to 
the conductors. In order to indicate the effect of a 
very considerable amount of heat insulation a few 
measurements of temperature rise of felt-covered sam- 
ples were made; a 5-in. by 134-in. channel beam, a 4-in. 


*See Bibliography 1, 2, 3, 5. 
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by 3%-in. steel plate (the respective samples being 
listed in tables I and II as items No. 3 and 4) when 
closely wrapped with one layer of 14-in. felt, had 
values of hot-spot temperature rise about three times 


as large as those obtained with the samples bare. 


LOSSES IN STRAIGHT IRON MEMBERS 
CROSSING AT RIGHT ANGLES TO CONDUCTORS 


A few loss measurements were made to indicate their 
general order of magnitude in a few cases, and their 
relation to the current magnitude, frequency, to the 
cross-sectional dimensions of the solid iron members, 
and to the spacing between iron and conductor. A 
complete investigation of losses to cover the wide 
field of the many customary structural layouts was not 
made. However, the few data taken will be presented 
here though their application is restricted, because they 
should be helpful in some of the simpler cases (of 
straight structural steel members crossing at right 
angles to a straight conductor). It is hoped that this 
work will stimulate further and more thorough in- 
vestigations. For additional data on flux penetration 
and losses in solid iron members, the reader is referred 
to the valuable work done} by Rayleigh, Rosenberg, 
Kennelly, Steinmetz, Lang and others. The Rosen- 
berg formula for eddy-current losses in solid iron mem- 
bers is discussed in Appendix A. 


_ EFFECT OF FREQUENCY ON LOSSES 


The relation between frequency and total loss in 
iron was investigated in the case of a closed iron ring 
4 in. wide, 14 in. thick and 20 in. average diameter. 
The results of the loss measurements, at 25, 40 and 60 
cycles per sec., given in Fig. 25 show that the loss varied 
roughly as the square root of the frequency, as indicated 
in Table IV. 


TABLE IV 
Average ratio of loss at 60 cycles per sec. tolossat 
40 cycles per sec. by test..........---- ee eee 1.24 
ee es ea tn 1,22 
40 
Average ratio of loss at 60 cycles per sec. tolossat 
25 eyeles per sec. by test...........----- oe he) 
PALLET Aga in Ca ee 1.55 
25 


While it is true that the loss distribution along an 
iron member crossing at right angles to a conductor is 
not uniform, falling off rapidly on either side of the 
“hot spot,” it is believed that the frequency-loss re- 
lations given in Table IV for a ring uniformly mag- 
netized along its circumference, apply fairly closely 
to the case of solid iron members crossing at right 
angles to a conductor, because the ratio of losses at 
different frequencies did not vary beyond the magni- 
tude of experimental errors for the full range of m. m. fs. 
covered by the data of Fig. 25. | 


{See Bibliography. 


EFFECT OF CURRENT ON LOSSES 


Loss measurements at currents ranging from 1500 
to 3000 amperes were made for a 10-in. by 12-in. 
steel I-beam, a 5-in. by 134-in. channel, a 4-in. by %%- 
in. steel plate, and a 1144-in. standard switchboard 
iron pipe, when passing at right angles to conductor C D 
in Fig. 1. For example, a straight 10-in. by 12-in. 
I-beam crossing at 10-in. center spacing from a straight, 
3000-ampere conductor (return conductors remote) 
was found to have a loss of the order of 370 watts at 40 
cycles per sec., or 450 watts at 60 cycles persec. The 
losses for this I-beam varied as the 1.8 to 1.9 power 
of the current, at constant spacing from the conductor. 
For other samples tested, this exponent was as low as 
1.6. 

EFFECTS, ON LOSSES, OF CROSS-SECTIONAL AREA 
CIRCUMFERENCE AND SHAPE OF SOLID IRON MEMBERS - 


For iron members crossing at right angles to a con- 
ductor and not less than 1% inch thick and of cross- 
sectional dimensions (in a direction perpendicular to 
the conductor such as dimension h in Fig. 2) up to 12 
in. at any given center spacing within the range from 
6 to 16 in., the iron losses at any given current were 
actually found by test (see Figs. 26 and 27) to vary 
only with the circumference of the iron section and 
not with its area for the following iron members tested: 
12-in. by 10-in. I-beam, 5-in. channel iron, 114-in. iron 
pipe, 4-in. by 3¢-in. steel plate, 10-in. I-beam flange.* 
Moreover, at any given spacing and conductor current, 
the loss for these iron members when crossing at right 
angles to a conductor was approximately proportional 
to the circumference of the iron cross-section, as in- 
dicated in Figs. 26 and 27. Deviations from this rule 
were less than 30 per cent (based on the average of the 
measured values) for the iron members tested. This 
result is in good agreement with the behavior of solid 
iron plates in respect to flux penetration and eddy- 
current loss, as worked out by previous investigators. { 


EFFECT OF SPACING 


The relation between loss and spacing for straight 
iron members crossing at right angles to a straight con-— 
ductor is indicated in Fig. 27. The curves show the 
average total measured loss per inch length of cross- 
sectional perimeter for center spacings from 4 in. to 
16 in. from a 3000-ampere conductor at 40 cycles and 
at 60 cycles. It is seen that increasing the spacing 
from 6 in. to 10 in. reduced the loss roughly 20 per cent, 
and a further increase of spacing to 16 in. gave a loss 
about 40 per cent less than that at 6 in. 

By means of this curve (Fig. 27) and the relation be- 
tween current and losses to the effect that the loss 
varies as the 1.6 to 1.9 power of the current, it is 
possible to estimate the loss in a solid iron member 
crossing at right angles to a conductor and not less 
than 1 in. thick when the iron cross-sectional dimen- . 


*Cut from the 12-in. I-beam already mentioned. 
{Bibliography 2, 5, 7. 
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sions are within the range covered by the samples 
tested. The largest sample tested was a 10-in. by 
12-in. I-beam having a 64-in. cross-sectional perim- 
eter. Other samples tested had perimeters as low 
as 5.2 in. 


Ii. Closed Iron Loops Around Conductor 


TEMPERATURE RISE AND LOSSES 

To simulate large frames of structural steel, the 
circuit arrangements of Figs. 8, 9 and 10, with a 6-ft. by 
6-ft. square frame of four 5-in. by 134-in. structural 
channel irons riveted or bolted together at the corners, 
were tested at busbar currents ranging from 1500 to 
3000 amperes (see also the illustration, Fig. 19.) For 
none of the three cases of Figs. 8, 9, and 10 did any 
part of the frame reach materially higher temperatures 
than the corresponding single straight iron member 
at the same separation from the conductor. Even 
when the conductor was near one of the corners of the 
frame and was at 10 inches center spacing from each of 
the two channel beams forming the rectangular corner, 
meaning 514-in. clearance between the edge of the 
busbar and the nearest part of the channel, the tempera- 
ture rise at the steel was not measurably higher (for 
values of 30 deg. cent. rise) than that observed for a 
single straight channel beam crossing at the same spacing 
from the conductor. In other words, the temperature 
rise of iron beams in large rectangular magnetic frames 
surrounding a straight conductor and having sides 
larger than, say, 5 ft. may be calculated separately 
for each individual beam disregarding the other three 
sides of the frame, even if the conductor passes near 
the corner at a point as closeas 8 in. from the nearest 
part of each of the two adjacent sides. 

The losses in the entire closed 5-inch channel-iron 
loop 6 ft. by 6 ft. square surrounding the busbar (see 
Figs. 8, 9 and 10) were roughly from 60 per cent to 300 
per cent more than the losses of a single straight 5-in. 
channel iron crossing the busbar, at the same center 
spacing as the nearest channel of the frame. “These 
relations are, of course, approximate since in the test 
circuit the flux at the various parts of the frame and 
the losses were somewhat affected by the return con- 
ductors. The 60 per cent excess loss was measured in 
the case where the busbar was passing through the 
loop at a point 10 in. from the center of a channel iron 
side (Fig. 9), 100 per cent excess loss occurred when the 
busbar was passing through the loop at a point near one 
corner and 10 in. (center spacing) from each of the two 

adjacent sides of the frame (Fig. 10). The 300 per cent 
excess loss applied, of course, when the conductor 
passed through the middle of the frame (Fig. 8). 

Small Frames. Both calculations and experimental 
observations indicate that small, closed uniform mag- 
netic frames having sides of the order of, say, 2 ft. or 
less when surrounding a conductor must be expected to 
heat considerably more than a single straight iron 
member passing at right angles to a conductor, for 
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equal spacings. Thus a small closed square frame 
having 18-in. sides of standard 1!4-in. iron pipe 
(item No. 15, Table I), when tested with a 1500- 
ampere, 60-cycle conductor passing at right angles 
through its center as shown in Fig. 18, had a maximum 
temperature rise 50 per cent in excess of that for a 
single straight 114-in. pipe, 6 ft. long placed at 9-in. 
center spacing from the same conductor. 

Calculations. As already indicated, the losses and 
temperature rise in a uniform, square magnetic frame 
may be determined (with certain approximations and 
restrictions) with the aid of Rosenberg’s formula* for 
eddy-current loss when a straight conductor passes 
approximately through the center of the frame. Several 
examples are given below to illustrate the procedure 
in the calculations in question and to show that good 
agreement between experimental and calculated results 
was obtained. 


Ducts oF IRON ENCLOSING A STRAIGHT CONDUCTOR 


In order to demonstrate experimentally that 
relatively high values of temperature rise and of loss 
may be obtained for sheet iron ducts completely en- 
closing an a-c. conductor, the 18-in. by 18-in. square 
iron duct of Figs. 17 and 18 was tested and gave a 
maximum temperature rise of 78 deg. cent. at the iron 
for a 3000-ampere, 40-cyclet busbar current, and an 
iron loss of 600 watts per foot of duct length. 

Replacing the two horizontal iron sheets of the duct 
by non-magnetic sheets, but retaining the two iron side 
sheets, reduced the maximum temperature rise of the 
iron to 20 per cent; the total iron loss was reduced to 
about 10 per cent. 


III. Closed Iron Frames Parallel to 
Conductor 

Tests of two kinds of “electric” loops of structural 
iron were made (by an electric loop is meant a loop of 
structural iron which is linked by flux from an a-c. 
conductor; a typical electric loop is a structural-iron 
rectangle with a straight conductor running near the 
rectangle and in the plane of the rectangle): 

a. A square frame with 6-ft. sides of 5-in. channel 
iron both with bolted and with riveted joints. (see Fig. 
125 

b. A similar square frame of 1.25-in. standard 
switchboard iron pipes. — 

Each loop (of bare iron) was tested vertically with 
a 3000-ampere, 40-cycle bus running parallel to and 
spaced as near as 10 in. (center spacing) from one of 
the iron sides of the frame, the bus being outside the 
frame but in the same plane with it. ; 

In the case of the channel-iron frame (item 12 in 
Table I)the iron-loop current was as high as 80 amperes, 
with 3000 amperes in the bus, but gave no noticeable 


*Discussed in Appendix A. 


{60-cycle values of temperature rise and losses approxi- 
mately 20-30 per cent higher. 
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temperature rise with tightly bolted or riveted joints 
not even when one bolt or one rivet per joint was used. 
A loosened one-bolt joint (14-in. bolt without a nut), 
however, rose to a temperature 10 deg. cent. above the 
ambient temperature. 

The 1.25-in. iron pipe frame, 6 ft. 11 in. by 5 ft. 2 in. 
(item No. 13 in Table I) assembled with the usual 
clamps for right-angle cross-overs gave 2e7'0 current in 
the frame, the paint on the pipes and fittings keeping 
the joints open-circuited. The open-circuit voltage 
induced in the loop was 0.5 volt at 3000 amperes 40- 
cycle bus current and for a 10-in. center spacing from 
bus to the nearer parallel 6-ft. 11-in. side of the loop. 
When the joints of the pipe frame at all four corners 
were short-circuited by !4-in. stranded copper bonds, 
70 amperes flowed in the pipes, without causing an 
appreciable temperature rise. It should be pointed 
out here that other tests have shown that it is quite 
possible for pipe joints made of standard pipes and 
fittings to conduct current at low voltages without the 
use of electrical bonds. 

While the observed currents flowing in the pipe frame 
(with bonded joints) as well as in the channel frame, 
under these test conditions, were small (less than 100 
amperes) considerably larger currents of, say, several 
hundred amperes may flow in heavy iron frames of 
isolated-phase stations when the iron loops are large 
(say 15 or 20 ft. ona side) and especially when a heavy- 
current bus follows two sides of the iron frame,t 
or when the flux linking the loop is materially increased 
by the effects of other conductors. However, on ac- 
count of the large surface over which the losses due to 
circulating currents in closed frames of large structural 
beams are distributed, their temperature rise will 
commonly be of minor consequence. 


CoprpER SHORT-CIRCUIT RINGS 


To Reduce Heating in Magnetic Members Crossing at 
Right Angles to Conductor. Copper loops around iron 
members crossing at right angles to heavy-current 
conductors may be used effectively to reduce the losses 
and temperature rise of the iron members; but when 
designed with too small a current-carrying capacity 
the copper loops may themselves seriously overheat. 

In two typical cases, one with, an iron girder beam 
10 in. by 12 in., another with a 114-in. iron pipe, a 
copper sleeve or short-circuit winding having an am- 
pere-turn capacity of 30 per cent of the busbar current 


{The circulating currents may be estimated for the more 
common types of frames if the magnitudes and relative phases 
of the currents in the nearby conductors, the dimensions of the 
frame, and its position with respect to the conductors, are known. 
The calculation in question involves determining the mutual in- 
ductance between the frame and the conductors, the self in- 
ductance and the skin-effect resistance of the frame. For skin- 
effect resistance calculations the reader is referred to Bibli- 
ography 2. From the loss, determined by the circulating current 
and the effective frame resistance, the order of magnitude of 
the temperature may be obtained from loss vs. temperature rise 
relations such as those given in Bibliography 12. 
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reduced the iron losses and temperature rise to less than 
10 per cent of their original values. In both cases the 
center spacing between the busbar and the iron mem- 
ber (crossing at right angles to the busbar) was of the 
order of from 6 to 10 inches, the busbar current ranging 
from 1500 to 3000 amperes. Under conditions similar 
to those in question, a smaller current carrying capacity 
for the copper short-circuit ring is not recommended, 
on account of increased heating in the copper ring itself. 
When the structural-iron magnetic circuit is bent, say 
at right angles around a conductor, each side of the 
bend will, of course, have to be protected separately 
by a short-circuit winding having an ampere-turn rating 
of the order of 25 per cent of the busbar current, (com- 
bined ampere-turn ratings of the two windings being 
50. per cent of the busbar current). 

The short-circuit winding may consist of one or more 
turns of heavy copper or may be in the form of several 
separate short-circuited loops; in any case the design 
is to be based on ampere turns of the short-circuit 
winding. 

The best position for the short-circuit winding is the 
point on the iron member nearest to the conductor. 

It was shown that the use of a particular iron mesh 
of “expanded metal’’—having a wire section of °/32 
in. by 3/32 in. and 1-in. rhombic mesh openings—the 
mesh completely surrounding a 10-in. by 12-in. girder 
beam crossing at right angles to a 3000-ampere con- 
ductor, caused a 30 per cent reduction of the girder beam 
temperature rise. The temperature rise of the mesh 
was, however, more than half of the (reduced) girder 
beam temperature rise. The saving in total losses due 
to the mesh was not measured, and cannot be expected 
to be as high as 30 per cent since there is a material 
loss in the mesh itself. It appears, therefore, that an 
iron mesh surrounding a structural steel member and 
of the type commonly used to hold the concrete to- 
gether cannot be relied on as a means for effectively 
reducing the total iron losses when heavy-current 
conductors are fairly close to the iron member. 


EXAMPLES 


In examples 1, 2 and 3 the temperature rise in bare 
solid structural iron members crossing at right angles 
to one or more conductors is estimated from the empir- 
ical data presented in the paper. 

Examples 4 and 5 illustrate the method of estimating 
losses from the empirical loss data for cases of straight 
structural iron members crossing at right angles to a 
conductor. 

The last three examples (No. 6, 7 and 8) are intended 
to illustrate how the losses and temperature rise in 
closed uniform magnetic frames of solid steel may be 
approximately calculated from the dimensions of the 
structure, and the electrical and magnetic properties 
of the iron frame, when a conductor passes through the 
center of the frame (at right angles to its plane) and 
when the thickness of the iron is not less than 1 in. 
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Example 1. Estimate the temperature rise of a 
horizontal, bare, 114-in. switchboard iron pipe, having 
the characteristics of Sample No. 7 in Tables I and NE 
when placed at a center spacing s = 4 in. from a long 
straight 1500-ampere, 60-cycle conductor crossing at 
right angles to the pipe. 

The procedure is to obtain from the curve in Fig. 22 
the reference temperature rise T R, for4-in. center spac- 
ing for the 60-cycle reference current of 3000 amperes. 
This temperature rise is 57 deg. cent. from Fig. 22. 
The reference air field intensity is H, = 59 gilberts per 
em. The temperature rise for 1500 amperes may now 
be calculated from the relation: 


el read) 


where v is 1.7 in accordance with Table III. 
1500 


ike; 
Be b7 (5-5) 57 eye e 


(1) 
Thus 
18 deg. cent. 


and the desired temperature rise of the pipe in question 
is 18 deg. cent. The temperature rise by test was 21 
deg. cent., indicating good agreement with the estimated 
value. 

Note: The calculations for this example could have 
been made according to the procedure of example No. 2, 
using equation (2) in place of equation (1). When 
only one straight long conductor is involved, the air 
field intensities need not be calculated. 

Example 2. Estimate the temperature rise of a 
vertical bare 114-in. switchboard iron pipe having the 
characteristics of sample No.7, in Tables I and II, when 
placed in position A in the circuit of Fig. 21, with 3600 
amperes at 60 cycle per sec. flowing in the loop. 

The procedure is to obtain 

T R, = 57 deg. cent. from Fig. 22 and from thesame 

H, = 59 gilberts per cm. 

Since there are two conductors (rather than a single 
one) contributing to the m.m.f. along the pipe, the 
temperature rise has to be calculated by the formula* 
involving air field intensities. 


fhe 43 i H 
Li, \ i, 


From the dimensions of the conductor the resultant air 
field intensity H at A (at the center of the pipe between 
the busbars) is 144 gilberts per cm., for 3600 amperes. 
This high value of H calls for an exponent n = 1.45 
in accordance with Table III. Therefore 

1.45 


4 
AUG ares ( =~) = 207 deg. cent. 


is the desired temperature rise. 


(2) 


The value obtained 


_ by test was 177 deg. cent. or 15 per cent lower than that 


calculated. 


*Based on relations (a) and (b) established above under 
the heading, ‘‘Effect of Fields from Several Conductors on Tem- 


perature Rise of Iron.” 


iin. te 
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Hzample 3. Estimate the hot-spot temperature rise 
of a square, vertical, bare channel-iron frame, having 
6-ft. sides consisting of 5-in. by 134-in. bare channels, 
item No. 11 in Tables I and II, when a 3000-ampere, 
60-cycle conductor passes at right angles through the 
plane of the frame at a point 10 in. above the center 
of the lower horizontal channel (Fig.9). The conductor 
circuit is that of Fig. 1, the frame being placed so that 
its lower horizontal side occupies the position of the 
I-beam shown, and that the channel section through 
the hot-spot is located as shown in Fig. 3 with respect 
to the conductor, s being 10 inches. 

In estimating the hot-spot temperature rise it will be 
remembered that in large frames of this kind the maxi- 
mum temperature is not affected by the presence of the 
three channel iron sides A B C; in other words the hot- 
spot temperature rise may be estimated by following the 
procedure given for single-straight iron members in 
examples 1 and 2. 

Accordingly the first step is to obtain the reference 
temperature rise T R, from Fig. 22 for a straight hori- 
zontal iron member crossing at 10-in. center spacing 
from a long, straight 3000-ampere, 60-cycle conductor, 
asinexamplesland2. Thus 

Ti, = 3) deg. cent. 
and 
H, = 23.6 gilberts per cm. 
Calculating H, the air field intensity for s = 10 in. at 
the center of the channel section through the hot spot, 
the value 
H = 24.8 gilberts per cm. 
is obtained for a 3000-ampere conductor current for the 
circuit of Fig. 1. Then the hot-spot temperature rise 
m the channel is found from (2) 
shy H ’ 
PR, 7 (i, 


where 7 in this case is 1.85, interpolated from Table 


III. Substituting the values 
Bie Hr 
Lorene | ( ae) = 31 x 1.095 
Hence 


T R = 34 deg. cent. 
t. é., the desired final hot-spot temperature rise for a 
constant 3000-ampere current is estimated to be 34 
deg. cent. 

The nearest ‘test condition to compare with this 
calculated result is a 40-cycle, 3000-ampere test with the 
frame of Fig. 9, and the circuit of Fig. 1, which test 
gave a 40-cycle hot-spot temperature rise of 29.5 deg. 
cent. by thermometer. Estimating from the calculated 
60-cycle temperature rise of 34 deg. cent., the corre- 
sponding 40-cycle temperature rise by the relation: 


T R at 40 cycles i 3 
T R at 60 cycles 1.6 
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34 : 
a 40-cycle value of en ones 28 deg. cent. is calculated, 


which is in good agreement with the test value of 29.5 
deg. cent. 

Example 4. Estimate the loss in a 4-in. by 34-in. 
steel plate (item No.4in Tables I and II) when crossing 
at right angles to conductor C Din Fig. 1, in the position 
occupied by the J-beam shown. The data areas follows: 

s/)= 6'in. 


I = 3000 amperes 
f = 60 cycles per sec. 
P = 8.75 in. 


HromiBig. 27, avs: =.6 1n; 

L, = 9.6 watts per inch length of perimeter 
Then 

l= PL, 
or 

L =8.75 X 9.6 = 84 watts. 
Thus the loss in the plate is 84 watts. The loss 
measured at 40 cycles per sec. was 68 watts, which is 
in good agreement with the estimated 40-cycle value of 


84 
1.25 
Example 5. Estimate the loss in a structural 12-in. 


by 10-in. I-beam (item 1 in Tables I and IT) placed as 
shown in Fig. 1, when 


(3) 


= 67 watts. 


See Onn. 
I = 2600 amperes 
f = 60 cycles per sec. 
P= 641n. 
From Fig. 27, at s = 16 in., 


L, = 5.9 watts per inch length of perimeter for a 
3000-ampere reference current. Then the total loss 
at I = 2600 amperes is estimated from 


IT n 
where » = 1.75, an average value. Hence 
a= 60RD) (Poa: 

= i) ex 3000) = 95 watts 


Thus the total loss in the J-beam is estimated at 295 
watts. The loss measured at 40 cycles per sec. with 
2600 amperes was 230 watts, which is in good agreement 


: : 295 
with the estimated 40-cycle value of wie 235 watts. 


Example 6. Estimate the loss per unit length and the 
temperature rise of a 14-in. sheet iron duct (item No. 
14 in Tables I and II) as shown in Figs. 17 and 18. 
The duct is square having sides of 18 in., a 3000-ampere 
60-cycle conductor passing through the center of the 
duct. 

The circumference of the duct is 72 in. or 183 cm. 

The eddy-current losses will be calculated by Rosen- 
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berg’s formula* (Appendix A) on the assumption that 
the square duct is equivalent to a circular cylinder of 
183 em. circumference, or 29.1 cm. radius. The eddy- 
current loss per sq. em. surface L, on each side of the 
sheet is, then, by equation (6) 

Li eZ LO J pf N8 B watts per sq. cm. 
where 
= 14.4 x 10-* ohm-cm. 


p 
f = 60 cycles per sec. | 
N = 16.4 ampere-turns per cm. 
B = 14700 gausses, maximum 
Then 
L. = 2X 10-* 14.4 x 60 x 16.4 x 14700 x 10° 


— 0.0475 watts per sq. cm. surface. 
Since the total loss-producing surface per foot length of 
duct is 11,100 sq. cm. the estimated eddy-current loss 
per foot of duct is 
11,100 x 0.0475 = 5380 watts per ft. of duct. 

Hysteresis losses may for a first approximation be 
estimated from empirical hysteresis-loss curves (see 
Bibliography No. 12, p. 971) for which the hysteresis- 
loss coefficient 7 is taken as 0.004 and the volume of 
iron exposed to the loss.is based on the equivalent 
depth of flux penetration} 


dos (See 

0.47 uw 

For the sheets in question the measured permeability 

uw at the maximum flux density B = 14700 gausses was 

u = 500. Thus the penetration depth d is 0.078 cm. 
at 60 cycles per sec. giving a volume of 

2 x 0.078 x 12 X T2 

aioe 


cm. 


(5) 


= 58 cu. in. per ft. of duct 


exposed to hysteresis losses. At 14,700 gausses the 
hysteresis loss in watts per cu. in. per cycles per sec. 
is 0.031 from the curve for 7 = 0.004 on p. 971 of Bibliog- 
raphy 12. Thus the total 60-cycle hysteresis loss by 
this rough method is 


Lu = 0.031 < 53 X 60 = 98 watts per ft. length of duct. 
Hence eddy-current and hysteresis losses combined are: 
530 + 98 or, say, 630 watts per ft. length of duct at 60~. 


A 40-cycle loss measurement gave a value of 600 watts 
per ft. of duct under the conditions of this problem. 
The above calculating procedure applied to the 40- 
cycle case gives eddy-current and hysteresis losses per 
ft. of 435 and 80 watts respectively or a total of 515 
watts ver ft. or about 15 per cent less than the measured 
value. 


The temperature rise due to the iron loss of 515 watts 


per ft. of duct may be estimated from temperature rise 


vs. loss per unit area curvest. The radiating surface 
per foot of duct length (outside surface only) is 864 


*For magnetic sheets thinner than 14 in., the Rosenberg 
formula is ordinarily not applicable. 

{Bibliography No. 2 and 3. 

{Bibliography 12, p. 757. 
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sq. in. Hence the calculated 40-cycle loss per sq. in. 
surface is ; 


515 
364 = 0.6 watt per sq. in. 


For this unit loss, the heating curves* indicate a tem- 
perature rise of 50-80 deg. cent. The corresponding 
measured value was 78 deg. cent. including the effect 
of the heating due to the enclosed busbar copper loss. 
The corresponding 60 ~ temperature rise, estimated 
from the calculated loss of 630 watts per ft., is approxi- 
mately 20 per cent higher than the 40 ~ temperature 
rise, or of the order of 60-95 deg. cent. 

Example 7. Estimate the losses and temperature 
rise in the 18-in. by 18-in. bare iron pipe frame of stand- 
ard 114-in. switchboard iron pipe, illustrated in Fig. 13 
when a straight 1500-ampere, 60-cycle conductor passes 
at right angles centrally through it. 

The square 18-in. by 18-in. frame will be assumed to 
be equivalent to a circular ring of pipe bent into a ring 
of 72 in. (183 em.) circumference. Then for 1500 
amperes, H along the center axis of the pipe is 

H = 10.3 gilberts per cm. 
and 

N = 8.2 r.m.s. ampere-turns per cm. 

From magnetic tests, the corresponding maximum 
cyclic flux density is. 

B = 11900 gausses. 

Also 

p = 13.9 < 10-* ohm-cm. 

f = 60 cycles per sec. 

Then the estimated eddy-current loss by Rosenberg’s 
formula (6)7 is 

L, = 2 X 10 /18.9 x 10-* x 60 x 8.23 x 11900 

= 0.015 watts per sq. cm. surface 
giving a total eddy-current loss of 36 watts for the pipe 
frame. 

To estimate the hysteresis loss, as in the preceding 
examples, the equivalent depth of flux penetration d is 
found from (5) which gives, for uw = 820, 


aa] 10° x 13.9 x 10-* 
 N 0.47 X 820 x 2m X 60 


Hence the total equivalent volume exposed to hysteresis 
loss is 8.9 cu. in., and the total hysteresis loss from the 
curve for 7 = 0.004 is (see curve p. 971, Bibliography 
UA fe 


= (0.061 cm. 


Lu = 0.022 x 8.9 X 60 = 12 watts 


7Both the Rosenberg eddy-current loss formula as well 
as the flux penetration formula (5) are based on the assumption 
of thick wide magnetic sheets. 
members obey somewhat different laws (see Bibliography 11.) 
However, for a rough approximation, the formulas based on the 
theory of skin effect for wide plates are preferable because of 
their simplicity and because (as Kennelly has shown in Bibliog- 
raphy No. 2, p. 159) the simple flat-plate theory was not seriously 
in error, as far as flux and current penetration are concerned, 


for a magnetic tube of 50 per cent smaller diameter than that. 


in the problem of example 7. 
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Thus the entire iron loss in the pipe loop is 36 + 12 = 48 
48 


watts, giving a loss per square inch surface of 380 


= 0.18 watt persq.in. The corresponding temperature 
rise for the pipe frame is, in accordance with Bibliog- 
raphy 12, p. 757, of the order of 12-20 deg. cent. 
The average measured temperature rise of the pipe 
frame under the conditions of this problem was 15 
deg. cent. 

Example 8. Estimate the loss in a solid iron ring 
20 in. average diameter, 14 in. thick and 4 in. wide 
(item No. 18 in Tables I and II) when a straight 
6000-ampere conductor passes through the center of 
the ring. 

As in the preceding two examples, the eddy-current 
loss will be computed by equation (6) and the hysteresis 
loss by the method of Bibliography 12, p. 970-971, with 
the aid of equation (5) for the depth of flux penetration. 

For the ring, whose perimeter is 62.8 in. (159 em.), 
the m. m. f. along its surface, due to the 6000-ampere 
conductor, is 

H = 47.2 r.m.s. gilberts per cm. 
and 

N = 37.6 r.m. s. ampere-turns per cm. 

From magnetic tests, the corresponding maximum 
cyclic flux density, (assuming sine-wave shape), is 

B = 16800 gausses 
at a permeability 

M = 250, 

Also 

p = 18.4 x 10-* ohm-cm. 

f = 60 cycles per sec. 

Then, the eddy-current loss, by equation (6) is 

L, = 2 X 10-* /18.6 x 10-* x 60 x 37.63 x 16800 

= 0.170 watts per sq. cm. 
giving a total eddy-current loss of 580 watts. 

For the hysteresis-loss calculation, the equivalent 
depth of flux penetration by equation (5), at maximum 
surface flux density, is 


ite. \ 108 x,18.4 x 10-8 
0.8 7? X 250 x 60 


giving an equivalent flux-carrying volume of 22 cu. in. 
(860 cu. em.) or about one-third of the entire volume 
of iron of 14 in. thickness. Accordingly the total 
hysteresis loss, computed by Bibliography 12, p. 971, 
with the aid of the curve for 7 = 0.004, is 

Lu = 0.038 X 22 x 60 = 50 watts 
The combined calculated eddy-current and hysteresis 
losses are 580 + 50 = 630 watts. The measured losses 
were 635 watts (from Fig. 25), the magnetizing force 
of 37.6 ampere turns per cm. being applied in the test 
by a coil uniformly wound around the iron ring, and 
directly connected to a sine-wave voltage. 


= "(0.11 em. 


SYMBOLS 


B gausses, maximum cyclic flux density at surface 
of solid iron. 


d cm. equivalent depth of flux penetration in solid 
iron. 
n hysteresis loss coefficient for estimating hysteresis 


losses with the aid of the loss curves given in 
Bibliography No. 12, p. 971. 

frequency, cycles per sec. 

r.m.s. gilberts per cm. in air, resultant air field 
intensity, due to all conductors, in the absence 
of iron members, calculated at the point oc- 
cupied by the center of the iron cross-section 
through the hot spot and in the direction of the 
longitudinal axis of the iron. 

_m. s. gilberts per em. reference air field intensity 

at spacing s inches from a long straight 3000- 

ampere conductor. 

m.s. amperes, conductor ctrrent for which 

iron heating or losses are desired. 

I, r.m. s. amperes, reference current of 3000 amperes 

flowing in a long straight conductor. 

L watts total loss in solid iron member. 

L) watts loss per inch length of perimeter P, for 

reference current I,. 
L. watts eddy-current loss per sq. cm. surface by 
Rosenberg formula. 
watts hysteresis loss. 


aap 


yl in 


N _ r.m.s. ampere-turns per cm., the m. m. f. exerted 
along the surface of a solid iron member. 


a magnetic permeability. 


n exponent of current or of air field intensity in 
temperature-rise calculations by equations 
(1) or (2). 

w = 20}. 

ie inches perimeter of cross-section of solid iron 
member. 

p ohm-cm. resistivity of solid iron. 

‘Ss inches, center spacing between iron member and 
nearby conductor. ee 


TR deg. cent. hot-spot temperature rise at solid iron 
for current J and spacing s. 


T R, deg. cent. reference temperature rise at spacing 
s for current I,. 
SUMMARY 


1. Results are given of measurements of tempera- 
ture rise and of losses in structural steel J-beams, 
channels, pipes, plates, ducts and of temperature rise 


in rods, sheets and meshes when the iron members were. 


exposed to the fields from 60-cycle, 40-cycle or 25- 
cycle conductors carrying currents as high as 5800 
amperes. Experimental data were obtained to serve 
as a basis for designing copper sleeves to minimize 
heating and losses in structural-iron members crossing 
at right angles to conductors. Special tests were made 
on riveted and bolted steel frames placed within the 
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field from a high-current circuit simulating isolated- 
phase construction. 

2. A long straight bare structural steel 5-in. by 
134-in. channel beam crossing at right angles to a 
3000-ampere, 60-cycle conductor (return conductors 
remote) has a final hot-spot temperature rise of the 
order of 30 deg. cent. and a loss of 1380 watts when 
placed at 10 in. center spacing from the conductor. 
The hot spot is at the point nearest to the conductor. 

3. The final hot-spot temperature rise at the surface 
of structural steel members crossing at right angles to 
a straight conductor varied as the 1.7 power (average 
value) of the current, for conductor currents up to 5800 
amperes and for center spacings ranging from 2.5 to 16 
inches between conductor and iron member. 

4. Various sizes of straight long iron members 
crossing at right angles to a conductor and having a 
thickness not less than, say, inch when placed with 
respect to the conductor at any one center spacing 
(from center of conductor to center of iron cross-section) 
within the range from, say, 6 to 16 in., had substantially 
equal values of temperature rise for any given busbar 
current, as indicated by tests on structural-iron mem- 
bers of the following cross-sectional dimensions: 
12-in. by 10-in. I-beam, 5-in. by 134-in. channel 
beam, 4-in. by 3¢-in. steel plate, switchboard iron 
pipe of 114 in. nominal inside diameter, and 1¢-in. 
by18-in. steel sheet. In other words, the temperature 
rise under these conditions was independent of the size, 
or cross-sectional area or shape_of the iron member 
for a given center spacing between conductor and iron 
and for any given conductor current. Variations of 
temperature rise, within this rule, were found to be not 
higher than 30 per cent and usually much less. 

5. The values of temperature rise of structural iron 
members at the frequencies of 25, 40 and 60 cycles per 
sec. were roughly in the ratio of 1:1.3:1.6; 7. e€., the 60- 
cycle temperature rise was 60 per cent higher than that 
at 25 cycles per sec. 

6. Increasing the center spacing between a straight 
conductor and a straight structural steel member 
crossing at right angles to the conductor, from 6 to 10 
inches reduced the maximum temperature rise of the 
iron 35 per cent; a further increase of center spacing to 
16 inches gave a temperature rise about half of that for 
the 6-in. spacing. 

7. Empirical data and a simple procedure are given 
in the paper for estimating the temperature rise of 
straight steel members exposed to the magnetic fields 
from more than one conductor. Iron members passing 
between going and return conductors in adjacent phase 
layouts may reach very high temperatures. Iron 


-members passing at right angles to, but outside of, a 


group of going and return conductors will usually heat 
less than an iron member crossing a single conductor, 
when the currents and minimum spacings are the same. 

8. A long and narrow steel member, such as an I- 
beam or a channel, will ordinarily heat much less (from 
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30-80 per cent less in the cases tested) when running 
parallel to a conductor than when crossing it at right 
angles, for the same spacings and currents. This is 
because in the parallel arrangement the iron portion of 
the flux path around the conductor is usually a much 
smaller part of the complete flux path than in the case 
of a steel member crossing at right angles to the con- 
ductor. It will, therefore, often be advantageous, 
from the standpoint of iron heating, to lay out stations 
with conductors parallel rather than at right angles to 
the iron members. 

9. The loss in a straight structural-steel 12-in. by 
10-in. I-beam of 64-inch cross-sectional perimeter when 
crossing at right angles to a straight 3000-ampere 60- 
cycle conductor at 15 inches, center spacing from the 
conductor is of the order of 400 watts. 

For straight solid structural-iron members of a wide 
variety of sizes and shapes, but not thinner than le 
in., when crossing at right angles to a straight conductor 
at any given center spacing from 6 to 16 inches, the 
measured iron losses at any given current were approxi- 
mately proportional to the perimeter of the iron 
cross-section. 

10. Test data indicate that the temperature rise of 
structural-iron beams in large rectangular magnetic 
frames surrounding a straight conductor (as in isolated- 
phase layouts) and having sides larger than, say, 5 ft. 
may be calculated separately for each individual beam 
disregarding the other three sides of the frame, even if 
the conductor passes near the corner at a point as close 
as 8 in. from the nearest part of each of the two 
adjacent sides. 

11. Small closed structural steel frames having sides 
of the order of 2 ft. or less, when surrounding a con- 
ductor must, however, be expected to heat considerably 
more than a single straight iron member passing at 
right angles to a conductor, for equal spacings and 
currents. 

12. The losses and temperature rise in uniform 
square magnetic frames may be determined, (with 
certain approximations and restrictions) with the aid of 
Rosenberg’s formula (given in Appendix A) for eddy- 
current losses in solid iron when a straight conductor 
passes approximately through the center of the frame. 
However, in cases when the m. m. f. along the solid iron 
member is far from uniform (as in the most frequent 
cases, for instance when a long straight iron member 
crosses at right angles to a conductor) the empirical, 
rather than analytical, method of determining losses and 
temperature rise is used. 

13. The maximum temperature of an 18-in. by 18- 
in. square steel duct of 1-in. annealed sheets com- 
pletely enclosing a 3000-ampere, 60-cycle conductor is 
of the order of 100 deg. cent. in a room of 20 deg. cent. 
ambient temperature. The iron loss per ft. of duct is 
more than 0.5 kw. 

14. The circulating current in a 6-ft. by 6-ft. 
channel iron frame was of the order of 100 amperes 
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when a straight 3000-ampere conductor was run parallel 
to one side of the frame and at 10 inches center spacing 
from the nearest channel iron, the conductor being 
outside the frame but in the same plane with it. The 
temperature rise of the iron was negligible. While the 
observed current in the 6-ft. by 6-ft. frame was small, 
considerably larger currents of, say, several hundred 
amperes may flow in heavy structural-iron frames of 
isolated-phase stations when the iron loops are large 
(say 15 or 20 ft. on aside) and especially when a heavy- 
current bus follows two sides of the frame or when the 
flux linking the iron loop is materially increased by the 
effects of other conductors. 

15. Short-circuited copper loops or bands around 
iron members crossing at right angles to heavy-current 
conductors may be effectively used to reduce the losses 
and temperature rise of the iron; but when designed with 
too small a current-carrying capacity, the copper loops 
themselves may seriously overheat. In two typical 
cases a copper sleeve, or short-circuit winding, having 
an ampere-turn capacity of 30 per cent of the busbar 
current reduced the iron losses and temperature rise 
to less than 10 per cent of their original values. 

Acknowledgment. The authors are indebted to 
Mr. D. Basch for the use of iron-heating data obtained 
under his direction in a number of the earlier tests. 


Appendix A 
ROSENBERG FORMULA FOR EDDY-CURRENT LOSS IN 
SOLID IRON 

An approximate practical formula for estimating the 
eddy-current loss per unit area of surface for solid iron 
members has been derived by Rosenberg (Bibliography 
5), on the assumptions that (1) the thickness of the 
iron is materially more than twice the equivalent depth 
of a-c. flux penetration, (2) current and flux penetration 
follow the theory developed for skin effect in wide 
plane plates,* (8) the flux is of sine-wave shape, (4) 
the maximum surface flux density is fairly high, say 
above the “knee” of the saturation curve (7. e., well 
above the density corresponding to maximum permea- 
bility). The Rosenberg formula for the loss per sq. em. 
of surface of solid iron is: 


L=2x 10+ /pf N? B watts persq.cm.surface (6) 


where p is the ohm-cm. resistivity of iron; f the fre- 
quency in cycles per sec.; N the m. m. f.,r.m.s. ampere- 
turns per cm., exerted along the surface of the iron; and 
B the maximum flux density at the surface in gausses. 
The results obtained by this formula have been found 
by Rosenberg and others to be fairly closely equal to 
the total loss including hysteresis loss, for high surface 
flux densities in a number of cases.. (See Bibliography 
Op DOs Le.) 

The Rosenberg formula is a valuable aid in the calcu- 
lation of losses and heating of structural iron members 
in those cases where the m. m. f. along the iron member 


*Bibliography 1, 2, 3. 
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is known. However, ina great many cases of structural 
iron members exposed to a-c. magnetic fields (as for 
instance in the common case of a straight structural- 
iron member crossing at right angles to a conductor) the 
application of equation (6) is greatly complicated by the 
fact that the m. m. f. varies along the iron and is rather 
difficult to determine. 
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Discussion 


H. C. Forbes: Engineers who have been concerned with the 
layout of isolated-phase generating stations will be especially 
interested in the paper of Mr. Schurig and Mr. Kuehni. In 
general, this type of station construction is likely to lead to a 
condition such that heavy currents will be flowing througha bus- 
bar which may be in fairly close proximity to the steel work of the 


station while the return circuit for this current is comparatively 
remote. 

Some tests were made by The New York Edison Company to 
determine how serious the heating might be under these condi- 
tions and to ascertain what measures might be taken to reduce it. 
The results of these tests are too voluminous to be presented in 
their entirety, but it may be of interest to discuss some of them 
and to uote the agreement with those given in the paper. 

The structure tested was a rectangular steel loop about 6 in. 
by 10in. Tests were made with the current-carrying conductor 
passing through the closed loop and then were repeated with one 
side of the loop removed and finally with the conductor passing 
at right angles to a single member of the loop. 

It was found that with the conductor approximately 30 ft. 
from the steel work, the loss in the case of the single member was 
about 60 per cent of the loss under similar conditions with the 
loop completely closed. If the steel loop were larger, this 
difference would undoubtedly become less pronounced and for 
the construction used in most generating stations, the losses and 
resultant heating would be largely independent of whether or not 
the steel work formed a closed loop around the conductor. The 
temperature rise in the members would depend chiefly upon the 
proximity of the conductor, and the value of the current flowing. 

Most of our tests were made at 60 cycles, but a few compara- 
tive tests were made at both 25 and 60 eycles. These gave 
a ratio of temperature rise of about 1.7 which I would consider a 
very good check on the value of 1.6 as given in the paper, 
particularly in view of the limited number of our own tests 
covering this point. 

It was realized that the losses might be reduced by putting 
short-circuited copper turns around the steel members and tests 
showed that such a loop, when placed around the steel member 
at the point nearest the conductor, reduced the losses by 40 per 
cent in the case of a single steel member at right angles to the 
conductor and 60 per cent in the case of the closed steelframe. The 
use of more short-circuited loops than one at the point nearest 
to the conductor gave but little further reduction in the losses. 

It appears from the tests which have been made that some 
caution should be observed in station design to avoid heating in 
the steel work and the paper which has been presented will serve 
as a very valuable guide. However, if care is taken to place 
conductors which are to carry heavy currents, say from 2500 to 
4000 amperes at a distance of 2.5 ft. or more from the steel work, 
the heating will not ordinarily be serious and it is doubtful if the 
use of short-circuited copper loops would be justified. 

A. E. Kennelly: We know that such physical conditions as 
described in this paper are very complicated and that it is very 
difficult to find a simple formula to cover a great range of such 
multitudinous conditions, but the practical way in which the 
results are tabulated and indicated seems of great value. 

O. R. Schurig: I agree with Mr. Forbes that for spacings 
as large as 2.5 ft. between conductor and iron members crossing 
the conductor the temperature rise in the iron may be expected 
to be only a tew degrees for currents of the order of 3000 or 
4000 amperes evenif the return conductors are quite remote as in 
isolated-phase construction. That follows from the curves 
shown in the paper and there is. good agreement on this point 
as well as on the others brought out by Mr. Forbes. Also let me 
say that it would help a great deal if data obtained by the 
operating companies could be published in the discussion of this 
paper or in separate papers. Doubtless a good deal of the work 
we did could have been saved if the data and experience of other 
investigators had been available. We certainly. hope such 
information will be published. 

We agree with Professor Kennelly that the calculations from 
the dimensions and physical constants are very complicated 
and probably not practical at the present stage. However, 
efforts would doubtless be productive of good results in the course 
of time. This problem may be a good one for some of the 
college research laboratories. 
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Carrying Capacity of 60-Cycle Busses for 


Heavy Currents 
BY ITU S.G. LE CLAIR: 


Associate, A. I, E. E. 


Synopsis.—Up to the present time it has seldom been necessary 
to design busses for carrying capacity above 2000 or 3000 amperes. 
Within the last few years we have passed this mark, and we shall 
soon be required to design busses for very much larger capacities. 

For simple geometrical designs there are formulas from which 
we may calculate the capacities of large busses. These simple 
designs cannot be easily mounted, and for this reason we must 
resort to styles which are easier to construct. These types can- 
not be calculated readily by the mathematics available to the ordinary 
engineer. This paper is presented with the idea of giving a ready 


reference for determining bus capacities without involved calculations, 
Curves are given showing the carrying capacity of a few types 
which are proposed as standards, and, in addition, a few curves 
compiled from tests showing the distribution of current in busses to 
show the necessity of this type of design. By a little careful study 
of these curves, the average designer may quickly choose the type 
of bus which will best meet his requirements for carrying capacity 
and allowable space. All busses are designed on the basis of 30- 
deg. cent. temperature rise, and their ratings may be proportionately 
increased if the conditions warrant a 40-deg. temperature rise. 


S the usefulness of electric power becomes more and 
more widespread and its uses more diversified, large 
blocks of power are frequently required in a small 

space. This is especially true in factories where there 
may be a great many machines on a small floor area 
with individual motor-drive, or for electric furnace 
work. In consequence, we find it necessary to supply 
large blocks of power at low voltage, with correspond- 
ingly heavy currents. 

As the transmission system grows in size the energy 
of short circuit on the high-tension system is so great 
that the cost of protective apparatus, as well as the 
expense of insulating for high voltage, requires that all 
power be supplied from large, well protected trans- 
former banks in fire-proof vaults. This means that 
very heavy currents must be brought out from the 
transformer bank to the distribution switchboard or to 
the furnace through a single low-tension bus. Due to 
this rapid development it has become necessary within 
the last few years to design busses far beyond the old 
limits of 2000- or 3000-ampere capacity, with the 
time not far in the future when we shall need to carry 
10,000 amperes or more on a single low-tension bus. 


THEORY 

In any d-c. circuit, be the conductor solid, laminated, 
or stranded, the current divides in all parts in pro- 
portion to the resistance, which means that with a 
conductor of homogeneous material, the current is 
practically the same in ail parts. The same condition 
does not hold true, however, for alternating current. 
In addition to the resistance drop, an alternating cur- 
rent introduces an alternating flux surrounding any 
element of the conductor. This alternating flux 
generates a voltage which tends to oppose the flow of 
current in the conductor element. When we consider a 
large conductor, it is obvious that the lines of force 
caused by an element in the outer part surround the 
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entire conductor, but, for a central element, some 
of the flux does not cut the outer element. The result 
is that the effective impedance of an element in the 
central part of the copper is higher than in the outer 
edge, thereby forcing most of the current to the outer 
surface, producing the so-called skin effect. In very 
large conductors this can be carried so far as to have the 
current in the center of the bus very nearly in the 
opposite direction to the current in the outer part of the 
bus, as well as being smaller in magnitude. 

When the phases are placed close together there is, in 
addition to the skin effect, a voltage induced by the 
flux from an opposite phase which is not uniform over 
the entire conductor and forces current toward the near 
side. This is called the proximity effect. Both the 
skin effect? and proximity effect? can be calculated 
for cylindrical or tubular conductors from formulas 
developed by H. B. Dwight. 


Unfortunately, it does not often pay, due to the 
difficulty of mounting and of making connections, as a 
practical problem to use a circular conductor for very 
large bus work. Former practise has been to build 
the bus of laminated copper bars for the required 
capacity. For a bus of this shape, it is impracticable, 
if not utterly impossible, to calculate the distribution of 
current in order to obtain the losses and temperature 
rise on alternating-current circuits. To further com- 
plicate the problem nearly all high capacity busses are 
three-phase and not single-phase, which makes it more 
difficult. 


TESTS 


Due to the demand for large increases in bus capacity 
and the impossibility of making calculations, we have 
just completed a series of tests to determine, if possible, 
an efficient and practicable type of bus construction for 
very high currents. 


2. Skin Effect in Tubular and Flat Conductors, H. B. Dwight, 
A. I. E. E. Vol. XXXVII, p. 1379. 

3. Skin Effect and Proximity Effect in Tubular Conductors, 
H. B. Dwight, Journat A. I. HE. E., Vol. XLI, p. 189. 
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In order to make these tests applicable to heavy 
currents and three-phase circuits, a three-phase bus 
20 ft. long was set up and connected in the circuit 
between the transformer and three of the rings of a 
3900-kw., 230-volt rotary converter. (See Fig. 1.) 
This converter could be operated in parallel with 
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between 1solated-phase and group-phase busses due to 
proximity effect. 

The majority of engineers are not particularly inter- 
ested in the exact distribution of current in various parts 
of the bus. The primary question which enters the 
designer’s mind is rather how much copper he must use 


Fig. 1—Test Bus 


Consisting of four 8-in. by %-in. copper bars per phase, arranged in rectangular form. Phases on corners of an equilateral triangle, 17-in. sides. 


another machine on the d-e. side and permitted a ready 
control of the current up to quite high values. Prac- 
tically all tests were run with constant current to 
determine the ultimate temperature rise of the various 
types of bus construction. 

Temperature measurements were made by means of 
thermocouples connected to the centers of the various 
bars in this 20-ft. section. A number of checks were 
made during the progress of the test with temperature 
measurements at points other than the center of the bus 
to be sure that no contact resistance or other variables 
were affecting the results. Impedance voltage drop 
was measured by means of straight leads perpendicular 
to the bus, carried far enough away to be out of the 
influence of the magnetic circuit. 

In addition to these measurements, the current in 
various parts of individual conductors was also deter- 
mined by a method similar to that described by C.F. 
Waener.t The leads described running parallel to the 
bars were No. 24 enameled wire. In order to be 
positive that there was no space between the wire and 
the bus surface and no sag, this wire was cemented 
to the surface of the copper with asbestos cement. To 
eliminate end effects, only the central 15 ft. of bus were 
used. In the lower right-hand corner of Fig. 1 may be 
seen a four-inch bar with five leads cemented on. 


We have found a number of things which enter into 
the construction of a bus that are not constant for all 
circuits. For example, the current distribution will be 
very different on single-phase from that on three-phase 
circuits. Also, there is an extremely great difference 


4. “Current Distribution in Multi-Conductor, Single-Phase 
Busses,” C. F. Wagner, Electrical World, March 18, 1922. 


and how he may best use it. A concrete example of the 
distribution of current will, however, clarify ideas of the 
results of skin effect and proximity effect and help a 
great deal in deciding for a particular case what form 
should be used. In Fig. 2 is shown a three-phase bus, 
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Fic. 2—Currenr Disrripution IN A THREE-PHASE Bus 


Consisting of four 8-in. by 4-in. copper bars per phase, at 4000 amperes 
per phase. 


each phase consisting of four 8-in. by 44-in. bars per phase 
with phases set in an equilateral triangle on ten-inch 
centers. Itwill benoted that thecurrent in A phase bus 
is practically all in the very bottom edge of the bars, 
and the usefulness of the upper half of the bar is more 
in the nature of a radiator than a conductor. For this 
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oe 8 in. 0 reason a bus of similar construction, except made of 
6 innit: — four-inch bars in the same layout, that is, four bars 
See gia chine 2" wide and two bars high, would not be nearly so effect- 


Fig. 3—Poxar Diagram or Current Distrisution in Ourmr ive because the upper set of bars would not carry much 
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Figures refer to distances from bottom edge of bar The surface con- 
sidered is the same as Curve 2 in Fig. 2. 
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Ratings of laminated busses on grouped phases up to 3000 amperes at 
60 cycles. Centers on a straight line with 8 in. between phases; 24-in. 
spacing between laminations. 
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current, and in addition would have poor heat connec- 
tion to the lower bars. Hence, they would not serve 
as good radiators. 

It may also be interesting to note in Fig. 3 the relation 
of the phase angle of current in various parts of the bar. 


RISE ABOVE ROOM TEMPERATURE- 
DEGREES CENTIGRADE 


Fie. 4—T3EMpERATURE Rise oN A TuREE-PHAsE Bus 


Consisting of four 8-in. by 34-in. bars per phase under a continuous load 
of 4000 amperes per phase. Bus mounted in still air and not enclosed. 
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CARRYING CAPACITY-AMPERES FOR 30 DEGREES CENTIGRADE RISE 


All bars are % in. thick by 4 in., 6 in. or 8 in. wide. For instance, the center point on Curve 6 represents six bars of 6-in. by %4-in. copper and the 
upper point on the same curve means six bars of 8-in. by }4-in. copper. 
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It will be seen that the current at the minimum point 
lags 60 deg. behind that in the lower edge and that the 
point of minimum current is 6 in. instead of 4 in. from 
the bottom of the bar. As we go nearer to the center 
of the bus, the current lags further behind. that in the 
outer edge of the outer conductor until we find the 
current at the center is very nearly 180 deg. out of phase. 
As a striking example, in a bus consisting of four bars 
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Fig. 7—REAcTIVE VOLTAGE Drop oN THREE-PHASE BussES 


Curve numbers and points refer to corresponding curve numbers and 
points for busses shown in Fig. 6. With phases arranged with centers on 
the same straight line, the average drop will be about 25 per cent higher 
and the drop in the two outer phases will be higher than that in the center 
phase. 


radaens 
AF LY LF ALP LF AEF LEG LE LOT 4S NFS 1 


Soo i ORR PLS Eg in. Copper Bar 


=| 


Fig. 8—Form or Bus Support For Rucranautar Busses Requiring Dritiing or Copper on Jos. No 


LE CLAIR: CARRYING CAPACITY OF 60-CYCLE BUSSES 


Transactions A. I. HE. E. 


laid on the sides of a rectangle, the addition of a fifth 
bar in the center actually increased the losses and 
temperature rise for the same current. In Mr. 
Wagner’s article,’ for single-phase busses he draws the 
curve from the outer edge to the center of the bar, 
and assumes that the same condition holds from the 
center to the opposite edge of a bar. This is perfectly 
true in some cases but not at all true in others, and the 
electrical center, or the point of minimum current in a 
bar, may not be the physical center. 

If we now look at Fig. 4 to. get the temperature rises 
of the various bars and consider that the temperature 
rise is proportional to the square of the current, we get a 
somewhat erroneous impression due to the fact that 
while the central bars may be carrying some current, 
this is not a measure of their effectiveness, because as 
stated before the current in the central bar may be 
sufficiently out of phase to be of little or no value. 

For moderate currents the important item in the 
design of a bus is the matter of ventilation. When we 
come to consider very heavy currents, this matter of 
ventilation is of minor importance, since ventilation 
is useless if all the current-is carried in a small portion of 
the bus. The prime consideration, then, is to put the 
copper where it will be most useful. 


Bus CAPACITIES 


There are very few data available at this time on the 
carrying capacity of busses for heavy current. For 
example, some operating companies have for many years 
used the standard of 1000 amperes per square inch of 
copper section. This gives ample copper for busses up 
to 2000 amperes, but beyond this point the rule nO 
longer holds. For isolated phases, the General Electric 
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Company has worked out a system of busses® which is 
not at all difficult to mount and is very satisfactory for 
currents up to 7400 amperes at 60 cycles. Due to the 
proximity effect as shown in the test data, it is obvious 
that this: type of bus construction would be of little 
value for group phases on very close centers since the 
current would all be thrown into one corner of the bus 
and would cause it to run very hot. The Electric 
Power Club has given as a standard Fig. 5, which is for 
group phases up to 3000 amperes. Beyond this point 
we have compiled from our test data the curves in 
Fig. 6 for special types of bus construction. The 
curves do not, of course, give all the data required for 
any particular installation, but they give the points 
necessary for determining what should be used. 

In Fig. 6, Curve 7 gives the rating of C on 17-in. 
centers. If the phases are separated further, the 
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Up to about 3000 amperes the reactance of the bus 
is not of very great importance, but beyond this point 
and especially for low voltages it becomes quite a 
serious item. For instance, on a bus carrying 6000 
amperes at 230 volts and only 30 ft. long, it may be 
readily seen from Fig. 7 that the reactive drop may be 
from 3 per cent to 8 per cent of line voltage. This, in 
addition to the reactance of feeders, may cause a very 
poor voltage regulation at low power factors unless care 
is used in the selection of the bus. 

Another important point in the matter of reactance is 
that it is frequently necessary to parallel transformer 
banks of different sizes or with different lengths of cop- 
per from the banks to the point of paralleling. For 
large transformers the bus reactance is considerable 
compared to the transformer reactance and up to the 
point of paralleling, the bus reactance may be con- 


8 x} in. Copper ey 


\ 


Fic. 9—Form or Bus Support ror Recraneutar Busses Reaurrinc No Jos Driuuina or Copper 


ratings of these busses will be raised somewhat but not 


so high as Curve 6. Curve 6 gives the rating of D 


on 36-in. centers, and the rating of this bus would be 
lower on the closer centers but not so low as Curve 7. 
In Curve 8 the rating may be very materially increased 
by one or both of two methods, either by a wider open- 
ing of the corners of the rectangle, or by further 
separating the phases. If both these things are done, 
we may obtain a bus of perhaps higher carrying capacity 
than that given in Curve 6. Whenthe space limitations 
or the allowable reactive drop does not demand that 
phases be on the corners of an equilateral triangle, the 
dotted arrangement shown in C is practically equivalent 


in earrying capacity to that of D. 


5. General Electric Bulletin No. 87000-D, Sept. 1924, p. 26. 


‘proposed by Mr. Wagner. | 
of this magnetic steel does increase the carrying capacity. 


sidered a part of the transformer reactance so far as 
division of load is concerned. This effect is especially 
noticeable where transformer banks of different ca- 
pacities are paralleled, because the percentage react- 
ance per foot is very much higher for large than for 
small busses. Sometimes it even becomes necessary 
to install a reactance in series with the smaller trans- 
former bank to prevent overheating of one bank when 
the other is not fully loaded. 

In Curve 1-A, Fig. 6, is shown the carrying capacity 
of a laminated bus, balanced with magnetic steel, as 
It is true that the addition 


However, the amount of iron to be added must be 
determined by the cut-and-try method for any in- 
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stallation and the cost of adding this balancing be- 
comes prohibitive, especially when the class of labor 
usually employed knows nothing of what is to be done. 

The principal objection to the use of a rectangular 
form of bus is the same as one of the objections to the 
tubular form of bus; that is, the difficulty of mounting. 
However, a little careful consideration will show that 
the rectangular bus is not particularly difficult to mount 
since flat clamps may be used which are very similar to 
those used for an ordinary laminated bus. 


The manner of making taps is little more difficult 
than with the ordinary laminated bus because all the 
copper surfaces are flat. Especially is this true if the 
corners of the rectangle are left open, making room to 
handle bolts inside. The necessary bracing between 
phases may be attached to the clamps in practically the 
same way as is done with laminated busses. We have 
added two preliminary sketches of supports, (Figs. 8 
and 9). The type which is cheapest to use depends a 
good deal upon the type of labor employed. Where 
skilled and experienced labor is used on the job, Fig. 8 

requires less material and would probably be cheapest to 
install. Where the labor is not particularly skilled or 
fast, or where labor costs are high, Fig. 9, although it 
requires more material, takes very little time to mount 
and would not be as expensive per ampere of current 
carried as the clamp now used for laminated busses. 
Neither one of these supports is particularly difficult to 
handle, nor is it particularly difficult to make taps to 
this bus since there is room for strap copper or lug 
connections on the surface of every bar. When these 
supports are used on the form of bus shown in Fig. 6¢, 
the bar nearest the support may be omitted without 
changing the method of mounting. 


In presenting this paper we have hoped to give a 
ready reference through which engineers may choose 
the type of bus best adapted for their needs with- 
out any involved calculations which they have 
neither time nor inclination to make. In conclusion, 
let us state that although the Electric Power Club 
Standards call for the maximum of 30-deg. cent. 
temperature rise and the busses given are designed 
on this basis, nevertheless, a number of years’ ex- 
perience has shown that a 40-deg. temperature rise 
gives no trouble due to oxidation when reasonably 
good connections are made. Especially is this true 
when the ambient temperature is nearer to 25 deg. 
than to 40 deg. cent. 

Discussion 


H. B. Dwight: Usually it is found undesirable to place 
copper straps across lines of magnetic flux, but they should be 
placed parallel to the magnetic field as much as possible. Ac- 
cordingly, where the phases are separated, I should suggest 
placing the straps parallel to the sides of an equilateral triangle, 
as in Fig. 1 of this discussion. If arrangement has not been 
tried out, it should be tested in comparison with the arrangements 
shown in Fig. 6 of the paper. 


Tt is not always necessary to separate widely the conductors of 
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different voltages. If the voltage is not over 250 volts, parallel 
straps connected +— +-—ete., or A, B,C, A, B, C, ete., give 
extremely good results. In this way, currents up to 50,000 
amperes at about 200 volts have been carried without trouble 
from skin effect, proximity effect, or reactance drop, as is well 
known in heavy electric-furnace work. ; 

C. F. Wagner: The problem of current capacity of busses, 
by its very nature, is largely empirical. Mr. LeClair has con- 
tributed valuable experimental data to the general fund of 
knowledge on the subject. 

I wish to question the statement made by Mr. LeClair on the 
fourth page of his paper which reads as follows: ‘‘In Mr. Waener’s 
article for single-phase busses he draws the curve from the outer 
edge to the center of the bar and assumes that the same condition 
holds from the center to the opposite edge of a bar. This is 
perfectly true in some cases but not at all true in others; and the 
electrical center, or the point of minimum current, in a bar may 
not be the physical center.” While this statement is perfectly 
true, Mr. LeClair draws the inference that I would probably 
have made the same assumption, and, of course, been wrong, 
had I had a different set-up. The fact is that my assumption was 
correct for the particular case chosen, and for other cases in which 
the distribution was unsymmetrical I determined the distribution 
in the entire bar. Perhaps I am unjustified in interpreting the 
statement in this light and considering the matter merely one of 
an unfortunate choice of expression. 
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Regarding the use of magnetice steel for increasing the carrying 
capacity, the cut-and-try method of application does not appear 
to me to be an insurmountable difficulty. In connection with 
the magnetic balancers I should also suggest the use of radiating 
fins to carry away the iron loss in the balancers. 

A. E. Kennelly: In the paper by Mr. LeClair, skin effect and 


‘proximity effect are fully referred to, but edge effect does not 


appear to be mentioned. If we take a flat strip of copper and 
allow it to carry direct current (the return conductor remote), we 
know, except for temperature variations, that the current density 
will be the same in all parts of the cross-section. However, when 
the strip carries an alternatng current, there may be negligible 
skin effect because the strip is thin. But the current density will 
not be uniform; it will tend to be much greater at the edges. 
That effect can be eliminated completely by bending up the strip 
edges so as to form a tube. The current density then becomes 
uniform everywhere, and the edge effect disappears. 

That is awell known phenomenon and what we have in Mr. Le- 
Clair’s paper is a mixture of edge effect and proximity effect. 
For example in the case of Fig. 2, you see that there is edge effect, 
but there are also proximity effects at the edges which are near 
to the other conductors. It is exaggerated, so to speak, by the 
vicinity of the neighboring conductors. But if the bus bars 
were removed or separated by a considerable distance, there 
would still be edge effect and the linear resistance of that con- 
ductor would be greater than that which would be obtained 
even though the skin effect were extremely small. 

When the conductor is bent round, we tend to eradicate the 
edge effect, but we do not get rid of the proximity effect, and 
Curve 3, which represents Figure B, I think has an advantage in 
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carrying capacity over Curves 1 and 2, corresponding to construc- 
tions where the edge effect is more pronounced. As Mr. LeClair 
has pointed out so well, it is very difficult to make measurements 
upon the resistance of bus bars owing to their size and cross- 
section. The linear resistance of the bars microhms per meter is 
so small that it is very often necessary, as he says, to infer the 
resistance from the temperature observations because where the 
point of resistance goes up including skin or edge effect, the tem- 
perature also will goup. On the other hand, we have to remem- 
ber that all these effects of extra current density depend upon the 
resistivity and where the temperature goes up, the resistivity 
goes up too and modifies the effect. We thus get only an ap- 
proximate measurement. The changes of temperatures involved 
will alter the distribution of current density. 


S. W. Mauger: This subject began to interest the writer 
many years ago when rather exhaustive tests were made to de- 
termine a practicable and efficient method of carrying heavy 
currents. As Mr. LeClair states, the old standard of 1000 
amperes per sq. in. and the practise of simply adding another 
parallel bar of copper to obtain inereased capacity had become 
inadequate, especially for 60-cycle current. After trying many 
schemes, the writer suggested the plan now standard with the 
General Electric Company and referred to by Mr. LeClair in 
foot-note No. 5. One of the features of this scheme is the in- 
ereased ventilation obtained and another is the so-called ‘‘box’’ 
arrangement which takes care of the skin effect. The first 
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Fig. 2—Bus Construction, 10,000-AmpPEerz, 60-CycuE, 3-PHASE 


feature was very useful in carrying heavy d-c. currentsand it was 
found that two sets of 4-in.-wide bars in vertical relation with 
2-in. vertical space between them would carry at least as much 
current as one set of 10-in. bars, thereby saving 20 or more per 
cent of copper. ; 

It may be inferred from Mr. LeClair’s statement in the first 
paragraph on the fifth page of his paper that the General 
Electric Company scheme is suitable only for isolated phases 
and for currents not exceeding 7400 amperes at 60 cycles. Such 
an inference would be incorrect as the scheme allows the phases 
to be on close centers and by using wider bars with slightly more 
space between bars for increased ventilation, it has been possible 
to carry much greater currents than 7400 amperes, although 
this is as high as the published table goes. When there are long 
runs of bars for heavy a-c. current, transposition can be resorted 
to which overcomes any difficulty resulting from unequal 
distribution. 

It would seem that with Mr. LeClair’s proposed arrangement 
there would be difficulty in taking off connections from the bus 
bars except those of small capacity. 

Mr. LeClair mentions the matter of permissible temperatures 
of bus bars. The rule of 30-deg. cent. rise is, of course, based on 
an ambient temperature of 40 deg. cent. to give a maximum 
total of 70 deg. cent, the total being what we must have in mind. 
Naturally, if the ambient is lower, the rise may be higher, but 
for a standard rule, it is not safe to consider varying ambient 


LE CLAIR: CARRYING CAPACITY OF 60-CYCLE BUSSES 209 


temperatures. We must also remember that switching devices 
are designed on the basis of the A. I. E. E. rule of 30-deg. cent. 
rise and bars connected to these devices must not have a higher 
temperature. Oxidation is much more rapid above 70 deg. cent. 
than below it, and it does not seem wise to consider an ambient 
of less than 40 deg. cent. 

E. G. Bern (communicated after adjournment): In Mr. 
LeClair’s contribution is a statement from which may be inferred 
that 7400 amperes is the feasible limit for a 60-cycle, three-phase 
bus with double-tier vertical laminations. 

When dealing with currents of such magnitudes, the question 
of supporting the bus structure and its connections to withstand 
abnormal magnetic stresses usually demands a more liberal 
spacing of the bus phases. This is, of course, usually limited by 
available space, and by the permissible reactance, as mentioned 
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by Mr. LeClair. By properly proportioning the design, it has 
been found entirely practicable to use this construction for very 
much higher capacities without neglecting any of the above 
factors, and at the same time to make connections in a conve- 
nient manner. Fig. 2 herewith shows this construction success- 
fully applied to a bus of 11,000-ampere capacity, which, however, 
should not be considered as the practical limit. Under some con- 
ditions a transposition scheme of equalizing the load in the differ- 
ent sections of the bus has worked out to good advantage without 
undue complications. 

T. G. LeClair: At first thought it would seem undesirable 
to put copper straps across the lines of magnetic flux, and. it 
would appear advisable to set up the three-phase bus with the 
bars arranged as shown in Fig. 3 herewith. However, after a 
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eareful examination of test results, we come to the conclusion 
that, with this arrangement, the ratio of currents at points A 
and B is practically the same as the ratio of currents at points 
A and B in Fig. 4 herewith. The particular case on which we 
have the most information from our test results is a bus consisting 
of four bars of 8-in. by 14-in. copper, in arrangements which 
approximate Figs. 1 and 2. In this ease, it appears that the cur- 
rent at point A is nearly three times the current at point B for 
either arrangement. This means that with the arrangements 
shown in Fig. 3 most of the current will be carried by the bar 
facing the center of the triangle and the other bars will carry very 
little. In Fig. 4, the outer edge of each of the bars will be carry- 
ing much less current than the inner edge, but they will reduce 
the temperature because they act in the nature of radiators, 
which is not the case with the unused copper of Fig. 3. 

I do not wish to convey the impression that Mr. Wagner was 
making a mistaken assumption in his previous article. Some 
warning is, however, necessary because the majority of busses 
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will be set up on an arrangement wherein the distribution of 
current will be unsymmetrical. 

On the matter of balancing currents by means of magnetic 
balancers around the bars, there are two different points of view 
to take. One is that of the manufacturer of switehboards who 
has factory conditions to deal with and close contact with the men 
doing the work. In this case magnetic balancers may possibly 
be used to advantage. Out in the field we have different condi- 
tions, and usually the class of men doing the work is one unfamil- 
iar with what is required. The contact between the engineer 
and the construction men is not so close, and the expense of the 
cut-and-try balancing is altogether out of reason. Some other 
method of balancing is much less expensive and more satisfactory 
for all cases. 

Dr. Kennelly has brought up an important point in the use 
of the terms ‘“‘edge-effect’’ and ‘‘skin-effect.”” The difference in 
the significance of these terms should be made more clear. Fig. 5 
herewith will probably explain my reasons for using the term 
skin-effect rather than the term edge-effect. This figure repre- 
sents a single-phase circuit in which one of the busses is made up 
of laminated copper bars and the other of copper strands in the 
form of the cable. In the left-hand bus we all agree that due to 
skin-effect the current in the outer surface at C is much greater 
than the current at the center, D. Due to proximity effect the 
current at the point E is greater than the current at the point F, 
and by following the same reasoning in the right-hand bus, which, 
for the sake of clarity, I have made circular, we should still say 
that skin-effect is the cause of a greater current density at G 
than at H, and that proximity effect is the cause of the greater 
current density in bar J than in bar K. Now, if we arbitrarily 
take out the center bar of this bus and consider it separately 
we say that it is no longer skin-effect but edge-effect which causes 
the greater density at the point G than at point H. As I see it, 
edge-effect is a special application of the word skin-effeet. Skin- 
effect should include any uneven distribution of the current in a 
bus or cable due to the flux created by the current in this bus, 
while proximity effect should include any uneven distribution 
caused by fluxinanadjacent conductor. Regardless of the shape 
of the conductor, whether it be round, flat, or of any other shape, 
the uneven distribution due to the current in itself then causes 
skin-effect, and changing the shape changes the amount of this 
effect but does not change it from one type of effect to another. I 
do not wish to state that this is the best nomenclature to use 
for all cases, but I think it is time that we settle upon one defini- 
tion by which we could all understand each other. 

We did not make any test on an arrangement of bars exactly 
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like that described by Mr. Mauger and by Mr. Bern, but it 
appears that they would have some trouble due to proximity 
effect unless the busses were spaced a reasonable distance apart. 
Of course, so long as we can increase the spacing between phases 
and between individual bars of the phases, we may increase the 
carrying capacity indefinitely. When we come to the greater 
current, however, the weights of copper to be used become of 
considerable importance, and it becomes advisable to study 
carefully which arrangement will give the best copper economy. 
Perhaps it will pay to use a slightly more expensive support 
in order to use less copper. The type of construction illustrated 
in Mr. Bern’s discussion is very interesting, but unfortunately 
no dimensions are shown with which to make comparisons 
of the copper economy to be obtained with this or another 
arrangement. 
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Mr. Mauger’s points"on' the matter of permissible tempera- 
ture rise are very well chosen. When a bus is to be connected to 


‘some switching device designed for.a 30-deg. cent. rise, it is 


obvious that the bus copper must operate at the same, if not at a 
lower, temperature. It is impossible to make contacts for use in 
switching devices as good as a stationary bolted contact, and 
they must be protected. There are, however, a great many 
places where a bus is not connected to switching devices, for 
instance, between a transformer and rotary converter, and in 
such eases experience has shown that considerably higher temper- 
atures may be maintained without any trouble from oxidation. 


Fig. 6 herewith shows a sample top on a bus for high capacity. 


- Tops in other directions can be made with equal ease. 
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Synopsis.—A general survey and description of the various 
types of supervisory systems for control and indication of remotely 
located electrical apparatus is given in the paper, the author first of 
all comparing the better known remote-control system with the super- 


visory system in general practise today. Description is given of the 


selector, distributor, audible, code-visual, synchronous-relay-visual 
and the carrier-current systems, the principles and features of each 
being discussed. The subject of telemetering is also included, 
together with an expression of the author’s ideas of future possibili- 
ties for each of the systems above enumerated. 


INTRODUCTION 


SEs systems for the control and in- 
dication of remotely located electric power appara- 

tus can best be introduced by comparing them 
with the better known and more widely applied remote 
control systems in general application today. 

The usual remote control scheme employs at least 
one continuous individual metallic connection between 
each device to be controlled and the controlling switches 
or keys. Supervisory systems use no individual and 
one, two, three or more common metallic connections 
between the devices to be controlled and the controlling 
switches or keys for as many as fifty or sixty or even 
more devices. Remote control systems ordinarily 
use control currents of the order of magnitude of one to 
ten amperes. Supervisory systems usually use cur- 
rents of the order of magnitude of three to ten milli- 
amperes. Remote control systems require a definite 
and usually very short time interval to elapse between 
the closing of the control switch or key and the closing 
of the contacts at the remote point. Supervisory 
systems require an appreciable and variable time to 
elapse between the operation of the control switch or 
key and the closing of the contacts at the remote point. 
Remote control schemes are usually designed into the 
electrical operating sequence of the power apparatus. 
Supervisory systems are invariably superimposed upon 
the usual sequence. Briefly, supervisory systems pro- 
vide improved means for the supervision of elociric 
power transmission and distribution. 


HISTORY 


Supervisory systems were developed to meet the 
requirements of the railway and central station in- 
dustries as these expanded. The grouping of generat- 
ing stations under the direction of a centrally located 
load dispatcher made it desirable that the dispatcher 
have prompt and accurate information concerning 
the electric power system. The widespread applica- 
tion of automatic switching to railway substations 
made it important that the power director have im- 
mediate and correct information in regard to his sub- 
stations at all times. 

One of the first supervisory systems was installed 
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between the Sherman Creek Station of the United 
Electric Light & Power Co. at 201st Street and Broad- 
way, New York City, and the load dispatcher’s office of 
the New York Edison Co. at 38th Street and First 
Avenue, New York City, in 1915. It used a form of 
step-by-step selector relay developed about that time 
for automatic telephone application. It gave indica- 
tion at the dispatcher’s office of the open and closed 
position of about one hundred oil circuit breakers using 
a total of six wires between the generating station and 
the load dispatcher’s office. 

The next step was made when the Receiver of the 
Des Moines City Railway expressed a desire for some 
means of isolating his automatic railway substations in 
case of an emergency such as a fire or an accident. 
This demand was met by the development of the 
selector supervisory system and followed promptly by 
the development of the distributor supervisory system. 
Next in order came the code visual, the audible, the 
synchronous relay and lastly the carrier current super- 
visory system. Beside these, developed and stand- 
ardized by the manufacturing companies in this coun- 
try, there has been a number of systems developed 
by the employees of many corporations not only in the 
railway field but also in the central station and indust- 
rial fields. 'These, however, have usually been limit- 
ed to a definite field of application and have not 
been extended to become a commercial article of trade. 


SELECTOR 


The selector system was the first one developed for 
commercial application which is still on the market. 
It uses the essential elements of the telephone train 
dispatching call system modified for the control and 
indication of remote electric power apparatus. An in- 
stallation made in 1920 is still in active service. 

A key, a selector, some indicating lamps, and 
three line wires form the essential elements. The 
key when turned and then released makes and breaks 
an electric circuit through two of the wires to which 
all of the selectors in the outlying stations are 
connected in multiple. The key in operating sends out 
a predetermined number of electric impulses spaced 
in a definite time sequence thus forming a code. The 
selectors are provided with contacts mounted so as 
to make an electric circuit when a ratcheted wheel 
moves a given number of steps. The code sent out 
by the key starts all of the selectors simultaneously. 
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Only that selector, however, which is arranged to 
respond to the code sent out by the key closes its 
contacts. ‘The other selectors drop out succes- 
sively as the code being sent fails to give their com- 
bination. Thus, there is usually one hand-operated 
key at the controlling station for each selector contact 
at the outlying station. For the return indication 


1—Lamp anp Key Case ror DispaTcHER’S OFFICE OF 
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there is provided at the outlying station a motor 
operated key for each group of four or less pairs of 
functions at that station to be indicated. Upon the 
operation of any supervised device in an outlying 
station, auxiliary contacts upon it start the motor key. 
This then sends back to the controlling station a code 


Fig. 2—Srenpinc APpaRATUS IN CABINET OF SELECTOR 


SUPERVISORY SYSTEM 


similar to that sent out from the controlling station 
to perform an operation. The selector located at 
the controlling station which is set to close its con- 
tacts upon the receipt of the code operates indicating 
lamps to show the position of the device supervised. 
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All of the outlying stations of a selector supervisory 
system are connected to one controlling station by three 
line wires. At each outlying station, the equipment 
is multipled to two of the wires as they pass by while 
the third wire loops into each station. The two wires as 
before mentioned are used for sending out the code for 
causing an operation to be performed and for trans- 
mitting back the code which results in giving an in- 
dication by lamps of the position of the equipment 
supervised. The third wire is used to lock out all 
the stations connected to the system excepting the 
one being controlled or the one sending in a code for 
causing an indication to be shown. 

An arbitrary maximum of fifteen outlying stations 
may be connected by the usual selector systems to the 
controlling station. Each outlying station may have a 
maximum of eight devices to be supervised if there are 
as many_as fifteen stations, or if there are fewer, each 
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outlying station may have a maximum of twelve or 
fifteen. The maximum number of devices, however, 
which can be most economically supervised by a single 
selector system depends largely on circumstances but 
under present conditions should never exceed fifty or 
sixty. 

The selector system requires about nine seconds to 
send out each code and complete an operation. There- 
fore, if ten outlying devices were to be operated it 
would take about one and two-thirds minutes to send 
out the code and operate these devices. 


DISTRIBUTOR 


The distributor system was the next type of super- 
visory system to be developed. It is an adaptation of 
the automatic printing telegraph in commercial use 
today on practically all the principal telegraph circuits. 
An installation of this type of supervisory system made 
in-1921 is still in active service. 

A key, a distributor, a polarized relay, some indi- 
cating lamps, and four line wires form the elements. 
The key is usually a two-position one and is the equiva- 
lent of a double-throw switch. When turned to either 
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position it makes a circuit between a common wire 
and either the positive or negative side of a source 
of power and a segment on the distributor. The 
distributor consists essentially of three sets of coaxial 
segments insulated from each other. Each segment 
of one set is connected individually to its control 
key. Each segment of the second set is connected to 
the coil of a two-position polarized relay which is 


Fig. 4—Paneu Containing Lame anp Kry UNItTs 


For the control and indication of fifty circuit breaker equivalents in 
distributor supervisory system 


associated with the appropriate indicating lamps. A 
set of segments midway between these two is used for 
synchronizing the distributor in the outlying station 
with the distributor in the dispatcher’s office, syn- 
chronism being checked each five segments or ten 
times per revolution. 

The distributors are each provided with three sets 
of brushes which rotate over the coaxial segments and 
make connections successively between each individual 
segment and a continuous segment in each set thus 
permitting a momentary electric circuit to be made 
through the distributor. The brush arms of each 
distributor are driven through a reduction gearing by a 
direct-current motor from a trickle-charged storage 
battery and are provided with a centrifugal governor 
for maintaining constant speed within quite narrow 
limits.. The brush arm has a speed of about twelve 
rev. per. min. 

At the controlling station are located the control key, 
indicating lamps, one distributor for each group of 
fifty or less devices to be supervised, and one relay for 
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each device to be supervised, as well as suitable battery 
or other power equipment. At the outlying station 
are located a similar distributor for each group of 
fifty or less devices to be supervised in that station, 
one relay for each device to be supervised and the 
necessary battery or other power equipment. 

The system operates continuously. This means 
that the positions of all devices which are supervised 
are automatically checked twelve times per minute 
or once each five seconds. Should any device change 
its position the change is indicated at the controlling 
station within five seconds of the time the operation 
has occurred. If several devices or the entire group 
connected to the system change position simultaneously, 
the lamps at the controlling station will give correct 
indication of the new position within five seconds of 
the time the change has occurred. Besides, the work- 
ability of the system is indicated continuously in 
much the same manner as the pulse indicates the 
general health of a human being. 


5—ReELAY AND DIstTRIBUTOR CABINET 


For control and indication of fifty circuit breaker equivalents in the 
distributor supervisory system 
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To open or close an oil circuit breaker or perform 
any similar function it is merely necessary to turn 
first one key and then a master key. This changes 
the polarity of a segment on the distributor at the con- 
trolling station and within five seconds momentarily 
energizes a corresponding segment on the distributor 
at the outlying station. This causes the position of the 
polarized relay connected to that segment at the out- 
lying station to change in accordance with the impulse 
sent out from the controlling station and the operation 
desired is performed. Immediately the operation is 
completed, auxiliary switches on the device supervised 
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change the polarity on an associated segment on the 
distributor at the outlying station. This, within 
a maximum time of five seconds, changes the polarity 
of a corresponding segment on the distributor at the 
controlling station which in turn changes the position 
of associated polarized relays located there. The 
relays then change the lamp combinations to in- 
dicate the new positions of the devices supervised at 
the outlying station. 
AUDIBLE 

The audible system is an adaptation of the auto- 
matic telephone being applied in many large and small 
telephone systems today. Its essential elements are a 
dial, a telephone line, telephone lamps, selectors and a 


Fig. 6—DisparcuEer’s SENDING STATION [FOR WESTINGHOUSE 


AUDIBLE SUPERVISORY SYSTEM 


receiver or loud speaker. Operation is secured by 
dialing as in calling a number by an automatic tele- 
phone. The first dialing selects the station to be 
supervised, it being possible to connect as many as six 
to a single controlling station by a single pair of tele- 


Fig. 7—Dispatcuer’s SENDING CaBINET For G. E. AvUDIBLE 
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phone lines. The stations not selected are locked out 
by the operation of suitable devices in their equipment. 

The station selected sets up a series of impulses in- 
dicated at the controlling station by a series of tones 
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in code through a receiver or loud speaker located at 
that point. 


The next dialing causes the desired operation to 


occur in the outlying station by setting upa suitable 
path in a relay combination finally closing the contacts 
of an operating relay. 
has been performed, auxiliary contacts on the device 
actuate other relays which in turn set up impulses in- 
dicated at the control station by a series of tones in 
code as before. 


When the operation directed 


CoDE VISUAL 
The code visual system is similar in principle to the 


selector system but differs quite markedly in its de- 
tailed design. 


It consists essentially of a key, with 


Fig. S—Lamp AnD Key Unit 
For code visual supervisory system 


its associated lamps, groups of relays at the controlling 
station and similar groups at the outlying station. It 
uses two common wires between the control station 
and all of the outlying stations and in addition one 


Fig. 9—DisparcHEer’s Lamp aND Key CaBINET 


For code visual supervisory system 


individual wire from the controlling station to each 
outlying station. Thus, if there were three outlying 
stations, there would be five wires starting from the 
controlling station and running to the first outlying 
station, four running to the second outlying station 
and three to the third outlying station. 

An operation is performed by moving a three-position 
key to either of the two extreme positions. This com- 
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pletes an electric circuit which causes groups of relays 
at the control station to send out a code of successive 
impulses. These impulses select suitably coded groups 
of relays at the outlying station. If the code is not 
received correctly at the outlying station, the con- 
trolling station then again starts the code out and con- 
tinues to send it at intervals until correct code is re- 
ceived at the outlying station. If the code, however, 
is repeated correctly at the outlying station, then an 


Fig. 10—Revuay EQUIPMENT IN DISPATCHER’S OFFICE 


For code visual supervisory system 


impulse is sent out from the controlling station which 
causes the operation desired to be completed. 

When the operation of a supervised device has oc- 
curred an auxiliary switch connected to it causes a code 
to start from the outlying station. This is formed and 
transmitted to the control station in the same fashion 
as is the operating sequence from the controlling station. 
When the correct code is checked the lamp signals at 
the controlling station are changed to indicate the new 
position of the supervised device. 

This system operates devices successively and it re- 
quires about nine seconds per device to cause a series of 
operations. If, therefore, ten devices were to be opera- 
ted it would take about ninety seconds to operate the 
devices. 

SYNCHRONOUS RELAY VISUAL 


The synchronous relay visual supervisory system 
is an all relay system which uses the principle of step- 
by-step synchronous selection. It consists essentially 
of a two-position key with its associated lamps, a start 
key and relays in the controlling station, four wires 


between the controlling station and the outlying 


station, and relays in the outlying station. 

When an operation is to be performed, the two- 
position key is turned from the position it occupies to 
the other position and the start key is pushed. This 
immediately causes a simultaneous operation of relays 
in the control station and the outlying station until 
the point is reached in the sequence in the outlying 
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station corresponding to the position of the key in the 
controlling station. Operating current then passes 
through the signaling circuit from the control station 
to the outlying station and causes the desired opera- 
tion to be performed. When the device supervised 
has had its position changed, auxiliary contacts on it 
transmit a return signal in a similar fashion to the 
controlling station causing the lamps located there to 
change in accordance with the changed position of the 
apparatus in the outlying station. 

Two of the four wires between the control station 
and the outlying station are used for keeping the signal- 
ing relays at the two stations in step as they are moved 
from point to point in a definite sequence. The other 
two wires are switched by the operation of these relays 
from one device to another as occasion demands to 
cause operation or indication of that device. 


CARRIER CURRENT 


Carrier current has been developed for use with 
the selector and code visual systems. Both systems 
use codes of impulses for causing an operation to be 
performed and for causing an indication of that opera- 
tion to be registered. The carrier currentfequipment 
consists of the necessary tubes, reactors, condensers 
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For the control and indication of thirty circuit breaker-equivalents by the 
synchronous relay supervisory system 


and resistors for generating high frequency at the 
controlling and outlying stations. 

In general, the code is transformed from pulsating 
alternate polarity impulses to high frequency impulses 
and is transmitted over one line and ground ora pair 
of lines which may at the same time be used for com- 
munication or power transmission purposes. The 
carrier current equipment is connected to the trans- 
mission circuit by a condenser or other suitable coupling. 
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Carrier current for use with supervisory systems 
takes the place of the special line wires required where 
direct-current impulses are employed. It permits the 
use of practically the same equipment, so far as the 
controlling station and outlying stations are concerned, 
as is used for direct current. The only difference is 
that where direct current is employed, special line 
wires are required, while where carrier current is em- 
ployed, any existing wires can usually be used. 

WIRELESS 

Wireless has been considered for use with super- 
visory systems but to date no commercial development 
or application is known by the writer. The art seems 
not yet to have developed sufficiently. 


12—RELAY 
SYNCHRONOUS RELAY SUPERVISORY SYSTEM 
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CONTROL STATION 


The control station equipments provided for the 
various types of supervisory systems which have been 
described vary one from another. 

The selector system uses two keys, one to perform a 
closing or similar operation, the other to perform an 
opening or opposite operation. The key is quite simi- 
lar to that used in the call stations of the Western 
Union Telegraph Company. The key is turned but 
nothing happens in the external circuit until it is re- 
leased. The turning of it winds up a helical spring. 
As soon as the key is released the helical spring rotates 
it in the reverse direction under the control of a fly ball 
governor in order to obtain practically constant speed. 
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In rotating back to its original position it opens and 
closes contacts in a definite sequence. If these con- 
tacts are suitably connected in an electric circuit they 
thereupon form a code of successive impulses. 

As before stated, two keys are required for each pair 
of functions. Associated with these two keys are two 
telephone lamps, capped with suitable lenses. These 
indicate the open or closed position of the device su- 
pervised. In place of indicating the position of a de- 
vice if it is desired to indicate the position of water 
level or the position of a gate then the lamps only are 
used and as many of them are employed as positions 
to be indicated are desired. 

The distributor system uses a combination of three 
telephone lamps and one two-position key to obtain 
control and indication. The two-position key per- 
forms the same connections as a single-pole double- 
throw switch having no mid position. Associated 
with it are three telephone lamps. One is capped with 
a red lens, one with a green lens and one with a white 
lens. The red and green capped lamps indicate the 
closed and open position of the device supervised or 
any other indication usually desired. The white 
capped lamp is lit only during the time that a function 
has been called for and is put out immediately after 
that function has been completed and a return in- 
dication showing the completion of this function re- 
corded at the controlling station. It is also lit should 
a device supervised at the outlying station automati- 
cally change its position, in which case it remains lit until 
the key in the controlling station is turned to acknowl- 
edge the operation at the outlying station. For each 
eroup of fifty two-position keys with their associated 
lamps there is one master key. The master key is 
turned after the two-position keys have been placed 
in the positions corresponding to the one which it is 
desired that the outlying supervised devices take. 

The audible supervisory system employs a dial similar 
to that used for automatic telephones. In one com- 
mercial scheme, this dial is identical with that used 
for automatic telephones; in another commercial 
scheme this dial is similar but has had its speed altered 
to make it correspond to that of the selectors 
used. No lamps are used with the audible system, 
the operator depending upon hearing certain code 
tones in a receiver or loud speaker for indications. 

The code visual supervisory system uses a_ three- 
position key associated with three telephone lamps 
capped by red, green and white lenses in much the same 
fashion as does the two-position key with its associated 
lamps in the distributor system. 

The synchronous visual supervisory system employs 
a dispatcher’s equipment consisting of a two-position 
key, a locking-type push button and three telephone 
lamps capped by red, green and white lenses. The 


-two-position key is to fix the operation while the push 


button is to stop the synchronous relay control equip- 
ment at any point. 
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Various methods have been employed for mounting 
the controlling lamps and keys. They may be placed 
on vertical panel boards, set into desk tops or even 
placed in a system diagram. The mounting best 
suited for any particular application depends to a large 
measure upon the individual requirements. 


APPLICATION 


The application of supervisory systems to any exist- 
ing or new electric power transmission or distribution 
systems requires careful study in order that a maximum 
benefit may be derived. It is necessary to know in- 
timately the method of operating the network of 
lines, feeders, and machines as well as the electric 
power traffic requirements. For congested districts 
where an emergency may at times require the rapid 
re-establishment of service, the speed of operation 
of a supervisory system is quite essential. On inter- 
urban railway projects, however, where automatic 
substations are located at intervals along a narrow 
strip of territory and where there are only three or 
four devices or functions to be supervised in each 
station, speed is not as important as line maintenance 
so another type of supervisory system is usually chosen. 
In some cases, the revenue derived from a station war- 
rants only the most inexpensive supervisory system. 
Hence, here would be a place for the so-called audible 
type where the operator checks manually and at 
intervals determines by sound the condition of the 
equipment in the outlying station. Again, on a 
high-tension transmission system where distances often 
exceed one hundred miles the carrier current supervisory 
system is the best choice. 

In applying supervisory systems it must be clearly 
borne in mind at all times that they are quite different 
in their performance as contrasted with the usual types 
of remote control systems. Each has its limitations. 
Remote control systems are in general limited to 
distances of several miles while the supervisory systems 
may be used for distances up to several hundred miles. 
Supervisory systems require an appreciable time inter- 
val averaging about five seconds for the completion of 
an operation through their medium while remote con- 
trol systems operate practically instantaneously. So 
in applying supervisory systems, care must be exercised 
to take into account all of the electric power system 
characteristics as well as the limitations of the super- 
visory system. 

INSTALLATION 

The correct installation of a supervisory system is 
quite as important as its selection if the best results 
are to be obtained. Supervisory systems use currents 
of telephonic magnitude while remote control systems 
use currents of power magnitude. Hence, insulation 


and current leakage require very careful attention for 


the successful installation of a supervisory system, 
telephone practise being the standard toward which 
the installation of these systems must tend. Thesteam 
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railroads have recognized these requirements when 
installing the selector type telephone train dispatching 
call system. More and more of them are going to the 
higher grade lead-covered paper-insulation telephone 
cable for their train dispatching circuits. The same 
cable and the same type of insulation are generally 
recommended as best practice for supervisory system 
installations. 
CHECKING 


Supervisory systems from a checking standpoint 
may be classified into two groups. One group requires 
checking at intervals; the other group is automatically 
checked at intervals. 

All systems excepting the distributor system require 
manual checking at intervals. The distributor system 
has a distinct advantage in that it automatically checks 
the position of all of the devices connected to it at 
frequent intervals besides indicating its readiness to 
serve continuously. 


MAINTENANCE 


The maintenance of a supervisory system depends 
upon its initial design and installation. All super- 
visory systems may for this comparison be divided into 
two classes. One class uses telephone relays and 
auxiliaries throughout. The other class uses telegraph 
relays and similar devices throughout. 

The telephone relays and devices have been designed 
with the fundamental idea that someone would be 
present not only at the subscriber’s station for operating 
the equipment but also at the central office for super- 
vising and constantly inspecting the equipment. This 
results in a tacit assumption by the designers that if 
anything should go wrong either the subscriber or the 
wire chief or operator would detect the fault and 
correct it, no harm being done excepting possibly an 
interruption of service from one subscriber’s station. 
Such relays particularly require inspection at least 
daily in order that the best results may be obtained 
with them. 

The systems using telegraph devices may be typified 
by the selector system. Here the devices are large 
and substantial and so designed as not to require at- 
tention for years at a time. To be sure, there is quite 
a difference in the cost of the individual devices since 
the telegraph devices are made in very much less 
quantity than are the telephone devices. Contrasted, 
however, one with the other is the fact that the tele- 
phone type of devices require more maintenance and 
adjustment than do the telegraph devices. 


PROTECTION 

Supervisory systems operating over special wires 
require protection particularly where these wires are 
subjected to lightning, inductive and similar high volt- 
age disturbances. In general, isolating transformers 
or drainage coils cannot be used because these trans- 
formers would interrupt the flow of signals and the 
drainage coils would drain off the signal current. So 
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far as is known, the best type of protection is for the 
conductors to be placed in cables. For this purpose 
paper-insulated lead-covered cable having an in- 
sulation which will withstand 1000 volts between con- 
ductors and 3500 volts between conductors and lead 
sheath is usually recommended. 

The question of protection is an active one at the 
present time and many of the operating companies 
as well as the manufacturers would be interested to 
hear what other operators are doing to maintain their 
supervisory systems with a maximum of protection and 
a minimum of interruption. 


TELEMETERING 


A discussion of supervisory systems would not be 
complete without brief mention being made of tele- 
metering. Telemetering furnishes the concluding link 
in the development of the art of supervising remotely 
located power apparatus. 


Telemeters have been developed for transmitting 
the readings of ammeters, voltmeters, watthour meters, 
wattmeters and power factor meters over telephone 
lines the same distance as supervisory systems can be 
operated. They use practically the same type of re- 
lays at the originating and receiving ends of the tele- 
phone lines and in certain designs it has been found 
possible to combine the telemetering and supervisory 
functions on the same wires. In one particular in- 
stallation recently made, two incoming lines, two 
synchronous converters and nine feeders were con- 
trolled and indicated and the readings of two watt- 
hour meters transmitted back to the controlling station, 
all over two pairs of telephone lines between the con- 
trolling station and the outlying station. This is not 
a limiting number of things which could be done over 
these four wires but represents only about one-third 
of the functions and readings which could have been 
obtained if desired. 


FUTURE 


Supervisory and telemetering systems are just about 
being recognized by the engineering public. They 
are relatively new although a number of installations 
are now in operation. Nevertheless, it is believed 
that only an initial advantage has been taken of 
them and that they are not yet as thoroughly a part 
of electric power transmission and _ distribution 
engineering as are transformers, turbines, and the 
more commonly accepted pieces of electrical apparatus. 

It is my firm belief that supervisory and telemetering 
systems in combination with automatic stations repre- 
sent as distinct an advance in the electric art as has 
the development of the automobile in the transporta- 
tion problem. It is also believed that a very great 
change will be effected in electrical engineering practise 
during the next ten years as a result of the economic 
application of supervisory and telemetering systems. 
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Discussion 


I should like, briefly, to call attention to one 
or two things of interest. In the first place, supervisory systems 
have passed the experimental stage. We have had actual ser- 
vice out of the systems so that we know that they are successful 
in the field for which they are intended. By the end of this year, 
systems put out by the General Electric Company alone will 
have supervision over some 2500 oil circuit breakers or their 
equivalent. We shall have in service a distributor type whereby 
a dispatcher at a central point will have supervision over breakers 
located in twenty-two out-lying stations. 

Another very interesting application of supervisory systems 
will be made on an electrified railroad division sixty miles long 
between Chicago and South Bend, whereby a load dispatcher 
in Chicago will control eight automatic stations by means of a 
carrier selector system operating over one wire and ground- 
rail return. He will be able to start and stop any station, open 
and close the feeders going out from the station, and also control 
incoming lines In some cases. 

R. J. Wensley: Mr. Lichtenberg says that telephone relays 
are not suited for supervisory control service. With this 
statement I do not agree. I would like to call attention to 
several installations in the New York area which depend entirely 
on telephone relays for reliability in operation. The equip- 
ments in actual operation seem to be the best refutation of Mr. 
Lichtenberg’s condemnation of telephone relays. 

The Long Island Railroad has one of the simple audible types 
in service controlling a remote 600-volt switch house. It is 
controlled by a dial and a howler gives an audible answer. It 
works over two wires and is the least expensive type of control. 

This same company has a more elaborate equipment of the 
code-visual type in service at Amityville controlling one 2000-kw. 
converter in 600-volt railway service. 

The New York Edison Company has a remote selective 
metering equipment in service at their Forty-Ficst Street sub- 
station which transmits readings of volts and amperes over 
standard telephone cable. 


C. E. Stewart: 


The New York and Queens Electrie Light and Power Company 
has a very comprehensive set of relay-visual equipment in the 
Woodhaven substation. With it they can control oil breakers, 
adjust induction regulators, bring in spare regulator and trans- 
former when needed, and make necessary simultaneous readings 
of a-c. volts and amperes. These functions are all accomplished 
over telephone cable with relatively few wires. 


The most extensive equipment in this area is that on Staten 
Island. The equipment is used jointly by the Staten Island 
Rapid Transit Company and the Staten Island Edison Company. 
It is of the all-relay visual type. Five railway substations 
and one power-distribution substation are controlled from one 
dispatching point. Two separate-control desks use the same 
relay equipment to handle the business of the two operating 
companies. 


H. C. Don Carlos (communicated after adjournment): In the 
operation of two generating stations under supervisory control, the 
Hydro-Electric Power Commission has encountered, among 
others, some very interesting protective problems. Although 
the final step in remedying certain troubles has not yet been taken, 
the following comments on them may be of interest to the 
profession. 


The stations in question are near Campbellford, Ontario, 
on the Trent river, a navigable stream on which they form three 
successive developments with navigable reaches intervening. 
Ranney Falls or No. 10, the upstream station, is the point of 
control for Nos. 9 and 8, the total distance between plants 10 
and 8 being three and a half miles. In No. 9 there are three 
vertical generators, each of 1400-ky-a. capacity, and in No. 8, 
three vertical generators of 2000-kv-a. capacity each. In 
common with a number of other stations, they supply power to 
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a 44,000-volt, 60-cyele network, complicated by a large number 
of loops. 

Since the navigation regulations limit the permissible variation 
of the level of the small reaches between the plants to about two 
inches, there is practically no storage available, and consequently 
very exact information is required at the control point on reach 
levels, plant output, gate openings (in tenths) of all turbines, 
as well as switch positions and various other control data. 
For each of the stations, something over fifty supervisory 
operations are performed in addition to the transmission of 
three graphie records. A twenty-pair standard, lead-covered 
telephone cable, located on a separate pole line, 25 ft. from a 
44,000-volt power line, connects No. 10 to No. 9, and a ten-pair 
eable continues on to No. 8. 


The No. 8 generating station went into operation under manual 
control, using automatic equipment, September 11, 1924, and 
under remote supervisory control, January 13, 1925. <A great 
deal of trouble was at first experienced, which required patient 
study and careful analysis to eliminate. With few exceptions 
the equipment itself is now performing very well and gives 
promise of ultimate success if the disturbing effects of power 
short circuits and lightning trouble can be overcome. 

Soon after the supervisory cable went into operation, trouble 
began to develop init, affecting one or more conductors each time, 
and occasionally actual burn-outs occurred. The more serious 
faults were traced down and eliminated, but after a time all spare 
conductors had been used, and finally we were left without 
sufficient clear wires to operate. 


Induced disturbances due to the proximity of the 44,000-volt 
power line were at first suspected as the cause of our trouble, 
but theoretical considerations showed that since the sheath was 
grounded at all three stations, inductive effects could not be 
responsible. The use of insulating joints in the cable sheath, 
splitting it into numerous sections grounded at each end, was 
one of the proposals most frequently advanced by those who 
were not thoroughly familiar with the problem. 

For various reasons, the sheath must be grounded to the ap- 
paratus ground of all three stations. The main trouble is caused 
by differences in potential between the so-called grounds (7. e., 
the prevailing potential of the ground leads and steel work 
within the building) of any two of the three stations due to our 
inability to obtain a sufficiently high-capacity and low-resistance 
“ground.” 

This potential difference is uniformly distributed over the 
cable sheath (which carried a portion of the fault current) 
between the two stations. The conductors, however. are nor- 
mally at uniform potential from end to end, and their insulation 
is quite unable to withstand the stresses due to the potential 
drop along the sheath, which may be upwards of 8000 volts. 

This surprising figure has a simple explanation. The ground 
resistance at each of the three stationsis in the order of two ohms 
each, and the cable-sheath resistance is nearly 10 ohms. The 
possible fault current is in the order of 3000 amperes. Duly 
considering the return distribution of fault current, calculations 
and tests indicate a probable maximum potential difference of 
8000 volts. ‘ 

It should be remarked that the frequency of our troubles is 
attributed to the use at No. 10 of a common ground for the 
power neutral and the station apparatus (the neutrals at Nos. 9 
and 8 are not grounded), so that a 44,000-volt fault anywhere 
on the system causes a difference in potential between the station 
ground at No. 10 and those at Nos. 9 and 8. This, of course, 
occurs despite the fact that.the power neutral is grounded at 
two other locations. To remedy this condition, a separate 
ground for the power neutral has recently been installed at a 
considerable distance from the station ground, as a result of 
which the station ground, in large measure, is freed from varia- 
tions in potential due to fault currents in the neutral. When 
visory cable will thus be undis- 


, 


again in operation, the super 
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turbed by faults other than those at one of the three stations in 
question. 

Among the numerous remedies considered may be mentioned: 

a. The adoption of a-c. supervisory operation with trans- 
formers at each end of the cable completely isolating the con- 
ductors from the station ground, or from any apparatus con- 
nected thereto. 

b. The use of a stabilizing ground conductor of sufficient 
admittance to limit the possible voltage difference between the 
three station grounds to an amount which would not prove in- 
jurious to the cable. 

e. The use of transformers, the primary of which would be 
connected between the cable sheath and the station ground, 
and the secondary of which would consist of all the other con- 
ductors of the cable wound in elose coupling and of such ratio 
(approximately 1:1) as to cause the conductors to follow approxi- 
mately the same potential gradient as the sheath. 

In addition to the foregoing, the idea of installing a highly 
insulated cable has been advanced, but this would not help 
matters since the supervisory equipment, which, in itself, will not 
withstand high potentials, would be still subjected to the severe 
stresses and cannot, according to the manufacturer, be pro- 
tected against trouble of the nature described without blowing 
fuses which render it inoperative until an attendant makes 
replacements. 

Of the three schemes mentioned, (a), which was developed 
independently by the Commission and the manufacturer, appears 
to have merit, but it is expensive and involves the use of addi- 
tional equipment’ in the automatic train, and the conse- 
quent additional care and maintenance and risk of failure is 
objectionable. Plan (b) isalso expensive, and lacking in some of the 
merits of (a), although free from its shortcomings. On the whole, 
(ec), proposed by R. W. Osborne, telephone engineer of the Com- 
mission, seems to offer the greatest return for the investment, 
and the greatest promise of satisfactory ultimate operation. 
Preliminary tests of its behavior under transient disturbances 
are now pending. 

It is interesting to note the manufacturer’s contention that 
conditions exist in this installation which have not been encoun- 
tered before, yet we are all agreed that the trouble is due to 
differences in potential between the ground conductors of any 
two of the stations. So far as I am aware, our ground resistances 
are not high for isolated plants and are not capable of any con- 
siderable improvement consistent with a reasonable outlay 
which can be relied upon the year round. In fact, the expensive 
proposition of ground stabilization by means of an interconnect- 
ing cable (scheme b) would be cheaper, and, if feasible, far more 
positive than an attempt to overcome the trouble by further 
improving the station grounds. 

The question of how usual or unusual the conditions are can 
be decided by any interested engineer who has a general knowl- 
edge of the dependable minimum resistances of ground connec- 
tions, and if he has any particular case in mind and knows the 
ohmie resistance of the grounds and the maximum fault current, 
he can ealeulate the probable resulting potentials in a supervisory 
installation from causes such as I have described. 

In his remarks under the heading ‘‘Protection,’’ Mr. Lichten- 
berg has shown a very open mind and has stated his interest 
in the experience of operating companies. Some of his views 
seem to be at variance with the conclusions drawn in the fore- 


going, and in support of these conclusions I can only add that 


practical operating experience as well as theory seem to be in 
agreement—a circumstance which always carries weight. 

F. R. McBerty (communicated after adjournment): Mr. 
Lichtenberg’s contribution on the subject of the maintenance of 
supervisory systems composed of telephone relays (which is in 
substance a repetition of his remarks before the meeting reported 
in the Journat of August, 1925, page 879) demands some quali- 
fication in the records of the Institute. Mr. Lichtenberg’s 
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experience with such relays must have been both limited and 
unfortunate. Having participated in the design of the telephone 
relays most extensively used throughout the world and being 
now the manufacturer of an “all-relay” supervisory system for 
power equipments, I can perhaps offer definite and accurate 
information on these matters. 

Mr. Lichtenberg is in error in his statement as to the funda- 
mental ideas and assumptions present in the minds of the de- 
signers of telephone relays. The designers as a matter of fact 
did not work under the idea that the relays would be or could be 
inspected frequently or that some person would be present at 
one end or the other of a line equipped with them to note their 
failures and ensure their operation. On the contrary they had 
in mind that such relays would be used in great numbers, would 
be operated by persons intent on telephonic communication, 
would be operated in constantly shifting combinations which 
would make discovery of individual failure difficult, and would 
largely determine the reliability of telephone service. The 
designing and making of relays which should be both sufficiently 
cheap in cost and sufficiently reliable in service was so well done 
that there are now scores of millions of them in service through- 
out the world, of which a large part have been in operation for a 
quarter century performing thousands of millions of operations 
per day with a percentage of failure so slight that of all common 
causes of defect in the operation of telephone systems, the 
failures of telephone relays form a negligible factor. 


Among manual-exchange systems composed of such relays 
there is no daily inspection, and in most cases not even an annual 
nor a decennial inspection or test; in machine-switching systems 
the faults due to relays are a trifling factor in comparison with 
the faults caused by step-by-step or power-driven moving switch 
mechanism. 

The supervisory system illustrated in Fig. 12 of Mr. Lich- 
tenberg’s paper is composed of telephone relays of a type used 
for performing selection in the automanual city telephone ex- 
change systems and in automatic or dial-controlled private 
exchanges. As an example, a single unit has performed on test 
more than fifty million circuit closings without failure or signifi- 
cant change in contact resistance. There are large city exchanges 
in operation in which the initial selections for all originating 
telephone calls are made by such relays comprising a total of 
about sixty thousand relays, some of which have been in con- 
tinual operation for fifteen years, which are never inspected or 
tested and which collectively show failures or defects in operation 
numbering no more than two hundred eases per year in the 
performance of about five hundred million selective operations. 
In a particular large exchange the ratio of failures to selections 
is about one in five million. These relays have never been 
given routine tests and have had only occasional ones and in some 
cases, no inspection since installation. 


Reference was made by Mr. Lichtenberg, in his paper dealing 
with the same subject matter reported in the JourNAL of last 
August, to the wide range of temperature under which supervi- 
sory systems must operate. Relay selection gear fulfills these 
requirements far better than any other form of selecting mecha- 
nism in existence. As an example, there is an unattended remote- 
controlled all-relay telephone exchange in Ohio, which gives 
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continual local and long-distance service to about 140 subscribers, 
situated at a distance of sixteen miles from a city and operated 
over a pair of control wires from the city, housed in a small 
building without any means of controlling temperature or hu- 
midity. The relay selection equipment has developed only one 
fault in fourteen months, has had only casual inspection without 
any adjustment or repair whatever in seven months, and has 
been without even a visit from an inspector for ten weeks during 
the winter. During this time there have been no cases of in- 
terruption of service or of failures in selection traceable to the 
relay switching equipment. 

The conspicuous merits of the relay selection systems composed 
of telephone relays, as compared with step-by-step, ratchet- 
driven and with rotary power-driven selective gear, are 
as follows: 

The moving parts of the relays are pivoted armatures and long 
flexing flat springs only, with small and fixed ranges of movement 
with ample factor of safety in power working against relatively 
unchanging frictional resistance. The contacts themselves, 
when multiplied, are for all practical purposes free from failure. 
When properly constructed the relays never afterward require 
adjustment or cleaning. The complications of the selective 
gear lie in the circuits which, being in the form of soldered and 
cabled wire net works, are unchanging and permanent. 

Such relays could readily be made much heavier and even 
more ornamental, but so far as | am aware there are no reasons 
other than personal taste to warrant the added expense. After 
all, the function of a relay is to move a bit of bronze or platinum 
against another bit, and telephone relays do that very well. 

On the contrary, step-by-step or constantly moving selective 
mechanism is in all cases dependent upon the operation of relays, 
subject to whatever failures may characterize relays, with the 
additional handicap of being itself composed of numerous small 
moving parts—ratchets, pawls, retractile springs and brushes— 
among which accurate, minute, mechanical adjustments must be 
closely maintained under driving forces varying widely and 
against frictional resistance and inertia also varying widely. 
Its complications lie largely in nice relations of moving parts 
and forces. In order to be operative such mechanism univer- 
sally requires rather closely regulated voltage, must be adjusted, 
lubricated, and kept free from dust and oxidized metal—con- 
ditions which change with use, atmospheric conditions and time. 

Chester Lichtenberg: Supervisory systems, as mentioned 
in the paper, are new. Only a few of them have been in service 
sufficiently long to obtain experience with them. The discussion 
presented by Mr. Don Carlos is, therefore, exceedingly valuable 
since it presents in most thorough fashion an operating problem 
together with three suggested solutions of it. 

The discussions of Messrs. Stewart, Wensley and McBerty 
present data which supplement that given in the paper and 
express opinions relative to operation. These opinions are 
indeed very valuable, since designers of supervisory systems will 
no doubt examine and take from them such suggestions as will 
prove of material benefit to the art. 

A discussion of supervisory systems cannot be concluded 
without again making clear the fact that these systems are quite 
different from remote-control systems and, therefore, their 
application must be carefully made if they are to be successful. 
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Synopsis.—In this paper the author deals with one of the 
questions with which the International Electrotechnical Commission 
vs at present occupied, namely, the determination by simple tests 
of the actual losses in alternators. The author first reviews the 
existing rules and then states the variation of the losses in alternators 
as a function of the load and as a function of the power factor. 
His paper contains records of experimental researches which he 
has made and which serve on the one hand as a basis for discussion of 


the theoretical considerations which he develops and on the other 
hand to compare the actual losses with those obtained by the methods 
gwen in the rules at present in force. The author does not present 
definite conclusions since, in his opinion, these investigations ought 
to form the basis for a program of future researches and ought to 
serve as the basis for discussions in the Rating Committee of the 
International Electrotechnical Commission. 


INTRODUCTION 


HE separate loss method is still often considered 
as sufficient for the experimental determination 
of the efficiency of electric machines. In this 

method a no-load test at the normal voltage gives the 
mechanical losses, friction and windage losses, as well 
as the core or magnetic losses. The electrical losses due 
to the current in the armature and the excitation cir- 
cuit are calculated on the basis of the resistances, when 
hot, of the various circuits and the currents in these 
circuits. This method gives, of course, good results in 
the case of small machines and it is not desired to super- 
sede it, but in the case of large machines, and especially 
in large alternators, it gives absolutely incorrect results. 
In fact, this method does not take into account either 
the actual electrical losses, or the fact that the iron 
losses correspond to an internal voltage higher than 
that at the terminals, and it totally excludes the 
phenomena by which the no-load conditions differ 
from the conditions under load. In short, it neglects 
the stray load-losses. 

Therefore, the modern tendency is to investigate 
methods by which, with simple tests, the actual losses 
in the machines may be determined with great accuracy 
when carrying full load. . 

The American Institute of Electrical Engineers was 
the first of the electrical associations in any of the vari- 
ous countries to establish elaborate rules on this 
subject. 

In what follows the excitation loss will not be taken 
into consideration since this can be determined with 
sufficient accuracy by simple tests. In fact, rules 
established by these associations give methods which 
make it possible to calculate the exciting current on 
load from the no-load and the short-circuit character- 
istics. Besides, it is always possible to get the exact 


value of the excitation loss by a test on load. It is 


much more difficult to determine the magnetic loss and 
particularly the electric loss in the armature. 
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With regard to core loss, the Standards of the 
A. I. E. E. (1925 revision) read as follows: 

“7-468 Core losses.—Drive the machine from an inde- 
pendent motor, the output of which shall be 
suitably determined. The brushes shall be in 
contact, and the machine shall be excited, so as 
to produce at the terminals a voltage corre- 
sponding to the calculated internal voltage for 
the load under consideration. The difference 
between the output obtained by this test and that 
obtained by test under paragraph 7-467 shall be 
taken as the core loss. 

The internal voltage of synchronous machines 
shall be determined by correcting the terminal 
voltage for the resistance drop only.”’ 

To determine the losses on load, these Standards 
propose to augment the core losses by the stray load- 
losses. In regard to the stray load-losses they read as 
follows: 

““7_470 Stray Load Losses.—These include iron losses, 
and eddy-current losses in the copper, due to 
fluxes varying with load and also to saturation. 
Stray load-losses shall be determined by operating 
the machine on short-circuit and at rated-load 
current. This, after deducting the windage 
and friction and J? R loss, gives the stray load- 
loss for polyphase generators and motors.” 

This method of obtaining the stray load-losses from 
the short-circuit tests has likewise been adopted in 
France. However, the following method may also be 
used alternatively: 

“With the rotor removed and the stator winding 
carrying normal current at rated frequency, the 
power input is measured. 

This value, after deduction of the I? F losses, 
represents the supplementary losses.”’ 

Several comments will be made on these rules; 
first, it is easy to see that the geometrical addition of 
the ohmic drop to the normal voltage has no influence 
whatever on the value of the iron loss to be introduced 
in the calculation of the efficiency. However, this rule 
shows that a certain correction should be made to the 
normal voltage to account for the actual core loss on 
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load. One of the main objects of this study is to deter- 
mine the precise amount of this correction. 

Then, with regard to losses other than the core loss, 
that shall be accounted for on load, two questions should 
be answered; first, do the two tests give the same 
result and second, in what proportion is this result to 
the actual losses? 

It is well known that in turbo alternators or in 
general, in high armature reaction alternators, the 
short-circuit losses measured are very much too high; 
the tests reported hereafter were made to determine 
whether or not this is the case with salient pole alter- 
nators of small size and small armature reaction. It 
is essential to know the value of the armature reaction 
in determining the accuracy of the short-circuit test 
as a method of measuring the stray load-loss. Several 
authors? have already given reasons for this experi- 
mental feature in the case of turbo alternators, and it 
is needless to go into them here. However, these 
reasons cannot be applied to salient pole alternators; 
but contrary to what is generally admitted, it seems 
that the iron loss on short circuit cannot be neglected 
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on account of the well-known shape of the field curve. 
See Fig. 1 as an example of such curves. 

On the contrary, the results of the test with rotor 
removed seem to be nearer actual conditions, even in 
the turbo alternators. One objection to this test is 
that it is carried out with a very low power factor which 
implies a lack of accuracy in the readings of the watt- 
meters, especially if current transformers are used. 

Reviewing the situation, it may be stated that the 
core loss determined according to the: A, 1. Bi. 36. 
Standards is certainly too small, while the electrical 
losses resulting from the short-circuit test are often 
too large. However, it may be possible, as already 
expressed at the Hague, that the sum of these two 
indications is sufficiently close to the actual value of the 
losses on load. In the event that this could be proved 
for a sufficient number of very different machines, the 
prescribed rules of the Standards would hold good. 

We trust that the tests reported hereafter will shed 
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some light on these various questions. These tests 
have been carried out at the works of the Société 
Alsacienne de Constructions Mécaniques, at Belfort. 
These measurements are very delicate, and in order that 
definite conclusions be reached other manufacturers 
should make similar tests. We consider the present 
study more as a basis for discussion and as a program 
for further investigations. 

Definitions. As in the plain separate loss test the 
losses will still be segregated into mechanical, magnetic 
and electric. No special comment is necessary with 
regard to the first; these include the sum P, of the fric- 
tion losses in the bearings, the friction losses of the 
brushes, etc., as well as the windage and the ventilation 
losses. By magnetic losses is meant those due to 
flux. These are developed principally in the active 
iron; however, they can develop elsewhere. They 
include, for example, the losses at the surface of the 
pole pieces, those in the fastening bolts and in the end- 
bells or end-plates, where they are generated by the 


Jeakage flux of the inductor. They vary with the load 


and are in consequence a function of both the current 
I and the voltage U. By-electric losses are meant the 
losses proportional to the square of the current. They 
appear not only in the copper of the armature but in 
every part of the machine where currents are induced 
by. the main current, such as end-bells, end-plates, 
dampers, etc. 

Neglecting, as stated above, the excitation loss in 
the machine, the total losses, P, can be represented by 
the following equation: 

P=P,+fU,I)+al. (1) 

The above definitions do not mention the stray 
load losses as these are included either in the magnetic 
or electric losses. 

Electric losses. The coefficient a in the expression 
a I? is equal to the resistance r of the winding, multi- 
plied by a factor k greater than unity. 

a= kr 

It should be noted here that the electric losses are 
not necessarily proportional.to the square of the cur- 
rent. When the solid parts subjected to the induced 
currents become saturated by flux, it may happen that 
some of these terms vary according to another law. 
But, as stated above, we will neglect such variation and 
assume the law of the square. 

In what follows we will assume that for a given 
temperature of the machine and consequently for a 
well determined value, 7, of the resistance, the value of 
k is independent of the value of the current and of its 
phase angle. . 


Variation of the magnetic loss with the load. Curve I 
of Fig. 2 represents the no-load losses of an alternator 
running as a synchronous motor at no-load, with mini- 7 
mum current. This curve we shall call the “no-load 
loss characteristic.” It is desired to find on this curve 
the value of the virtual internal voltage corresponding 
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to the magnetic loss on load, for a given current and a 
given phase angle, which voltaze we will call the 
“magnetic loss voltage.” 

Let OA (Fig. 3) represent the normal voltage Uy 
at the terminals, or else the flux in the machines ; add 
geometrically to O A the ohmic drop A B = kr I , also 
the inductive drop D B = x I, due to the leakage flux, 
to obtain the total electromotive force O D (or O D’ 
in the case of a leading angle of phase when running asa 
generator). 
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Fig. 2—CHARACTERISTICS OF CorE LossEs 


It would be very simple, as it has been proposed, to 
adopt for the value of the magnetic loss voltage that 
corresponding to the vector O D, as the inductive drop 
BD due to leakage can be measured with sufficient 
accuracy without difficulty.’ 

This method has already been proposed at the Hague 
and it may be possible that the results of the studies 
now in progress will lead to its insertion in the rules. 


However, there are several reasons why the voltage 
O D does not represent the magnetic loss voltage. 

First, the inductive drop B D due to the leakage is 
composed of two parts: the one BC corresponding to 
the leakage in the end turns of the coils, the other CD; 
due to the leakage in the slots. But the flux in the core 
is only OC, so that taking the voltage OD as the 
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magnetic loss voltage: will, therefore, give too high 
values. 

Further, the leakage flux in the slots tends to saturate 
the teeth which separate the slots belonging to two 
different phases when the alternator runs on a capaci- 
tive load, and tends to weaken the flux in the teeth when 
it runs on an inductive load, which increases the losses 
in the first case and reduces them in the second.‘ 

Obviously, it may be inferred that it would not be 
correct to add vectorially the total inductive drop B D 
to obtain the magnetic loss voltage; it seems that a 
virtual inductive drop x,I = Dd should be added, 
(less than B D), to obtain this voltage. Running with 
a lagging phase angle, the losses would be smaller than 
those corresponding to the inductive drop O D; while 
with a leading angle of phase they would be higher since 
O d’ is greater, in that case, than O D’. 

But a very important experimental fact invalidates 
these conclusions in great proportion. It is known 
that the field curve along the surface of the poles of 
salient-pole alternators varies considerably with the 
phase angle of the current. 


Fig. 4—Fir ip Curves or ALTERNATOR 
a. No load b. Lagging ec. Leading 


This curve inflects with lagging armature current 
(field over-excited) and swells, becoming nearly a sine 
wave with leading current (field under-excited). 

Fig. 4 is an example of such curves. Fig. 4A repre- 
sents a field curve at no-load and Figs. 4B and 4c 
correspond to lagging and leading phase angles re- 
spectively. But the curves of the type of Fig. 4B 
give higher losses than those of the shape of Fig. 4c; 
this is proved theoretically and confirmed by tests. 
Thus the points d and d’ draw nearer again to D and 
D'. See Fig. 3. It is proposed to determine precisely, 
by suitable tests, whether, and by how much, the 
virtual inductive drop Bd = x, 1, which we call the 
““nductive drop of loss,’ differs from the inductive drop 
of leakage B D. 

Owing to the secondary phenomena we have just 
mentioned there is nothing to indicate that the reactance 
of loss, x,, is independent of the phase angle for a given 
current. However, in the following developments we 
will assume that the reactance x, is constant. On this 
assumption, the current being constant, when the phase 
angle varies, the point d describes a circle around A 
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as a center, with A d as a radius. This assumption as 
well as that of the constancy of the factor k shall be 
justified by tests. 

Determination of the constants k and x,» from measure- 
ments of the losses, the machine being run as a synchronous 
motor at no-load, with variable current Itis possible to 
run an alternator approximating normal conditions at 
no load as a synchronous motor, either over-excited 
or under-excited at nearly zero power factor, the current 
being the same in each case. The power input in 
these two tests represents the losses, and will not only 
give the reactance of loss x, and consequently the mag- 
netic loss, but also the electric losses and, therefore, the 
factor k. 

The conclusions that can be drawn from these tests 
amply justify the assumptions, for these are the limit- 
ing values of the secondary phenomena and particu- 
larly of the variation of the shape of the field curve. 

In fact, for the over-excited conditions, the total 
losses P’” may be expressed for a three-phase alternator 
by 

P= Pi +38kr P+ f(U) (2) 
r being the resistance per phase. U” is the loss voltage 
corresponding to these running conditions (Fig. 2) 
and as shown in Fig. 5 is approximately: 


UY =ON" =U,+2,1 V3 (3) 
az, being the reactance of loss per phase. 
Similarly, in the under-excited conditions: 
Pee kr? —f4 bu) (4) 
where 
Ul = ON’ =U,— 2,1 4/3 (3 a) 
Subtracting (4) from (2) 
Dee ee ene aa! (Us) (5) 


= a” — a’ taken on Fig. 2. 

The question is then to obtain by successive approxi- 
mations, which are easily made, two values of U’ and 
U", symmetrical with regard to Uo, and such that the 
difference of the losses measured on the loss character- 
istic (Fig. 2) is equal to p. 

Then: © 


U" — Up U,— U’ 
Cl ee ae ae er a 


IK eye 


Substituting this value of x, in equation (3) gives 
U”, and this, when substituted inequation (2), deter- 
mines K r._ Now, since r is known, K is obtained. 

Knowing the values of k and ,, the loss at any load 
may be calculated. The magnetic loss voltage O M 
for any running condition may be determined from the 
diagram of Fig. 5; and knowing this, the magnetic losses 
may be obtained from the loss curve, to which the 
kr I? losses are to be added and also the mechanical 
losses Po. 


(6) 


5. In other words, readings of the power input are taken 
when the alternator is run as a synchronous motor for the V- 
curveytest. 
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It is to be noted that this method, as in the case 
with the rotor removed, involves the disadvantage of 
being carried out at a low power factor. However, 
with certain precautions, this method can be carried 
out successfully, as the following tests indicate. If 
wattmeters gave correct readings at low power factor, 
this method could be extended to the calculation of the 
losses in any running condition, provided, of course, 
that the above assumptions be justified by tests. 

Study of the curve of the losses as a function of current 
when running as a synchronous motor at no-load. The 
above assumptions could first be checked in the follow- 
ing manner: Simultaneously with the readings for the 
V curve, readings of the corresponding losses are 
taken, and then a curve of these losses is drawn in terms 
of. the current. We have called this a comet curve 
because of its special shape. Readings of the losses 
are then taken for the same current J, on the two 
branches of the curve, corresponding to which, values 
of «, and k are deducted according to the above method 
and from these values the comet curve is plotted. The 
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coincidence of the calculated curve and that obtained 
from test will justify the assumptions. 

This calculation is possible only when the equation 
of the no-load loss characteristic is known. It is 
particularly simple in non-saturated machines where 
this curve is a quadratic parabola. 

In this case it is possible to avoid the cut-and-try 
method by solving equation (5); f (U) is then of the 


2 


form, The analytical solution is given by the 
equation: 
: U” U” 

= — 7 

since: P C 2 
(U" — Oi) = (OY =e C4 (U” + Uy 

OU" S320, (8a) 

U" — U' =22,11 73 (8b) 
Thence: 
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which gives: 
eee in ee .; 
AVAL hay ae ) 


p can then be determined by setting up the following 
expression for the losses corresponding to the voltage 
U,—see Fig. 2. 


oe P.= Pyand Bis 
=.P,— Pyand p = pep 


Kk is then deducted and thus it is possible to calculate the 
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electric losses and to plot the comet curve for the vari- 
ous values of the current. 

Were it possible to assume the no-load loss character- 
istic to be a parabola of the second order, the above 
mentioned method could be employed to give a first 
approximation of the value of x,, later to be revised by 
a cut-and-try process. 


[ 


iligepe 76 


Formulas (8a) and (8b), and the conclusions drawn 
therefrom, have been based on the assumption of zero 
power factor. This condition is fulfilled even for small 
values of current, and it is only for currents near the 
minimum of the V curve that the method indicated fails. 

If it is assumed that the no-load loss curve is a 
quadratic parabola, it is possible to calculate the 
comet curve for the exact value of the angle of phase; 
however, to give this study a practical instead Ole 
theoretical aspect, we will not present this develop- 
ment here. The curve of Fig. 6 has thus been calcu- 
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lated, and for the current I , the corresponding losses 
are P” and P’. 

Even when variable power factor is taken into ac- 
count near minimum current, the points of the comet 
curve do not correspond with those of the curve ob- 
tained from the tests. It is known that the wave form 
of minimum current of a synchronous motor is very 
distorted (Fig. 7). The minimum current read will 
be higher than that corresponding to the voltage and 
the power. This explains why the test results give the 
dotted part of the comet curve shown in Fig. 6. 

The comet curve has a peculiar characteristic which 
may appear paradoxical at first. This feature is of no 
practical interest. However, it may confirm our 
hypothesis. It will be noticed on Fig. 6 that the mini- 
mum loss does not correspond to the minimum current. 
The losses decrease in a certain part of the curve when 
the current increases. This minimum loss occurs when 
the conditions are such that the increase of the electrical 
losses k r I? is less important than the corresponding 
decrease of the magnetic loss. Hence, this minimum 
occurs for a certain ratio between x, and k r. 

The existence of this minimum is easily explained 
analytically in the simple case of the quadratic parabola. 
Since this minimum can only occur in under-excited 
conditions, formula (4) reads as follows: 


PoP, bhp py Wor tel V3) 
p 
which gives: 
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as the equation of the lower branch of the comet curve, 
on the assumption of zero power factor, which as stated, 
is permissible, even for small values of current. 

This parabola gives a minimum corresponding to a 
current: 


U> Lp 
= SS 12 
a V3 (&p + kr p) (12) 
and a power: 
U.? | fy iS 
abs ae er wearee care ee 
Pana) AE) late] ® 
Ui? | Lp = 
| NSP p | om 0 V 


Ue? 
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sents the no-load loss P, at the pressure U , therefore, 
can be written 


which, remembering that the term P, + repre- 


(13a) 


This minimum power has no physical existence un- 
less the value of the minimum current J,, taken by the 
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motor be less than the current J, corresponding to the 
minimum of the losses 

Lipsela (14) 


It can be shown that this corresponds to the condition 


eles kr< (15) 
Pp. a ie ie Lop 


or 
Total no-load losses 


PSL aie ae Wf <ary 
No-load core losses nf 


Experimental researches. A series of tests has been 
earried out on a 320-kv-a., 3000-volt, 61.6-ampere, 50- 
cycle, 26-pole synchronous motor. The results of 
these tests have been translated into the curves of 
Figs. 1, 2, 4,6 and 8. The comet curve of Fig. 6 and 
the field curve of Fig. 4 have not been obtained at the 
normal voltage of 3000 but at 2000 volts, as the no- 
load loss characteristic at the latter voltage very nearly 
follows the law of the square, and also because the 
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I—Losses, measured, rotor removed 
II— Short circuit losses 


differences in the field curves are more pronounced 
when the alternator is not saturated. 

As already explained, this characteristic has been 
- obtained from the value of the power input with the 
machine running as a synchronous motor, at no-load 
and at the minimum current. The motor became 
unstable below 620 volts. Therefore, the dotted part 
of the curve had to be assumed in order to determine 
the mechanical losses; P) = 2050 watts. The total 
losses P, on no-load at Uy) = 2000 volts are 4150 watts, 
which gives as the iron loss 4150 — 2050 = 2100 watts. 

p will be obtained from 


2000? 


2100 = 


thence, p = 1905 ohms. 
The iron losses at 2356 volts and 1644 volts are: 
4970 — 2050 = 2920 watts and 
3470 — 2050 = 1420 watts, respectively. © 
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In order to determine whether the law of the square 
is satisfied, at 2356 volts we find 


2 
=— = 2905 watts against 2920 watts; 
and at 1644 volts 
1644? 
ae 1 2 tt 
1905 1418 watts against 1420 watts 


These results are practically identical. At 3000 
volts, on the contrary, the curve considerably deviates 
from the quadratic parabola. 

Let us now refer to the comet curve of Fig. 6. With 
the alternator running at no load as an over-excited 
synchronous motor, and carrying an armature current 
of 40 amperes, the power input was 7700 watts as 
compared with 6200 watts for the under-excited 
conditions. : 

Then p = P” — P’ = 7700 — 6200 = 1500 watts 


Formula 9 gives for the reactance of loss, 


p p 1500 x 1905 


Ms THT, v8 4K 2000 40/8 On 


and for the inductive drop of loss, 
t, 1, V3 = 5.14 X 40 V3 = 356 volts 


The loss voltages are respectively: 
U" =Uy + tp 11 V3 = 2000 + 356 = 2356 volts 
U' = Up— tp 1; V3 = 2000 —.356 = 1644 volts 


Equation (2), 
Pp” = P,+f(U") + 3kr I? becomes 
7700 = 4970 + 8krP? 
whence 3 kr I? = 2780 watts. 


The resistance r per phase is 

r = 0.52 ohms 

which gives 
2730 


b= 3 SOneeeso. ee 


or kr = 0.569 ohms. 


Thus, we know all the data required for the calcu- 
lation of the comet curve. This has been traced on 
Fig. 6 and practically coincides with the curve obtained 
from the tests. The coincidence is particularly marked 
for the minimum P,, of the losses. The existence of this 
minimum is evidenced by the verification of the follow- 
ing inequality: 


Total no-load losses 


aS Le << 
No-load iron losses vp 


which gives in our case; 
ae x 0.569 < 5.14 
“prtteon eeciabay esas 
The corresponding current I, for minimum input is, 
according to (12), 
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_ Go . a _ 2000 5.14 

V3 a2 +krp 3514 + 0.569 1906 
I,, = 5.85 amperes. 

The minimum power P,, is, according to (13a), 


I, 


‘ead ote 


UT 38 
7 Ul v3 


Po = 4150 a 3 
= ~ 1905 000 x 5.385 V3 


P.. = 4100 watts 
this being 50 watts less than the total no-load losses. 
The minimum current J,, measured was 2.1 amperes. 
This high value results from the distortion of the cur- 
rent wave (Fig. 7). If the current wave were a sine, 
the actual current should be: 


4150 
2000 ./3. 


The problem is now to determine, first, the ratio of 
the reactance of loss x, to the leakage reactance x 
and then the ratio of the actual losses to the losses 
given, either by the test with rotor removed or by the 
short-circuit test. 

The ratio of reactances was obtained by a method 
proposed by the writer®. The rotor being removed, a 
rectangular coil was arranged on the stator core, two 
sides being parallel with the axis of the machines and 
the two other sides running along the ends of the core. 
This coil embraced one pole pitch and consisted of one 
or more wires. 

The stator winding was then supplied with a current 
I, of frequency f and readings were taken of the im- 
pressed voltage U., and also of the voltage u, across 
the ends of the rectangular coil. 

Let v be the number of turns of the coil, r, and 1, 
respectively the resistances of the coil and the volt- 
meter across the terminals of the coil. The flux across 
the cylindrical space inside the stator is: 


Us X 108 1 
pared AAs [ 


= 1.2 amperes 


s | Maxwell’s (16) 


corresponding to a pressure at the terminals of a three- 


phase machine of 
U. = 2.138 V3 f N &, 10-8 volts (17) 
N being the number of conductors in series per 
phase. 
The reactance x due to the leakage of the stator is 
then: 
U,=— U, 
Sy eee ry 
Fora current I, = 67 amperes, the following voltages 
have been obtained, 


6. Edouard Roth, Revue Générale de l’Electricité, 7 Febru- 
ary, XVII, p. 217. 


(18) 
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U, = 861 volts, u, = 
at f = 50 cycles per second. 
The coil was made up of but one wire making vy = 1; 
r, and 7, were 
ty = 4.7 ohms, 7, = 0.17 ohms 
corresponding to 


0.441 volts 


Ys 


= 0.036 
Hence, 
Fe 0.441 « 1.0386 x 108 2 ‘ 
e= 4.44 x 50 = 0.207 x 10 


and for N = 728 conductors per phase, 
U. = 2.13 V3 X 50 X 728 x 0.207 x 10-2 = 278 volts 
Therefore, 


861 — 278 
67 V/3 


which corresponds nearly to the value of 5.14 ohms 
found for z,. 

In this case it is permissible to take as the value of 
the inductive drop of leakage of the stator that of the 
inductive drop of loss. 

While the above test was made at a variable current, 
readings of the stator losses were taken, (Curve I, Fig. 8) 
giving, for 40 amperes, a loss of 2750 watts, which is 
practically equal to the above loss, 

3krI? = 2730 watts 

The losses on short circuit were measured as follows: 
The machine was driven by a direct-current motor 
the power input of which was measured with the alter- 
nator running on short circuit. Curve IT, Fig. 8, gives 
the input to this motor in terms of the current in the 
alternator. 

For the calibration of the motor the alternator 
was run on no-load, at a variable voltage, the input to 
the d-c. motor also being measured. Curve II ra ity, 
2, has thus been obtained. As Curve I on the same 
figure represents the actual power input to the machine 
under test, it is possible to obtain the exact losses of the 
direct-current motor. These are measured by the 
difference of the ordinates of the two curves. 

It is thus possible to determine the curve of the 
short-circuit losses of the machine as shown by Curve 
III, Fig. 8. For a current of 40 amperes, the total 
losses on short-circuit are 4850 watts, of which P, = 
2050 watts, should be subtracted, leaving 

4850 — 2050 = 2800 watts 

This does not differ greatly from the 2730 watts 
found above for 3 kr I. 

Therefore, according to the prescribed rules, the 
no-load loss P,, at the normal pressure Uy, should be 
added to the losses on short-circuit. This gives a total 
value of 


= 5.02 ohms 


4150 + 2800 = 6950 watts 
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as compared with the values 6200 and 6700 watts 
obtained when the machine is run at the same current 
as a synchronous motor, either over- or under-excited. 

It should be noted that the method of the comet 
curve, the method with rotor removed and the short- 
circuit test give the same result for the electric losses. 
Further, we have seen that the inductive drop of leak- 
age represents the voltage drop of loss. 

Nots. The tests which have been carried out are 
relatively simple, as they only involve running the 
machine at no load. The conditions under which they 
were made do not enable us to determine the losses 
that may exist on load at power factors other than 
zero. Presently another series. of tests will be carried 
out that will enable us to determine the value of these 
losses for full load and to compare them with those 
found by the separate loss method. 

As already mentioned in this article, it is desirable 
that other manufacturers make similar tests before 
definite conclusions are established. 


Discussion 


W. F. Dawson: In an article published in 1920! I called 
attention to the fact that in many cases load losses indicated 
during short-circuit test were greatly reduced when the machine 
was run at full voltage and rated power factor. 

I have since run many other tests and while I am not prepared 
to lay down any definite rule, I am prepared to suggest that the 
present A. I. E. E. rule (paragraph 470, No. 7) which charges 
all of the load losses measured during short circuit against the 
losses of the machine, is probably unfair. Since the publication 
of my article in 1920, improved methods have been developed. 
At that time I intimated that electric heaters delivering a known 
quantity of energy into the discharge duet could be employed 
as a calibrating device. I had tried them in a rather amateurish 
way. Since then we have perfected our electrical air heaters 
and we have also perfected resistance thermometers for measur- 
ing the inlet air, the outlet air, and the temperature of the air 
after it has passed the electric heater. It is now a comparatively 
simple matter to measure the actual losses of a machine having 
an enclosed ventilating system, such as turbine alternators, under 
any condition of load. 


We have satisfied ourselves that the question of convection, 
at least on high-speed machinery, introduces no appreciable 
error, even though we have not been able to establish an exact 
emissivity constant. This may possibly vary from 0.0125 
watts per sq. in. per deg. cent. rise of the frame surface to 0.007 
watts per sq. in. per deg. cent. rise; but when it is realized that 
even with the higher figure the convection loss amounts to less 
than two per cent of the total loss on an alternator as small as 
3750 kv-a. and the total loss in turn is only 4.2 per cent of the 
rating (on 3000 kw.), the total loss due to convection will be only 
about 0.08 per cent of the rating. : 


It has been my pleasure, during the last year, to build and test 
a turbine alternator rated three-phase, 480 volts, 7518 amperes, 
0.8 power factor. Check tests at full load, 0.8 power factor, 
were made on the customer’s premises a few weeks ago. The 
factory test consisted of a zero-field (no excitation), open-cireuit 
heat run at normal voltage and a short-circuit heat run at normal 
current, the calorific method being used to estimate the losses. 
The aggregate of these losses, assuming the same losses under 
operating condition as during short-circuit test, was 279 kw. 
On the customer’s premises a check was made under contract 
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conditions, except that the phases were slightly unbalanced; 
the average armature current was slightly over the rating and 
the armature voltage slightly less. The normal rating of 5000 
kw. was maintained accurately, the field current held constant 
and the power factor, within one per cent of the 0.8 guaranteed. 

What was the result? The generator was equipped with an 
air cooler. We installed flow meters to measure the quantity of 
cooling water, thermometer wells, and calibrated mereury ther- 
mometers reading to within 0.1 deg. fahr. We also installed 
numerous thermometers for measuring the temperature of the 
(inlet and outlet) air. Assuming that the factory measurement 
of quantity of ventilating air was still correct value, total losses 
by temperature gain of the ventilating air were 266 kw., while 
for the temperature gain of the cooling water, the value indicated 
was 270 kw., a check within 1.5 per cent. An average between 
the 270 kw. and the 266 kw. (between the air and the water 
method) gave 268 kw., which was 11 kw. less than the aggregate 
shown by the factory measurement. 

B. L. Barns: What I have to offer has reference to the gen- 
eral subject of the determination of losses in alternators. 

We have built in Canada some very large vertical shaft 
alternators which are installed in the Queenston Power House 
of the Hydro-Electric Power Commission. In making the ac- 
ceptance tests it was not possible to determine the load losses 
by any of the methods described in the A.I.E. E. rules, and for 
the efficiency results an assumption was made regarding the 
value of these losses. Naturally in view of the size of these 
generators we were curious to know just what was the true value 
of these losses. In reviewing the work that had been done it was 
noticed that in 1918 Mr. H. M. Hobart had suggested what 
he called the calorimeter method. Later, in 1920, Mr. Dawson 
described the method which he, himself, has mentioned. Mr. 
Dawson’s method involved heating the air that passes through 
the machine and under the conditions existing at the Queenston 
Power House it was quite difficult to take care of this feature. 
Furthermore it was very difficult to obtain an accurate measure- 
ment of the air passing through the generator. 


Mr. Hobart’s suggestion and Mr. Dawson’s experiments 
offered a clue as to a method that might be used. An accurate 
determination had been made of the windage and friction and 
the open-circuit core loss on which we had consistent checks. 
It was reasoned that since the value of the core loss was known, 
it would be possible to determine by test the temperature rise 
of the air passing through the generator due to the core loss; 
then, having determined this constant, the losses under any other 
condition of load could be determined by measuring the tempera- 
ture rise of the air. Thus, if it were found that the temperature 
rise of the air at full load was twice or three times the rise due 
to core loss alone it would be reasonable to conclude that the 
total loss was two or three times the core loss. Accordingly, a 
series of tests of this nature has been carried out on two of the 
generators. The tests consisted of measuring the temperature 
rise of the air under four conditions of load; windage and friction, 
open-circuit core loss, short-cireuit core loss, and full rated load. 
It was necessary to separate the windage and friction from the 
open-circuit losses because the losses in the thrust and guide 
bearings were not taken up by the cooling air but were carried 
away by the cooling water and circulating oil. The difference 
in the temperature rise of the cooling air under conditions of 
open-circuit, normal-voltage core loss and windage and friction 
represents, therefore, the temperature rise for a known loss 
which is the core loss and the field copper loss. These results 
permit the establishment of a constant representing the kilo- 
watts loss per degree rise of the cooling air. Having obtained 
the value of this constant, other runs at full load or on short 
circuit may be made and the temperature rise of the air measured 
and the value of the total losses determined. 


This method of test of course involves the measurement by 
suitable test of the windage and friction and open-circuit core 
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loss so that a known loss may be used for determining the tem- 
perature-rise constant. These losses may be determined by 
running the alternator as a synchronous motor and measuring 
the input, or by a retardation test. Tests by these two methods 
were made on one of the Queenston generators and remarkably 
consistent results were obtained. Our first trial of this method 
was made in June 1924, but, due to some unforeseen conditions, 
we were not well satisfied with the results and they were later 
repeated with quite satisfactory results which were described 
by the speaker in a paper which was read before the Toronto 
Section of the A. I. E. E., in February 1925. This method of 
test is briefly described by Mr. Roth in his paper? on the 60,000- 
kyv-a. turbo alternators for Genevilliers. 


This method of test has certain limitations and obviously it 
cannot be used on all types of machines. No doubt it could be 
used with success in the case of most turbo alternators and en- 
closed alternators, synchronous motors, and condensers. The 
generator setting at the Queenston Power House is particularly 
well adapted to this method of test in that it is enclosed in a 
chamber having walls of hollow tile so that the radiation and con- 
vection are reduced to so small an amount that the error would 
be of a very small order. (A description of these generators and 
their setting is published in volume XLI, pp. 472-499, of the 
A. I. E. E. Transactions). In carrying out a test of this kind it 
is essential that the true mean temperature of the air entering 
and leaving the machine should be obtained and several methods 
of doing this have been proposed. We have used a large number 
of thermometers with 0.1-deg. graduations together with an 
ordinary copper wire resistance grid, and the average readings 
of the thermometers have checked closely with the grid. I 
wish to call attention to one necessary precaution in making 
this test; each run should be continued long enough to obtain a 
constant temperature of the coils and iron of the machine and at 
the same time the temperature of the cooling air should be con- 
stant because a rising or falling temperature of the cooling air 
will introduce a considerable error even though a constant tem- 
perature rise of the air passing through the machine may be ob- 
served for considerable time. These precautions apply to 
the methods described by Mr. Dawson as well as to the method 
which I have described. 


P. A. Borden: In most of the methods which have been 
used for the determination of losses by measurement of tempera- 
ture rise in the cooling air, it would appear that there exists the 
necessity of either determining the quantity of air supplied to 
the machine, or of maintaining that quantity at a very steady 
rate of flow. In the testing of large units, exact measurement 
of the air flow is usually very difficult, while the maintenance of 
a uniform rate is seldom practicable. 

While the following method is not offered as a panacea for all 
the troubles attending such a measurement, it would seem that 
the fact of its not being inherently dependent in its results upon 
volume or rate of air flow or upon temperature of the air supply 
would tend to remove many of the objections to the thermal 
system of loss determination. 

Basically, the method, like a number of others, consists of 
introducing into the inlet and outlet air passages resistance grids 


having the same temperature coefficient, connected as two arms 


of a Wheatstone bridge. The bridge is first balanced in what we 
choose to call the “zero” position. After a steady condition of 
losses is established, the unbalance of the bridge due to the tem- 
perature gradient in the air column is corrected; but the restoring 
of the balance is not accomplished by manipulation of the circuit 
of the bridge, but by “artificially” raising the temperature of the 
cooler grid to meet that of the other. Measurement is then 
made of the power necessary to be introduced into the cool arm 
of the bridge to equalize the balance; and this value, expressed 
in watts, should bear a constant proportionality to the heat 
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energy Communicated to the air by the losses in the machine. 

The elementary parts of the system are shown in the accom- 
panying sketch, where R; and R» represent the resistance erids 
in the air inlet and outlet, respectively. These erids, as units, 
form two arms of a bridge circuit and are balanced on the gal- 
vanometer G by means of the slidewire S. The grid in the 
incoming air passage is itself made up in the form of a balanced 
Wheatstone bridge, so that the auxiliary heating current may be 
passed though it without disturbing the balance of the main 
bridge circuit. This current is derived from an auxiliary souree 
(preferably alternating), and supplied to equipotential points 
of the grid R. It will be seen that with this arrangement 
neither the voltage drop due to the auxiliary current nor the 
resistance of the auxiliary circuit has any direct effect upon the 
balance of the main bridge. The other grid, while not neces- 
sarily a duplicate, is preferably of a similar construction and of 
approximately equal resistance. Upon the establishment of a 
temperature difference between the two grids, with a consequent 
unbalancing of the bridge, current from the auxiliary source is 
fed into R; and adjusted until the balance is restored. A reading 
on the wattmeter W of the amount of power thus supplied to 
the grid then gives a measure of the heat dissipated by the 
machine under test and communicated to the outgoing air. 
Calibration of the set-up is accomplished by making one or more 
determinations with a known value of losses dissipated by the 
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machine, thus establishing the relationship between the measured 
value of the auxiliary watts and the quantity under investigation. 

The controlling factor in the acceptability of this method of 
test would appear to lie in the constancy of ratio between the 
values of the auxiliary watts and the watts dissipated as losses 
in the machine; and there has not been as yet (Feb. 1926) an 
opportunity to study the soundness of the system on an actual 
power house installation®. Laboratory tests have been inde- 
pendently made, however, by the writer and by Mr. Baker of 
the Ontario Power Company, using set-ups of dissimilar design 
and following different courses of procedure, but both with a 
view to establishing the constancy of the ratio under varying 
conditions, principally of air flow and watts loss. 

While at the present time a compilation of the results of these 
tests is rather premature, it has been possible to arrive at con- 
clusions which would appear to justify further investigation 
under actual service conditions; and it will be of great interest to 
learn of others following out a similar application of the principle 
described. : 

W. J. Foster: It is interesting to note that the author 
points out what many of us have been conscious of all along; 
that our method of determining the total losses of machines is 
approximate. 


3. Since presentation of the above discussion this method has been 
tried out in a large hydroelectric station with very promising results. 
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I should like to revert to the first attempt made to estimate load 
losses and speak of the two men whom I think had more to do 
with the exact formula than any others. I refer to Mr. Lamme 
and Dr. Steinmetz. They both regarded the determination 
of losses under short circuit as giving excessive values for load 
losses due to the very abnormal conditions the worst possible 
distortion of the flux existing. Consequently, they made an 
estimate of one-third of the short-circuit load losses as the load 
losses. 

It soon became evident to all designers that that wes not 
sufficient. On the occasion referred to by two or three of the 
speakers, when so mahy papers were prepared, determinations 
had been made by input and output method on a number of 
machines, and it was found that on the machines selected, the 
addition of the entire short-circuit losses to the other segregated 
losses gave efficiencies that agreed very closely with the over-all 
efficiency. That is how it happened to be agreed upon. 


Mr. Roth speaks of the method, I think, as applying to turbo 
generators. We are all aware that there is a difference in 
the type of generator. Turbo generators have almost invariably 
distributed field windings; that is, the field windings are in several 
slots, with practically uniform air-gap, and with the end windings 
secured by binding bands usually containing magnetic material. 
These bands are at almost the same radius, standing out in the 
lineYof the air-gap. Thus the determination of short-circuit 
losses undoubtedly involves larger losses at the heads of the 
rotor than exist under normal operating conditions. 


In like manner the operation of that type of machine which has 
only a few poles on short-circuit results in losses at the heads of 
the stator that probably do not exist under ordinary operating 
conditions, especially at the 80 per cent power factor condition. 


C. J. Fechheimer: Mr. Roth applies his method to a com- 
paratively small, slow-speed machine, in which the “‘load losses”’ 
are almost negligible; that is, k r is only 9.4 per cent greater than 
r. Has he applied his method to machines in which the load 
losses are high, and if so, how close did it check with other tests? 


It is questionable whether the method is applicable to the 
general case in which the power factor does not approach zero. 
Usually the cross-magnetization of the armature greatly distorts 
the flux, with the result that the magnetic inductions in the teeth, 
and to some extent in the core, are far from uniform. The iron 
losses may be considerably augmented thereby. It is believed 
that this statement is especially applicable to the machines 
described in a recent paper by Mr. Roth®. For those machines 
the armature ampere-turns are higher than are needed to excite 
the machine for no-load normal voltage. 


Mr. Roth assumes the equation of the iron-loss curve to be a 
quadratic parabola (Fig. 2 in the paper). Inasmuch as when 
saturation is approached, that loss increases faster than the 
square of the voltage, so that a simple exponential form of 
equation can no longer be applied, he- uses his method at 2000 
volts instead of the normal 3000, in the machine he tested. How 
does Mr. Roth propose to extend his method so as to make it 
applicable at the normal voltage of the machine? If he assumes 
that the value of k is the same at normal voltage as at the 
reduced voltage, and if he allows for the incremental iron losses 
due to saturation by extending the tests as plotted in Fig. 2 
to normal voltage plus the internal impedance drop added -vec- 
torially, it is questionable whether the method is correct. A 
large number of tests would have to be made to confirm the ac- 

- curacy of the method. 
In 1920 a method of separating the iron loss from the mechan- 
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ical losses was suggested. That did not require the assumption 
that the iron loss is proportional to the square of the voltage. 
The method has frequently been used at the Westinghouse Com- 
pany, and Mr. Roth may find it useful. The machine is run 
idle as a synchronous motor with minimum excitation, just as 
as Mr. Roth does for Fig. 2. The calculations are, however, 
different. 

A considerable part of the discussion has centered upon the 
thermal method of measuring losses. Many of us have attempted 
to measure losses that way, but it is rather difficult to obtain 
accurate results. The check that should be used is to run the 
machine without mechanically-connected load or driving machine, 
and measure the input with calibrated wattmeters. Then, if 
one is assured that the testing equipment is accurate, the load 
conditions may be fixed. It is expected that the results of tests 
along that line will be reported in an early paper by one of the 
Westinghouse engineers. 

E. H. Freiburghouse: Mr. Roth points out, just as others 
have done, that there is considerable difficulty involved in meas- 
uring power input to a synchronous motor running light at low- 
power factor. It is more difficult to measure the power input 
to_a stator of an alternator with the rotor removed. As stated 
by Mr. Roth, the input to the alternator running as a synchro- 
nous motor can be measured quite accurately by determining the 
rate of flow and temperature rise of the air which cools it. 
In other words, it is quite possible to measure the entire losses 
of the alternator at low power factor. The method which he 
proposes, however, for determining the constants k and p 
depends upon the assumption that the electric losses of the 
alternator as a synchronous motor are the same when it is over- 
excited as when under-excited. I do not believe this assumption 
is justified since it is well known that the stray losses in the end 
structure of the stator are very much less when it is over-excited 
than when it is under-excited. These losses as defined by Mr. 
Roth are electrical, since they are known to be generated by the 
induction of the stator winding. 


This is the principal criticism which I have to make of the 
method which he has proposed. It is rather ingenious and 
obtains results which seem to agree quite closely with the tests 
which he made upon the three different alternators. He found 
that in all cases the losses as determined by his method checked 
within 4.3 per cent with the losses as determined by the Rules 
of the A. I, E. HE. and the French Rule. 


Mr. Fechheimer called attention to the function of the voltage 
which appears in the equation on the sixth page. Of 
course that has been assumed as a square function; that is, 
as the square of the voltage. He assumed that and used that part 
of the no-load loss curve in which the relationship of loss to volt- 
age was a square curve. 


Mr. Fechheimer also called attention to the distorted form of 
Fig. 7 in relation to the loss. That is an insignificant influence 
because it really is the condition which the author states exists 
at the minimum input current, which is, of course, an extremely 
small current as compared with the rated current of that 
generator. 


There is one other point; that is with reference to the cross | 


magnetization. I think he takes account of that in the terminal 
voltage as a function of power factor. That is, one can determine 
the voltage which causes the loss by combining the fluxes for 
terminal voltage and that of the reactance voltage. 


4. “A Method for Separating No-Load Losses in Electrical Machinery 
by Carl J. Fechheimer. A.I. E. E. Transactions, 1920, p. 291. 
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Synopsis.—One of the factors which is sometimes responsible 
for very considerable losses in rotating machines is that of eddy- 
current losses in the copper conductors resulting from slot leakage 
flux produced by the main flux. These losses occur at no-load as 
well as under load and should not be confused with the copper losses 
resulting from the slot leakage flux produced by the load current. 
These no-load copper losses occur in salient pole machines, both 
d-c. and a-c., and in induction motors. 

This paper is an attempt to remove the calculation of no-load 


INTRODUCTION 


4 Pass design of electrical apparatus is becoming so 
standardized, and the efficiencies so high, that 
further improvements in performance will probably 
come largely through attention to details which pre- 
viously have been considered of somewhat minor 
importance. This paper considers one of these details 
which has, perhaps, not received as much attention as 
its importance under certain conditions would warrant. 
When a copper conductor in the slot of a rotating 
machine carries alternating current there are produced 
slot leakage fluxes which may induce sufficiently large 
eddy currents in the conductor copper to result in very 
appreciably increased losses. This type of loss has been 
quite adequately dealt with by Field, Gilman, and 
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others. The type of copper eddy-current loss with 
which this paper deals has a different origin and is the 
result of slot leakage fluxes caused by the main flux. 
These losses are often nearly as large at no-load as at 
full load, and are of importance in connection with 
both salient pole machines and induction motors. ; 


CAUSE AND NATURE OF LOSSES 


Fig. 1 illustrates the nature of the slot-leakage flux 
for a salient pole machine. As a slot comes out from 
under the pole tip there is a rapid decrease in the radial 
component of slot-leakage flux and a rapid generation 
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copper eddy-losses from the field of empiricism where it has “pre- 
viously been and to place it on a firm theoretical foundation. Test 
results are presented which show that the theoretical formulas which 
have been developed are correct. 

Some of the consequences of this analysis are rather unexpected 
where the frequencies are sufficiently high to produce large skin 
effect. For instance, laminating the copper may produce increased 


or decreased losses, depending upon the conditions. 


and then dying out of the tangential component of 
slot-leakage flux as shown by Fig. 2, which is from test 
data obtained on a small d-c. railway motor with un- 
symmetrical pole tips. It will be seen that the radial 
leakage flux consists chiefly of the fundamental, while 
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the tangential flux has a larger third harmonic than it 
has fundamental. Some of the other harmonics for the 
tangential flux are also quite large. These results are 
typical. 

Fig. 3 shows the nature of the slot-leakage fluxes for 
an induction motor. It will be seen that there are 
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leakage fluxes in the rotor slots having both radial and 
tangential components. The radial components pul- 
sate in amplitude but do not change sign while under a 
given pole. The tangential components reverse in sign 
twice during the interval required for a rotor tooth to 
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pass over a distance equal to one stator slot pitch. 
The slot-leakage fluxes, both tangential and radial, 
therefore, have a frequency equal to the number of 
stator teeth per pair of poles, multiplied by the rotor 
frequency, the latter frequency being in general nearly 
equal to the applied fundamental frequency. These 
leakage fluxes are small in magnitude but high in fre- 
quency and are often of importance. In the ordinary 
construction, consisting of nearly closed rotor slots, the 
pulsations of leakage flux in the stator slots are usually 
negligible. 

These slot-leakage fluxes are appreciable only when 
the teeth begin to saturate. In salient pole machines, 
tooth inductions of the order of 120 kilolines per sq. in. 
are necessary before noticeable eddy losses in the copper 
conductors begin to be produced. For induction 
motors the tooth inductions must reach about 70 
kilolines per sq. in. before copper eddy losses of notice- 
able magnitude appear. The reason for the lower 
inductions for the induction motors is because of the 
much higher frequency of the slot-leakage fluxes. In 
the case of the salient pole machines the radial fluxes 
produce very little loss as a rule, because the frequency 
is so low and because the copper is usually narrow 
tangentially. The tangential leakage fluxes, however, 
may produce very considerable losses, and consequently 
heating, due to their higher-frequency components and 
the fact that the radial dimensions of the copper are 
usually fairly large. In the induction motor, both 
components of the leakage flux may be quite effective 
in producing copper eddy losses. 


CALCULATION OF COPPER E!DDY LOSSES 


A number of formulas have been devised for calcu- 
lating this type of loss, but they all contain empirical 
constants and all neglect certain essential factors. 
For instance, one of Mr. Lamme’s formulas,? which 
was designed for use with large salient pole machines 
and was very satisfactory for the particular conditions, 
gave calculated losses which were from 6 to 10 times 
the true values when applied to a certain small railway 
motor. The formulas which will be proposed in this 
paper are based on fundamental considerations only 
and were devised without reference to any test 
data. 

If the copper bars in a slot are narrow radially or the 
frequency is sufficiently low, the no-load eddy losses in 


the copper may be calculated by the following simple 
formula: 


1 


6 x 


W2 
f? H? 10-7 
p 
(See list of symbols below.) 
If, however, the bars are wide (this refers to radial 
width when considering tangential slot leakage flux) or 


W. = (1) 


2. Iron Losses in Direct Current Machines. Electrical 
Engineering Papers by B. G. Lamme, p. 499. 
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the frequency high, the above formula will no longer 
apply, due to the fact that the eddy currents in the 
copper produce a damping effect on the flux, thus mak- 
ing the losses less than would otherwise occur. This 
is the well-known skin effect. Under these conditions 
the flux in the region of the center of the bars is damped 
out. (See Fig. 4.) The eddy currents are greater in 
magnitude as the bottom and top of the bars are 
approached and there are no appreciable currents in 
the center; that is, if the center portions of the copper 
were removed there would be no change in the eddy 
losses. 


Some time ago we developed the following formula for 
calculating eddy losses under the conditions of ap- 
preciable skin effect: 

re f? H? 
m p W 10° 


sinh m W — sin m W 


YF cosh m W + cos m W 


(2) 
The method of developing this formula was similar to 
that used by Latour for his formulas dealing with losses 
in laminated steel at radio frequencies’ Dr. J. Slepian 
assisted in the development of this formula. For no 
skin effect the results are identical with those obtained 
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by the simple formula (1). In the use of either formula, 
the eddy losses have to be calculated for each frequency; 
namely, for salient pole machines the magnitude of the 
various important harmonics has to be determined by 
test and analysis or estimated in some way from the 
machine design and the losses corresponding to each 
harmonic calculated as if the others did not exist. 
The sum is the total eddy loss. In the case of the 
induction motor, it is generally satisfactory to con- 
sider only the pulsating frequency corresponding to 


the number of stator teeth, without considering 
harmonics. 


When it was attempted to apply formula (2) to actual 
machines it was found that in many cases the experi- 
mental and calculated results did not correspond as 
closely as was expected. In order to determine 
whether the discrepancies were due to inaccuracies in 
the formula or to the neglect of certain factors having 
to do with the conditions in the actual machines, the 


fundamental tests which are about to be described were 
made. 


3. Notes on Losses in Sheet Steel at Radio Frequencies; 


Marius Latour. Inst. of Radio Engineers Journal, February 1919, 
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TEST METHODS AND APPARATUS 


The method of test was suggested by a similar method 
devised by Churcher.’ As shown by Fig. 5,a laminated 
yoke was constructed having pole pieces which were 
adjustable to the right and left in order that the alr-gap 
could be varied. This air-gap was about 6 inches by 
2 inches and its width between pole pieces could be 
adjusted from 7% inch to 0. The yoke was provided 
with windings as shown. High-frequency current up 
to 1000 cycles was obtained from a generator through 
an ammeter A. In general, the samples consisted of 
two copper bars as indicated. Two small holes were 
drilled near the center of one of the bars about 1% inch 
apart and thermocouple wires of copper and advance 
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soldered into the holes. The bars were separated 
from each other by a small distance and the couple 
wires were insulated from the bars except at the junc- 
tion. The wires were brought out from between the 
bars at one end, thus keeping a considerable length 
adjacent to the copper in order to prevent loss of heat 
at the junction. An exploring coil wound on a rectan- 
gular bakelite form was provided for determining the 
flux density in the air-gap. The coil was approxi- 
mately 6 inches by 4% inch and had 21 turns. 

The method of test. was as follows: The air-gap 
was adjusted to the desired width and alternating 
current of the desired frequency applied to the field 

4. The Measurement of Temperature in a Rotating Armature 


by Means of Thermocouples, B. G. Churcher. Jowrnai of Sci. 
Inst. V. I., July, 1924, p. 310. 
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winding. Assuming a sine wave of flux in the air-gap, 
the voltage which would be induced in the exploring coil 
for the desired induction was calculated. The volt- 
meter V was then adjusted to this value, the current 
element of a sensitive vacuum thermocouple was con- 
nected to the terminals of the voltmeter by a suit- 
able manipulation of the switches and the terminals 
of the thermo-element connected to a Wolff potenti- 
ometer. The e. m.f. of the thermo-element was then 
read. Next the exploring coil was placed in the air- 
gap, the switches manipulated, and the magnetizing 
current adjusted by control of the high-frequency 
generator field until the thermo-element produced the 
same reading on the potentiometer as was obtained from 
the d-c. voltage. This gave the required induction in 
the air-gap. The thermocouple attached to the sample 
was then connected to the potentiometer. The cold 
junction of this couple was placed in a thermos bottle 
which was at any convenient temperature, preferably 
near room temperature. A copper sample which should 
be at or below the temperature in the air-gap was then 
placed in the gap, the high-frequency current switched 
on, and the ammeter adjusted to its original value with- 
out the sample. The potentiometer was set to some 
convenient reading corresponding to a value slightly 
above room temperature. Due to the eddy losses in the 
sample the temperature immediately began to rise. 
When this temperature corresponded to the setting on 
the potentiometer, the potentiometer galvanometer went 
through O and a stop-watch was started. The po- 
tentiometer was then set to a higher reading. When 
the galvanometer went through O again the watch 
was stopped and another started by means of a simple 
arrangement of levers. This was repeated five or six 
times in order to obtain sufficient data for plotting a 
curve between millivolts and time interval. By ex- 
trapolating back to the millivolts corresponding to the 
temperature at the air-gap (with corrections for cold 
junction temperature) the rate of temperature rise in 
seconds (A 7) for a given change in millivolts could be 
obtained. Knowing the millivolts per degree for the 
thermocouple at this temperature, the rate of tem- 
perature rise per degree could be calculated. 

The eddy losses were calculated as follows, assuming a 
temperature of 25 deg. cent., 


dte 
dt 


Q@ = 4.186 x .0917 XG 


W=Q watts 


where 
Q is the thermal capacity of the conductor in watt- 
sec. per deg. cent., 
G is the weight of conductor in grams \ 
dte 
dt 


deg. cent. rise per sec. on the assumption that there is no 
heat lost or gained from the outside. Since the rate 


is the rate of temperature rise, namely, the 
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was determined corresponding to the temperature of the 
surroundings, there was no correction for dissipated 
heat; 4.186 is the thermal capacity of water in joules 
per gram calorie; 0.0917 is the specific heat of copper 
with reference to water at 25 deg. cent. 


TEST RESULTS 


In order to keep the rate of temperature rise down toa 
reasonable value, very low air-gap inductions were 
used; namely, of the order of a few hundred gausses. 
Under these conditions there was no appreciable heating 
of the yoke material and the reluctance of the iron path 
was practically negligible. Therefore, for a given air- 
gap the induction was practically constant for a 
definite exciting current for a wide range of frequencies 
as shown by test results not given here. 

If the sample had appreciable skin effect, the counter 
magnetomotive force of the eddy currents in the copper 
had the effect of increasing the reluctance of the air-gap. 
Therefore, when the copper was introduced into the gap 
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the exciting current increased. It was found that if the 
exploring coil was placed in the air-gap just above 
the copper, the magnetizing current had to be brought 
back to its original value in order to bring the air flux in 
the gap above the copper back to its original value. 
Provided the current was so adjusted, it was immaterial 
whether the m. m. f. was measured with or without the 
sample in position. 

In order to obtain data for the purpose of deter- 
mining the validity of our method of calculating eddy 
losses, a number of copper samples were tested under 
various conditions. Fig. 6 shows the results of the 
first set of tests. Two bars 14 by 34 by 10 inches long 
were placed in the air-gap (0.75 inches) with the 
shortest dimension parallel to the flux. Losses were 
determined at 500 cycles for three values of m. m. f., 
namely, 190, 291 and 395 gausses, and the results 
plotted on double log paper. The m.m.f. and flux 
density, namely, gilberts per centimeter and gausses 
are used interchangeably since in the c. g. s. system they 
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are identical. For comparison, values as calculated by . 
formula 2 are shown. The test and calculated values 
check very well with respect to magnitude and slope. 
As indicated by theory, the losses increased as H?. 

The next set of tests are shown by Fig. 7. The results 
are for the same set of bars but in this case H was held 
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at 300 gausses and the frequency changed from 200 to 
1000 cycles. Under the particular conditions of 
frequency and copper dimensions there was large skin 
effect. According to theory, the losses should, in this 
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case, increase as the square root of the frequency. It 
will be seen that within the experimental errors this was 
the case. 

It will be noted that in the case of Figs. 6 and 7 the 
copper bars were considerably longer than the length of 
the air-gap. This is, of course, the condition in rotating 
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machines. In several cases tests were made with long 
bars and then the bars were cut off to the length of the 
air-gap and again tested in order to determine the 
amount of the end effect. It was found in all cases 
tried that if the effective length of the bar for the long 
bars was taken as equal to the air-gap length plus a 
length equal to the vertical dimension of each bar 
(see Fig. 5) the end effects would be very closely 
compensated for. This explains the notation in Figs. 
6 and 7 (“corrected for ends”). 

Fig. 8 shows the relation between air-gap and loss for 
an H of 300 gausses and a frequency of 500 cycles. In 
this case there were two bars, lé by 1 by 10 inches. 
The results are also given for the same bars cut to the 
length of the air-gap. The test results follow the the- 
oretical values within reasonable limits, the test values 
being a little less for the large air-gaps and a little 
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greater for the small air-gaps. Obviously for solid 
copper in the gap (100 per cent space factor) the gap 
would be 0.25 inch. 

Fig. 9 shows the same data for the short bars only 
plotted against t/a (ratio of copper thickness to gap 
width or the space factor of the copper). 

Table I gives some further comparisons between test 
and calculated results and includes the data of the 
previously mentioned curves. In most cases the 
average test values have been converted to a standard 
m.m.f. of H = 300 according to the square law, 
although the tests were made at other m. m. fs. The 
dimensions in the table for the copper are approxi- 
mate values. The actual values were used for the 
calculations. 

. DISCUSSION OF RESULTS 


Except in two or three cases the test and calculated 
results are as close as could be reasonably expected. 


2 Bars % in. by 3% in. by 5-15/16 in. 
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When the space factor is low and the bars are wide, 
there is a tendency for the calculated results to be high. 
In the case of the four bars side by side with the larger 
cross sectional dimension vertical there is a tendency 
for the calculated values to be low. We may say that 
for all practical purposes and under the conditions of 
these experiments the calculated values are sufficiently 
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reliable. All ranges have been covered from the simple 
case of no skin effect (formula 1) to the case of large 
skin effect. Moreover, multiple bars have been used 
and the results check practically as well as for a single 
pair of bars. 

Unfortunately, in the case of rotating machines, the 
conditions are not as simple as in the ideal case. In 
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the present tests the effective width of air-gap is the 
actual width of gap. In the case of rotating machines 
the corresponding actual width of slot is not the effec- 
tive width which has to be used in the formula. By 
referring to Fig. 8 or 9, for instance, it will be seen that 
the larger the width of the gap the greater the copper 
loss for a given air-leakage flux, (assuming the conduc- 
tors have large skin effect). Forno skin effect the losses 
are independent of the gap width. Now in the case of 
rotating machine teeth the teeth themselves are 
saturated to some extent, at least, or there would be no 
appreciable slot leakage fluxes. This means that their 
permeability is low and that an appreciable m. m. f. 
is required to force the flux through them. Again the 
applied m. m. f. which causes the leakage flux to pass 
across the slot may partly, at least, traverse a second 
slot and the machine air-gap. This means that due to 
the higher actual m. m. f. applied over that necessary 
to cause flux to cross the particular slot in question, 
the eddy currents in the copper would not be as effec- 
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tive in damping out the flux as would otherwise be the 
case, and therefore the losses are higher. This means 
that the value of o in formula (2) should be increased by 
some more or less uncertain amount. 

In the majority of machines which we have tested, o 
should be multiplied by 1.5 on the average, but in some 
eases it has to be much higher than this and in a few 
cases lower. Before it would be possible te accurately 
predict the necessary corrections for all types of ma- 
chines, much more experimental data must be obtained. 


CHARACTERISTICS AND CALCULATION OF EDDY LOSSES 


An analysis of the test results and of formulas (1) 


and (2) reveal some interesting relations. If the 
function 


sinh m W — sin m W 
cosh m W + cosm W 


is plotted against m W on double log paper, there is 
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obtained the relation shown by Fig. 10. It will be seen 
that for any value of m W up to 1, the function increases 
approximately as the cube of mW. Above 2 the func- 
tion is nearly equal tol. The reason that the function 
reduces to 1 is that for large values the sinh and cosh 
terms are practically equal and increase very rapidly in 
magnitude, thus making the sine and cosine values 
negligible. When this function reduces to 1, the losses 
are obtained from the first part of formula (2), namely 


12 ae H? 
m' p W 107 
In order to further simplify this expression, assume that 


p = 1.8 by 10° (1.8 microhm centimeters corresponds 
to 31 deg. cent). 


W. = (3) 


f? HP 
t)tw 


o 

(when p = 1.8 by 10°) 
The variations of the watts per cu. cm. with frequency, 
air-gap, space factor and radial width of copper are now 
evident. It has been shown experimentally that these 
relations are approximately correct. They apply only 
when the product mW exceeds 2 (large skin effect). 
Using this relation, care must be taken to note the 


W. = 1.688 34103 
( (4) 


t 
causes of the changes in ex and W and the fact that 


this formula gives the watts per cu. cm. and not the 
total watts. If t/o is changed by increasing the width 
of gap (or slot for the machine), but with the copper 
the same, the total eddy losseswill vary as (t/a)~” for a 
given H as shown by the formula or as 0°” (slot width). 
Now if t/o is altered by changing the total thickness of 
copper the weight is also changed and therefore the total 
loss varies at (¢/o)-”, namely, for a given slot the total 
loss varies inversely as the square root of the tangential 
copper thickness per slot. 

Again suppose the width of the copper (W) is changed 
by increasing the width of the individual bars; then, 
since an increase in width means an increased total 
volume of copper, the losses are independent of the 
copper width W (for large skin effect). This is obvious 
from the fact that there are no eddy currents near the 
middle of the bars (see Fig. 4). If, however, W is 
changed by laminating but keeping the total weight of 
copper the same, the total losses are, as shown by the 
formula, inversely proportional to W; but as the lam- 
inating is continued the skin effect is reduced and soon 
the losses begin to decrease as the square of W or ac- 
cording to formula (1). Fig. 11 illustrates such a 
condition. It will be seen that for the particular con- 
ditions the losses increase rapidiy with increasing 
lamination and then decrease. These are calculated 
values but test results would show the same thing. 
The main point is that laminating may increase or 
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diminish anne eddy losses depending upon the 
conditions. 


Now in using this formula, m should first be cal- 


t 
culated as shown above, namely m = 2 mA any or 
o 


t 
m = 0.148 Ns < = LOtep Ge 12525¢. 10%. a henesit 


the product m W is less than J, formula (1) or some 
modification may be used, or if desired, formula (2) 
may be used. If m W is over 2, or for accurate work 
over 4, formulas (3) or (4) may be used. For inter- 


Be 20 cm.——+ 
lt 
Eder 


* 72d oe 
MeELEN ee a Ea 
CoE 


Plane o 
nppeiile 


Direction of flux 


. ape ee fe< le [a 
ACESS EE 
= 
= 


169011) (22) 13 


Serbal Tas 
SUBDIVISIONS 


Fig. 11—Coprprer Eppy-CurreNnt Lossks—VARIATION OF 
Loss DUE TO LAMINATING 


mediate values use-formula (2) or use formulas (3) or 
(4) and multiply by (f) m W as obtained from Fig. 10. 
Assuming 
p =41.8 x 10 formula (1) becomes 
Wa0,915 C109 [2 WAH? 
(when p = 1.8 10%) (5) 
and may be used for approximate results up to values of 


mW of 1.5. 


APPLICATION OF FORMULAS 


As pointed out above, formula (2) or its modifications 
will, in general, give results which are of the right order 
of magnitude if o the slot, width is increased by 50 per 
cent before using in the formula. This method of 
calculation may be used for salient pole machines. In 
this ease the tangential slot-leakage curves must be 
analyzed into their harmonics and the copper losses 
calculated for each harmonic. For low frequencies, 


SPOONER: NO-LOAD COPPER EDDY-CURRENT LOSSES 237 


formula (1) will usually apply, but for the higher har- 
monics some form of formula (2) must be used. In the 
case of wound-rotor induction motors the no-load 
copper eddy losses may be calculated by assuming a 
single frequency corresponding to the tooth-pulsation 
frequency. The radial as well as the tangential slot- 
leakage fluxes may be of importance in this case. 

As a first approximation if test data are not available 
the radial slot-leakage flux may be assumed to be equal 
to the m.m.f. necessary to magnetize the teeth ad- 
jacent to the slot and the tangential slot-leakage 
flux to the difference in m.m.f. between the two 
adjacent teeth. Of course, tooth taper introduces 
complications but this can be readily taken care of 
approximately. As pointed out, the chief difficulty is 
in determining the total effective m. m. f. where skin 
effect is large. In calculating the total loss the volume 
of copper is that in the slot plus an amount correspond- 
ing to an added length of copper equal to W. 


SUMMARY OF FORMULAS 


For m W less than 1 (approximately correct to 1.5), 


1? Ww? 
We= e. oe fe Ee Oat (1) 
We-= 0.915 x 10-% f? W? H? 
(when p = 1.8 x 103) (5) 
For m W between 1 and 4, 
W.- a? f? AH? sinh m W — sin m W 
“~~ m3 pW107 coshmW + cosm W (2) 


For mW greater than 4 (approximately correct for 
m W above 2), 


1? f? Ht 
Vier m p W 107 oo) 
f74 Fe 
We-= 1.688 x 1077 


ee )ew 
Oo 
(when p = 1.8 X 103) (4) 


The above formulas, when p is included in the con- 
stant, are based on copper at 31 deg. cent. For copper 


‘at 65 deg. cent. p should be taken as 2.0° x 10? instead 


of 1.8 x 10%. For copper or aluminum alloys, use the 
formulas with p. 

For cool machines on no-load test, formulas (4) or (5), 
in general, will be satisfactory. For hot machines they 
may be modified, as indicated above but this refinement. 
will usually be found unnecessary due to other much 
larger uncertainties. Formula (4) is to be used when 
m W, is greater than 2 and formula (5) when m W is less: 
than 1.5. For intermediate values of m W, corrections: 
according to Fig. 10 may be applied or Fig. 10 may 
serve merely to indicate the possible errors which will 
result by neglecting this correction. 
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The above assumes that the effective slot-leakage 
flux is the tangential component. For the radial com- 
ponent, copper dimensions at right angles must be 
used. 


SYMBOLS 


m 


Il 


Aes 
p 


t 
= 0.148 f Sipe (when p = 1.8 X 10°) 


W. = eddy loss in watts per cu. cm. of bar material. 

f | = cycles per second. 

t= thickness of copper bar (tangential) multiplied by 
the number of bars side by side in a slot. 

o = slot width 

p =resistivity of bar material in abohms (equals 

- microhm — em. by 10%). 

W = radial width of individual bars in cm. 

H = slot leakage m.m.f.in gilberts per cm. or slot 
leakage flux in gausses (no bars). 


CONCLUSIONS 


The above-described experiments indicate that the 
formulas for no-load copper eddy-current losses due to 
the slot-leakage fluxes are correct to within 10 or 15 
per cent for all of the conditions tried which cover a 
wide range. In the case of rotating machines, however, 
we have the saturation of the teeth, other gap reluc- 
tances and other factors which make it very difficult 
sometimes to estimate accurately the total m. m. f. 
applied to the slot-leakage magnetic circuit. In gen- 
eral, fairly reliable corrections may be made by add- 
ing 50 per cent to the slot width. When skin effect is 
small no appreciable errors will result since the loss is 
independent of the gap reluctance, assuming a given 
leakage flux. This analysis gives the following inter- 
esting relations. 

For small skin effect, m W less than 1 (low frequency 
or narrow bars), the eddy losses for a unit volume of 
copper vary as f? W*. For large skin effect,m W greater 
than 2 (high frequency or wide bars), the eddy losses 
for a unit volume of copper vary as f%, (t/¢)~”, W 
and H?. For variations in total copper eddy current 
losses consideration must be given, as previously 
mentioned, to the way in which t/o and W are 
varied. 

In the case of salient pole machines the wave shape of 
the slot leakage fluxes must be analyzed or the com- 
ponents estimated and the losses calculated for each 
component frequency. In the case of induction motors 
the tooth-pulsation frequency is to be used. 

Even though these formulas often can not be used 
directly without considerable labor, they should serve 
a very useful purpose in indicating quickly the result 
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of changing the laminating of the copper and changing 
the slots. The interesting fact has been pointed out 
that in some cases increased laminating of the copper 
may increase the losses, while in others it decreases 
them. 


SUMMARY 


Check tests are presented, showing that our theoret- 
ieal formulas for calculating no-load copper eddy-current 
losses are reliable provided all of the conditions are 
known. The actual application to rotating machines 
may yield erroneous results due to difficulties in esti- 
mating the total reluctance of the flux-leakage paths. 
These formulas in their present form should be useful for 
calculating roughly the amount of no-load copper eddy 
losses in salient pole machines and induction motors. 
They should also be useful for determining the effect 
of changes in the section of the individual copper bars 
in the slot with reference to eddy losses. Later it is 
hoped that more reliable and simpler methods for using 
these formulas will be devised. 


Discussion 


W. J. Foster: I am interested in this paper on the eddy- 
currents that exist in the copper on open circuit. A very easy 
way of determining these losses is to make a core-loss test before 
the machine is wound. Sometimes it interferes with production 
if a commercial machine is used. Occasionally it happens that 
a test has to be made at the factory on-a machine which is to be 
shipped that involves knocking it down. In such a ease, the core 
loss can be run off with the machine completely assembled, then 
after the winding is removed from the armature, it can be 
repeated. 


I notice the author shows reasons why eddy losses exist in the 
slot, the cross fluxes changing as the rotor advanees, ete. There 
are also conditions at the head of the armature due to the 
fringing of the flux that are responsible for some losses. 

IT remember in the case of a few machines many years ago 
learning something about how to sectionalize conductors by 
making use of different windings in the same machine, and 
finding quite a difference in the open-circuit core loss. Pos- 
sibly others have had similar experiences. 


In the matter of determining the losses, as Mr. Dawson and 
Mr. Barns have described, I believe their method to be about 
the only feasible method for certain large enclosed machines. 
However, we must look out for a number of things;—such as 
the specific gravity of the air. There is the matter of radiation. 
If it is a very high-speed machine, occupying small space, 
probably we can neglect entirely the heat that passes off by 
radiation, but in the case of slower-speed machines that occupy 


large space and have very large surfaces, some allowance 
should be made. 


P. L. Alger (communicated after adjournment): It has 
been my opinion for some time that a large part of the observed 
core loss in a squirrel-cage induction motor is due to circulating 
currents in the squirrel-cage bars caused by the pulsations of 
flux in the rotor teeth. These pulsations are due to the varia- 
tions of reluctance caused by the stator teeth, and are especially 
large when open slots are used in the stator. Also, these pulsa- 
tions in the rotor teeth are very large when the ratio of rotor 
to stator teeth much exceeds unity, they are negligible when the 
ratio of slots is nearly equal to one, and they are fairly large when 
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the ratio is considerably less than unity, but greater than 
one-half. 


As I understand it, Mr. Spooner now suggests that the loss 
due to these pulsations of flux in the rotor teeth is not so much 
due to the circulating currents induced in the winding as to 
the eddy-current losses produced by the flux forced across the 
slots as a result of saturation of the tecth. Of course, the flux 
across the rotor slots is the same when a given number of ampere- 
turns are present, whether due to current in the rotor bars, 
or due to saturation in the rotor teeth, other things being equal. 
Thus, whether the pulsation of reluctance, due to the stator 
teeth, is counterbalanced by eddy currents and saturation 
ampere-turns produced in the teeth, as is the case with an open- 
circuited rotor winding, or is counterbalanced by the ampere- 
turns of a current induced in the squirrel-cage bars, the same 
eddy-current loss in the copper should result. But, in the 
former case, the ampere-turns in the rotor teeth are produced as a 
result of flux pulsations in the teeth, and these pulsations must be 
quite large to make many ampere-turns due to saturation. 
And, in the other case, the ampere-turns in the squirrel-cage 
winding can be produced by only a small change in flux, cor- 
responding to the voltage required to supply the impedance drop 
of the winding. Therefore, in the former case, the flux pulsations 
in the rotor are large, the ampere-turn pulsations in the rotor 
teeth are not large, and the reflected pulsations of flux in the 
stator teeth are small; while, in the latter case, the flux pulsations 
in the rotor teeth are small, the ampere-turn pulsations in the 
rotor winding are large, and the reflected fiux pulsations in the 
stator teeth are large. 


From all this, in the case of a squirrel-cage motor with straight 
slots and considerably more squirrel-cage bars than stator slots, 
there can be a very small loss of the type described by Mr. 
Spooner, as the saturation ampere-turns in the rotor teeth are 
nearly constant, except for a slip-frequency variation. There- 
fore, in such cases, one ought to be able to calculate the tooth- 
frequency core loss as the sum of the pole-face loss, the copper 
loss in the rotor bars due to the induced currents based on the 
high-frequency bar resistance, and the flux pulsation loss pro- 
duced in the stator as a result of the induced rotor currents. 
Hence, I came to the conclusion that Mr. Spooner’s theory does 
not account for the losses in the ordinary squirrel-cage induction 
motor with straight slots, and, if he obtains numerical agree- 
ment between his calculations and test results, this agreement 
must be due in some measure to chance. 


The foregoing remarks are not intended as a criticism of the 
paper, but as giving a line of reasoning parallel to Mr. Spooner’s 
which should bring from him some interesting additional ideas. 
As far as slip-ring induction motors and direct-current machines 
are concerned, I think Mr. Spooner’s theory should give a sound 
basis for core-loss calculations. It is interesting in this con- 
nection to note that, on the basis of Mr. Spooner’s ideas, by 
using a high-grade steel in a d-c. machine, a greater core loss may 
be obtained than with a low-grade steel, as the extra saturation 
ampere-turns may cause more losses in the’winding than are due 
to the saving in iron loss itself. On this basis, by subdividing 
the winding to avoid eddy currents, it should be possible to use a 
better grade of steel, with the result that a double gain in losses 
can be secured. 


T. Spooner: Referring to Mr. Foster’sremarks, we have tested 
a number of experimental and commercial machines, both d-c. and 
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a-c., according to the method suggested by him, namely, with 
the windings in position in the slots and with the windings 
removed. The differences in losses caused by the eddy currents 
in the copper began to be appreciable at about 70 kilolines per 
sq. in. mean-tooth induction for induction motors and at about 
120 kilolines per sq. in. for salient-pole machines. Often the 
test losses check the calculated losses quite closely, but some- 
times there are rather wide differences. For small-diameter 
machines where there is considerable tooth taper, it is some- 
times difficult to estimate accurately the slot leakage fluxes. 
This is perhaps one of the chief causes of the observed 
discrepancies, 


We have made no investigation of losses caused by leakage 
fluxes in the neighborhood of the end windings. 


Because of the following considerations, I am unable to 
agree with Mr. Alger’s line of reasoning in connection with the 
eddy-current losses in the rotor bars of squirrel-cage induction 
motors. in other words, I am still convinced that there exist 
eddy-current losses in the squirrel-cage bars, after connecting 
the end rings, which are equal to or greater than those which 
exist with the bars open-circuited. 


Suppose we consider two adjacent teeth, No. 1 tooth having 
a smaller air-gap reluctance than No. 2 tooth at a given instant. 
Now, with the bars open-cireuited, flux will flow across the slot 
through the bar from tooth No. 2 to tooth No. 1, giving radial 
and tangential components of leakage flux. If now the bars 
are short-circuited, sufficient current will flow in them to bring 
the mean flux in tooth No. 2 nearly up to that in No. 1. Since ’ 
the fluxes in the two teeth are practically equal but the air-gap 
for one of these is less than for the other, the m. m. f. acting on 
tooth No. 2 must be greater than that acting on No. 1. In other 
words, the current in the bars will decrease the m. m. f. acting on 
tooth No. 1 and increase the m. m. f. acting on tooth No. 2. The’ 
tangential slot-leakage flux should therefore be increased toward 
the top of the slot and decreased toward the bottom, the total 
remaining about constant. At the same time the radial slot 
leakage flux will be decreased on the side toward tooth No. 1 
and increased toward tooth No. 2. 

High-frequency circulating currents in squirrel-cage windings, 
assuming an effective resistance as calculated by Field’s formula, 
do not, in the cases which I have observed, account for the 
increased losses due to the presence of the copper bars unless 
the pulsation losses in the stator teeth due to the high-frequency 
circulating currents in the rotor windings are much greater than 
those which existed in the rotor teeth before closing the squirrel- 
cage windings. This seems improbable since the pulsation 
losses with closed squirrel-cage windings show no tendency to- 
ward decreasing as the induction increases due to tooth satura- 
tion, as would be the case if they were due to high-frequency iron 
losses in the stator teeth. 

Mr. Alger’s point concerning the danger of using high-silicon 
steel for the cores of machines operating at high-tooth inductions 
is well taken. Since at high inductions the permeability of 4 
per cent silicon steel may be from % to !/3 of that of low-silicon 
steel, the slot-leakage fluxes will be greatly increased for the 
former. Since the eddy-current losses increase as the square 
of the slot-leakage fluxes, the substitution of high- for low-silicon 
steel may increase very considerably the copper eddy losses. 

The remedy is, of course, a greater subdivision of the copper, as 
suggested by Mr. Alger. 
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Synopsis.—A general equation is developed for the mechanical 
force exerted by a sysiem of n electric circuits, wpon any part 
of that system. The electric circuits are assumed to contain re- 
sistances, and the reluctance of the several magnetic circuits is 
assumed to be a function of both the currents and the relative positions 
of the circuits. The equation. 1s therefore applicable to circuits 
involving saturated tron. 
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and 


Special cases of a single circuit and of n circuits are treated, 
in which a method of graphical solution 1s given. Also an approxi- 
mation is made, which results vn fairly simple analytical expres- 
sions for the force in the case of circuits involving saturated tron. 

The results are preliminary to an investigation of the forces 
existing in synchronous machines under the condition of short 
circuit, which subject will be treated in a forthcoming paper. 


l_Discussion of Problem and Method 
of Solution 


LTHOUGH methods have been available for 
A calculating the force of an electromagnet, or 
between simple circuits of constant inductance, 

such as reactance coils containing no iron, nevertheless 
general methods have not been developed, to theauthors’ 
knowledge, for calculating the force exerted between 
dissimilar circuits which contain iron and which there- 
fore have magnetic reluctances that may vary both 
with the magnetic density and the relative position of 
the circuits. It is the purpose of the present paper to 
offer methods for these cases. The work presented here, 
as well as that in a forthcoming paper in the near 
future, is largely the result of an investigation made by 
one of the authors in 1922 on the mechanical forces in 
synchronous machines under short circuit conditions. 


HISTORICAL 


The basic contributions regarding the mechanical 
force exerted by electromagnetic circuits were, of 
course, made by Ampere’, Kelvin and Maxwell’; and 
the greater part of the subsequent development of the 
subject has been the application of their fundamental 
equations to particular cases. 

Maxwell’s equation for the ‘‘mechanical action be- 
tween two circuits” is, in different notation, 


pe ot ee 
Bees i aioe ble a Rn eS) 


(56) 


where I, and J, L, and L» are the respective currents 
and inductance coefficients of the two circuits; M, the 
mutual inductance; f,, the component of force in the 
direction of x, ‘one of the geometrical variables on 
which the form and relative position depend.” 


Quoting Maxwell, “If the motion of the system 
corresponding to the variation of x is such that each 
circuit moves as a rigid body, L,and Lz will be indepen- 
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dent of z and the equation will be reduced to the form,” 
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Although it is clear from the above statement and 
his original assumptions that the electrical circuits are 
not considered to be in proximity to iron or other mag- 
netie_material, nevertheless the equation holds, as will 
appear later, for circuits which do enclose, or are near, 
iron provided there is no saturation. 

If there is a single circuit only, such_as an electro- 
magnet, all terms of (1) drop out except the first, thus 
reducing to the well-known expression, 

it dL 
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Thus for any circuit or pair of circuits in which the 
inductances are functions of shape or position only, 
Maxwell’s equation applies. 

Now there is another classical method of analysis 
according to which the force is obtained by integrating 
over the circuit member in question, the force on each 
current element, due to the magnetic density in which 
the element exists. In some cases this is more conve- 
nient to apply than the foregoing equations. It depends, 
of course, upon the nature of the problem. An excellent 
example of the application of the latter method is 
Dwight’s‘ work regarding the electromagnetic force on 
switches. 

Other authors, as listed in the bibliography, have also 
treated special cases, and in one or two of these, where 
saturation is considered, an additional step of funda- 
mental nature has been taken. In 1911, Steinmetz® 
treated the special cases of electromagnets and trans- 
formers in accordance with existing theory, but in 
addition, considered the case of a single-circuit electro- 
magnet containing iron and involving saturation. 
While his results were not carried further than the 
detailed expression of the energy relations which obtain 
during a change in position’, this nevertheless consti- 

4. H. B. Dwight, “Magnetic Force on Disconnecting 
Switches,’ Trans. A. I. E. E., 1290, Vol. 39, Part II, pp. 1837-1355. 

5. Mechanical Forces in Magnetic Fields, Trans. A. I. E. E., 
1911, Vol. 30, pp. 357-418. 

6. This case is reviewed by Rudolph Richter in his EHlek- 


trische Maschinen, in which the equations are interpreted 
graphically. 


240 


— 


ee Te ie 
wae ~~. 
y 
a | 
» 


Feb. 1926 


tuted the initial step toward the derivation of a general 
equation for force of a single circuit. 


SCOPE OF PAPER 


Thus, the development to the present appears to 
include the solution of the cases of one and two circuits 
involving inductances which are not functions of the 
current, and of the case of a single circuit involving 
saturation, to the extent of the mathematical expres- 
sions for the various terms in the energy equation. It 
is the purpose here to give the general equation for a 
system of n circuits which may contain iron, either 
saturated or not, but assumed to have no hysteresis, 


and thus having inductances which are functions of 
both position and current; and in a subsequent paper 
in the near future, to apply the results to the case of 
mechanical forces in synchronous machines under short- 
circuit condition. 

Two cases will be taken up in order; single circuit, 
and 7 circuits. 

SINGLE CIRCUIT 

The magnet in Fig. 1 is assumed to be excited to a 

point a on the saturation curve Fig. 2. 

Let 

w = magneticlinkages x 10-* = Li ; 

Q = value of w at-which the force is to be determined; 
Wil acy Slab 

L = inductance in henrys, defined as linkages-per- 
ampere X 10-8, and is a function of the current. 

« = current in amperes. 

i value of i at which force is to be determined. 

fz = mechanical force exerted on the armature by the 
magnetic field, in the direction of x. 

x = distance in em. from arbitrary reference. 

Although the electromagnet in Fig. 1 is a special case 
involving, as a result of symmetry, only one space 
coordinate, the general case is fully treated in Appendix 
A, equations (5) and (6). 

Applying the principle of virtual displacement to the 
system in Fig. 1, let there be a displacement d x of the 
armature, thus allowing the force f, to do work. Then, 
referring to Fig. 2, the curve 0 a corresponds to position 
xz; curve o b, to position x + dx: 
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(a) Energy increment from electrical source during 
the position change d x (f and Q being variable during 
the change) = I d Q = area a bc d, whered Q is the 
increment due to the change dz. 

(b) Total energy storage at position x and current 

Q 


I = {id w = area oad where d w is the increment 


Oo 
in w, due to increment in current at constant 2. 


By conservation of energy, the increment in energy 
received from the electrical source during the change 
d« must equal the sum of the mechanical work plus 
increment in stored magnetic energy. Thus, 


Q 
Li =i far 00 
from which, by equations in Appendix A, 
t= (gk d joul 59 
ts fae aa 5g Utd joules (59) 


Inethies2, 


Thus, 

(c) Mechanical work = f,dz =oab’ 

In equation (59), d x is a constant in the integration. 
Hence 


Q 3 
O12 ‘ 
i= J dz dw joules/em. (60) 
which is the same as equation (5), Appendix A. 
Or, 
Ot 
jae — 22.54) Sie Ib. (60a) 
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circuit in which the inductance is a function of both 
position and magnetic flux, and is therefore applicable 
to electromagnets involving saturation. 
Equation (60) is applied as follows: 
Let, 
a= f(a, &) 
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With w as parameter, plot 


d= F(x) 
as in Fig. 3.7. From this, plot 
rom) 
pepe (@) 


corresponding to X, as in Fig. 4. Then by equation 
(60), the force corresponding to the position X, current 
T, and linkages Q, is the shaded area in Fig. 4. 

Special Case. An interesting and important simpli- 
fication is made possible by an assumption which will 
apply approximately to many actual cases. In Fig. 3, 
if no saturation exists, and neglecting the magnetic 
reluctance of the iron, 


(Xo-X) 


= OBR = ep 


that is, when the air-gap (2%) — x) = 0, since obviously 
no current would be required for zero reluctance. 
However, at values of w which involve saturation, 
i has a definite value when the air-gap (%) — x) = 0, 
namely, the value required to sustain the magnetic 
flux in the saturated iron. But if, as in Fig. 3, the 
change in x is made at constant flux linkages, that is at 
approximately constant magnetic flux, the magnetic 
reluctance of the iron path should remain unchanged. 
Under this assumption there is no change in that com- 
- ponent of current which sustains the flux in the iron. 
Thus the change in current due to such a change in x 
would be due wholly to the change in reluctance of 
the air path. This increment is indicated by h in Fig. 
2, and corresponds to a change from x tox + dz, ata 
constant value of w®. 


These relations will now be written into equation 
(60). 
By definition, 


(3) 
>, amperes 
ibe rcas 


=. 
I] 


(61) 


and 


N?2 


L= 


henrys (62) 


7. It is more convenient in the particular case of Fig. 1 to 
plot i as F (a) — x) instead of F (2). 
8. In calculating force, it makes no difference in the value 
whether it is assumed that the change dx is made at constant 
_ linkages, as above, or at constant current. Referring to Fig. 2, 
the difference in mechanical work is represented by the second 
order area a b b’, which vanishes in the limit. 
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where 
N = number of series turns. 
RQ = @, + &; turns?/henry (63) 
@® = magnetic reluctance coefficient, which is made 
up of ®o, applying to the air portion of the magnetic 
circuit; ®;, to the iron portion. 
Substituting (62) and (63) in (61) and differentiating 
partially with respect to z, taking w constant, 
ron) OOF, 
pig Se peace 


But under the assumption, 
OR; 


a) 
a3 
Hence, 
fe) O ( Ro ) 
ox - oa \ NM 
a 
Wess On Lio 
Thus, 
ron) 0 Lo 
Sane Tee amperes /cm (64) 
Substituting (64) in (60), 
(lea 
da aad . Le Pe) x (69) (49) 
Making the assumption that in this integration: 
ra) = 
Lo and 


are not functions of w, they may then be placed outside 
of the integral sign?. The integral then becomes 


Fie. 4 
1 @ ol, 
=o aaa > joules/em (65) 


Thus, for those cases where the above assumptions 
approximately hold, the force is expressed in the follow- 
ing known and convenient terms: the actual magnetic 


9. Thus, equation (65) holds only in so far as Ry and the 


‘ 0 : 
ratio are independent of @). 


R 
dx 


—_——— 
‘4 oF. 
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linkages corresponding to the existing current I and 
position X; the constant (with respect to w) inductance 
Ly corresponding to thestraight part of the (w, 7) curve, 
Fig. 1; and the rate at which that inductance changes 
with respect to x. 

Equation (65) can be written in the following form: 


1 : Ol... 
frre r I; se joules/em. (66) 
where /, is the fictitious current, 
Q L 
Dox af, =i). ai amperes (67) 


thus smaller than the actual current I by the ratio of 
the inductance at the actual current, to the inductance 
corresponding to no saturation. 


Or in still another form, 
2 


al L : oda ae : 
* haze 5 ( ee ) ie a joules/cm. (68) 
Or, in pounds 
f = 11.25 ( p ) x oF (66a) 
? : Lo Ox } 
Thus if, 
Peas FF 
that is, with no saturation, 
peeled Ta 1S 
1 Oo, 


This is the well-known expression for a single circuit 
with no saturation. Comparison of (68) and (69) 
shows that saturation decreases the force, at the same 
current J, by the ratio 

2 


(a) 
Lo 
It is interesting to note that under the assumptions 


contained in equation (65), equation (60) also reduces 
to the familiar form 


10" joules/em. 


fe = 87 
when applied to the special case of a magnet with rela- 
tively small uniform air-gap. 

Let the total magnetomotive force for the magnetic 
circuit corresponding to the linkages w be 


w (2% — x) 108 
0.4aNA 


where A is the cross-section in sq. cm., 6 is the magnetic 
density injlines per sq. cm. of the air path, and F (w) 
represents the saturation curve of the iron alone. 
Thus, differentiating partially with respect to x, 


Ni =F{o) + 


row w 108 
Oiene 0.4% NZA 


Substituting this in (60) and integrating, 
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108 Q BA ; 
ers 08mA ( N =a 10-7 joules /cm. 


n CIRCUITS 


General Case. From Appendix B, the general equa- 
tion for f, for the case of n circuits is given in the fol- 
lowing two forms: 


SI (0 tu 
le == Sah sy Fn joules/em. (9) 


and 


fo = (11) 


| 
M 
SH 


joules/cm. 


The application of (9) may be illustrated as follows: - 

As discussed in Appendix B, any functional relation 
between the currents or between the linkages may be 
assumed during the integration indicated, provided 
that relation brings all currents to their given values, 
which are the limits of the integrals. Thus, assume 
the currents are brought up, proportional to each other, 
the proportionality constants being the ratios of the 
final values J,, Io, I3. ete. Then, for any value of 1,, 
all other currents and values of w, at a given value of 
x, are fixed. Thus, for each circuit, following the 
same procedure as indicated for the case of a single 
circuit, equation (60), Figs. 3 and 4, 

a = fe Cas x) 
with w, as parameter, plot 
for each circuit. From these, plot the corresponding 
curves, 
0 ty 

corresponding to the particular value of x. Then the 
force is the sum of the areas corresponding to that in 
Fig. 4. . 

A similar procedure may be followed in the appli- 
cation of the other form, equation (11). 

Special Case: Inductance Independent of Current. 
From Appendix C, one of the two equations derived for 


fz under the assumption that L’s and M’s are inde- 
pendent of the current, is 


Caen aT ais tee an he 
f= ae me Be ee joules/em. (21) 
1 a} 


where M,,, = mutual inductance in henrys of circuit » 
upon circuit w.!° 
Thus for n = 8, for illustration, 


De yd pee a ae 
fy a On ad eee 


10. When u=v», self induction is indicated. Thus 


Mu = li, Maz = Lz, ete. 
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d My. d Mis d M23 
apt 2k se ae + 1,13 dx + JIoT; dx 
joules/em. (70) 


For two circuits only, equation (70) reduces to 
Maxwell’s equation, as given in (56). 
The other equation for f, for this case is 


eae S. >) Qe Q% 6 Kegs 
1 Ht 


2 dx 
where K,,, is a “coefficient of magnetization,” dis- 
cussed in Appendix C, and defined in general by 


joules/em. (26) 


I, =)" K,,, Sy amperes (24) 


iL 
Approximation. Making the same simplifying as- 
sumptions as contained in equations (64) and (65), 
discussed under “SINGLE CIRCUIT,” saturation may be 
approximately taken into account in the equations. 
As explained in Appendix D, the above mentioned 
assumptions reduce equation (9) to the form 


Sede) Ms 
f= — Be De Se 


2 dx 

where @, and , are the linkages of circuits wu and v 
corresponding to the actual currents Is, Is, Is, ete., 
under the existing condition of partial saturation of the 
iron paths of the magnetic circuit; and where Ky, is 
the coefficient of magnetization, discussed in Appendix 
C, applying to the non-saturated condition. In other 
words, equation (32) is of exactly the same form— 
indeed, the same equation—as (26), which applies to 
the non-saturated case. Thus, under the assumptions, 
different expressions for the force are encountered for 
the saturated and non-saturated conditions, only when 
the force is expressed in terms of currents; but the same 
equation is obtained for either case when it is expressed 
in terms of linkages. 

In Appendix E, expressions have been worked out for 
K., for 1, 2, 3, and 4 circuits in terms of the self and 
mutual inductances without saturation, namely L, 
and My. 


To illustrate the application of (32), take the case 


(32) 


of a single circuit. Here, 
Ke BiG 
Then 
(ee 0? ( d 1 ) 
rr abah Ree dx Ly 
or 
f eae ea d Lo 
ACT DA ago et ie 


It will be noted that this is the same as equation (65). 
Thus, under the assumption, if the values of 21, Q2, Qs, 


etc., are known in any system involving saturated iron, 
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the force is approximately determined by (32), using 
K,, as given in Appendix E. 

It is possible to express the force, in the case of n 
circuits, and under the above assumptions, as follows: 
Equations (21) and (26) express exactly the same result 
for the non-saturated case. But equation (32), which 
is the same as equation (26), gives the force for the 
saturated case. Therefore, equation (21) will apply 
also to the saturated case, under the assumptions, provided 
such fictitious current values are used as will cause the 
actual existing values of Q1, Q2, Qs, ete. 

Thus, knowing the values of Q1, Q, etc., 2 simultane- 
ous equations may be written for the n values of cur- 
rent, in terms of L’s and M’s as follows: 


Q) = T,L,+ Myl. + Mists a RO 


SNES, 


0 = Inda +Mnl + Mote t™.. reel 


Q, = 13;L3; + Mali +My.Ie+... 


The force is then obtained by substituting in equation 
(21) the fictitious values of current Tie, Is, etc., as 
found by solving equation (71). The solution for these 
currents may be readily obtained by substituting in 


equation (24) the known values of linkages ©, and the 
values of K,, as determined by the equations given in 
Appendix E. 


The authors gratefully acknowledge the valuable 
suggestions and encouragement of V. Karapetoff, and 
the assistance of J. M. Bryant, D. S. Snell and R. M. 
Ryan. 


Appendix A 
GENERAL EQUATIONS FOR A SINGLE CIRCUIT 

Let Fig. 5 represent any electromagnetic circuit with 
negligible electrostatic capacity, but containing a 
resistance 7, and having a magnetic reluctance which 
is a function both of the form and position of the cir- 
cuit, and also of the current 7. That is, the electrical 
circuit may be interlinked with, or near to, saturated 
iron. It is required to obtain a general expression for 
the mechanical force exerted by the circuit on some part 
or element of the circuit system, say A, Fig. 5. The 
total force f is equal to the vector sum of the three 
rectangular components f,, fy, and f:. 

Applying the principle of virtual displacement, let 
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one of the components, say f,, do work by allowing a 


displacement d x of the element A in the time dt. 


Then, by conservation of energy, the increment of 
energy, during the time dt, from the electrical supply 


must equal the sum of the energies expended in heat, 


in mechanical work and in increasing the magnetic 


energy storage. Letting J be the value of current 7, 


and ©, the value of magnetic linkages w under which 


the change" d x is made, the energy equation is 


pdt=Prdit+f.dxtdH (1) 

where 

p = power in watts 

I = particular value of current 7 in amperes 

fz = x— component of force, joules/cm. 

E = magnetic energy storage, joules 

t = time in seconds 

ry = resistance in ohms. 
But at the time ft, 


poe f 
and 

ey dQ 
aac ndt 


Substituting these relations in (1) the J? r terms drop 


out, leaving 


IdQ=f,.dr+dE joules (2) 


Now the energy storage at any current J and mag- 


netic linkage © is 


Q 
Bes tae joules (3) 
Substituting this in (2), and differentiating,” 
cca 4 Ba con | or joul 4 
.= Rage - w, joules/cm. (4) 


wae -[fpptotiae | 


Thus 
. * Oi 
ee aa d (6) 
Analogously, | 
- Oi | . 
See= ie Ni d w joules/em. (5) 
and 
ee 
tes ee eo d a J 


BGuation (4) may be integrated by parts, as follows, 
thus obtaining a different form for the force. 
The integral is, 


11. Both J and 2 may be functions of z. 
12. Whittaker and Watson, Modern Analysis, Chapter IV, 
Art. 4.2 
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Q L 
TE OOS, SIV gf ONG 
and 
d Lube One es mnmeg dl 
ieee © fide 1s Sater i oi aan 
Substituting this in (4) 
~ dw 
f= JS opti | 
Likewise, | 
; Ow | 
fy= J eu; di joules /cm. (6) 
and 
I 
0 WwW 
f= Soa 


Appendix B 
GENERAL EQUATIONS FOR 7” CIRCUITS 


Let Fig. 6 represent any system of n electromagnetic 
circuits, each comprising a supply voltage e, a constant 
resistance r, and a magnetic reluctance R, assumed to 


be variable with respect to both position (x, y, z) and 
magnetic linkages w. Electrostatic capacity is neg- 
lected. Let the subscript wu indicate any particular cir- 
cuit, and let capital letters indicate particular values. 


With the currents 


14 = Nh to = Ts 13 = Ts, ete. 


and the magnetic linkages 

c= KG) 1 WM. = Qs 
it is required to determine the force which the system of 
circuits, as a whole, exerts on the circuit wu, or on any 
particular group of the circuits. 

The total force f exerted on the circuit, or group of 
circuits, is equal to the vector sum of the three rectangu- 
lar components f,, fy, f-. To determine any component, 
say f., let there be a displacement d x from the position 
(x, y, 2), in the time dt, of that circuit, or group of 
circuits, whose force is required. 

Then by conservation of energy, 


Os: = Qs, etc. 
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(7) 


sum of en- | 


A = B C + D 
sum. of ener- 
gy inecre- 


| Byes 8 sum of in- 
ments sa 
) 


work done by erements in 


| loss 
the system aie en- 


: 
| 


ergy 
1), Oe Ie 
on the eir- ergy storage 
cuit,orgroup 


all electrical 
SOULCES €1,€2, 


e3, ete. eS circuits, 
displaced. 
Thus, 
n 
(A) =DLip.dt 
1 
but 
Du = Cx le 
and 
d OF 
Cu —s Vu ‘6 + 


dt 


Substituting these relations in the first term, 


OG SPP OTT 
1 1 

Te 

(CARLOTTA Pe = La Side 
1 

(D) = X1,27r,dt 
1 


Substituting these expressions in the energy equation 
(7), the force is 


“ Qu 


fe = : 
1 

Now the value of te calculated force is the same 
regardless of how the virtual displacement dx is as- 
sumed to be made—whether, for instance, “‘at constant 
currents,” or ‘at constant linkages.’”’ However, equa- 
tion (8) will be applied to each assumption, since being 
in different forms, one result may be more convenient 
in application than the other, depending upon the 
problem. 

At Constant Linkages. If the change d x is made at 
constant linkages, the first summation on the right 
hand side of equation (8) drops out. Moreover, since, 
under this assumption, the limits in the integrals of the 
remaining term are not functions of x, one may differen- 
tiate partially under the integral sign. Thus, (8) 


becomes 
--> Pe 


At Constant Bs For this case it is convenient 
to put (8) in a different form. The second term on 
the right hand side may be integrated by parts. Thus, 


Se cehe Rede Sass 
ae fido = > ae Peo hriGces| 
3 2 oO 


Substituting this in (8), 


See Pa S ind w, joules/cm. (8) 


joules/em. 


(9) 
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Ty 


Sf [ea fas] 


joules/cm. 
At constant current eee respect to x, this becomes 


les 


General pee Thus the general equation for 
mechanical force is ee for convenience, in two forms: 


d Qu 


jo ik hoe 


1 


(10) 


O Wy (1) 


di, joules/cm. 


-> ee w,, joules /em. (9) 
and 

mk 

=e f- ae di, joules/em. (11) 


The other ieisonewe f, and f, are, analogously, 
of the same form and may be written by merely sub- 
stituting y or z for x in the above equations. 

In order to apply, or to graphically interpret, equa- 
tions (9) and (11), it is necessary to specify the func- 
tional relation between 721, 22,74, etc., or between wi, 
ws, Ws, etc., during the integration. Considering the 
physical conditions, it is evident that, neglecting 
hysteresis, the space distribution of magnetic density, | 
magnetic intensity and current throughout the system 
isthe same regardless of the particular manner in which 
the currents are brought to their final values I), Is, Is, 


BGs? 


etc., at which the linkages are (1, Q, Q;, ete. Thus 
the energy distribution and total energy are also the 
same regardless of the history of the currents, so long 
as the final values are the same. It is therefore permis- 
sible to assume any convenient functional relation 
between the currents, or between the magnetic linkages, 
which will finally bring these quantities to the specified 
final values. 

Thus to interpret equation (9), let a1, wo, ws, ete, | 
bear the same relation to each other during the inte- 
gration as exists between the final values 0, Q2, Q3, ete. 
This means, of course, that there must also be corre- 
sponding definite, though not proportional, values of 
11, U2, 73, etc. Hence, for any value of 7, there must be 
definite values of all other currents and linkages. One 
may therefore plot two curves, as in Fig. 2, for each - 
circuit corresponding respectively to the positions 
xandx+dzx. Thus, in Fig. 7, 


13. In connection with the present study, this form has 
been obtained also by V. Karapetoff, using Calculus of Variations. 
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a [ Oo, =a (41) 

Position x { @2 = b (a2) 
Vas = € (7) etc. 

a | @, = A (21) 

Positionz + dx Ge = B (4s) 


It is interesting to note that at any particular value 
of w, say wi, the following relation exists: 


roe) 
vee 


One 


It will be noted that, multiplying both sides of (9) 
by dz, the mechanical work done by the force com- 
- ponent f, is represented by the sum of the shaded areas 
Fig. 7. Thus 


Wi0 = @ (210) = A| in +( 


n 


pS es dn) d w, Joules 


Appendix C 
THE ForRcE f, EXERTED BY A SYSTEM OF 7 CIRCUITS 
WHICH ARE NOoT SUBJECT TO SATURATION 


The energy storage in a system of n circuits may be 
evaluated by integrating the electrical energy input to 
the system, exclusive of ohmic losses, during the estab- 
lishment of the final currents. 


That is, 
is a d Wy 
>. J % ee 
1 
n Qn 


=>. J ida, 


1 


j,¢d2°= 


E 


joules (21) 


provided that the integration is effected with every 
part of the system at rest. 

The stored magnetic energy in a medium not subject 
to hysteresis depends only on the flux density at each 
point and therefore on the instantaneous values of the 
exciting currents, and is independent of the manner in 
which these values were obtained. 

We may therefore assume for convenience in calcu- 
lation that all the currents 7;, 7... . %, increase uni- 
formly and in constant proportion from zero to the 
values I;,I.,...I, respectively. Then at any in- 
stant the current in circuit u may be expressed in terms 
of the current in circuit 1 by the relation 


i, = —— 7, amperes (13) 


I; 

If there is no saturation the flux, linkages w, in any 
circuit wu are a linear function of the exciting currents. 
It follows that w,, will ‘increase in the same propor- 
tion as the currents. Thus 


Qo, .. linkages - 


lee, we 
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Then the energy is given as 
wt Ty 
Pn AE et ae 
H = > area 44 d V1 

1 oO 
See Cee 

= D3 5 joules (15) 


That is, the magnetic energy storage in a system 
of n circuits not subject to saturation is given as one- 
half the sum of the product of current and linkages in 
each circuit. 


The x-component of force on any part of the sys- 
tem is given as 
dE 


= dQ, 
f= ek nn oe 
1 
SS [7 dQ, oa 
sy . ae? Sais 
1 


e >: [ Taide 0 
— 2 i 

i 
joules/cm. (16) 


The linkages ©, in any circuit wu may be expressed 
in the condensed notation 


n 
Pa BEE 
1 


ee] 


fad he. 
dx 


es (17) 
wherein M,,, is the mutual inductance between circuits 
u and v, and M,,,, is the self inductance of circuit u. 

The force is then 


n je d n ; 
te = >. 2 ape Ieee 
1 1 
sao ii yiha 
a> oe a 
ae 1 1 
eT ee 
ies ay ay 2 dx 
1 1 


Sw LM dl, 
1D Dag es 
; 1 i 
s S ee: dn Tos joules / i 
7 u v 2 d G 
1 1 é (18) 
It may be readily shown on the basis of the conserva- 
tion of energy that ; 


MiMi (19) 


Then, since it is legitimate to vary the order of sum- _ 
mation, the last term of (18) may be written, 


Sw LM da ww LM. al 

Die Ss ja Cree. s Sy 2 dx 
1 1 if 1 

| (20) 

This form is seen to be identical with the second 
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term in (18). These two terms therefore cancel and 
the final result becomes 


n n 


= inl, dM 

fa = ied dx 

1 uf 

An alternative expression for the force f. in a system 

not subject to saturation may be obtained as follows: 
Without saturation the linkages in the m circuits 
are related to the corresponding currents by a system of 

linear equations. 


joules/cm. (21) 


n 
y) 

Qy = DIV ols 
af 


Q. = > Ma. I, 


Qn = B Mw I, 
1 


linkages 


108 (22) 


The solution of these equations then gives rise to 
a corresponding system of linear equations. 


I, — Li Ky OF 
1 


n 
if — ms Ko, Q, 
1 


amperes (23) 


Se pe) Ferere gy 6... 18106: 


That is, the current in any circuit w is related to the 
linkages in the whole number of circuits by a relation 
of the form 


Lge So Kee Gs amperes (24) 
1 . 


where K,, is a quantity which is independent of the 
various values of flux linkages, but is a function of the 
relative position in space of the separate circuits, and 
which is to be determined either by the solution of 
equation (22), by calculation, or experiment. In this 
way K,, is a coefficient exactly analogous to M,,, the 
mutual inductance of the two circuits w and v. Com- 
pleting the analogy, the coefficient K,, may be termed 
the “‘coefficient of magnetization” of circuits u and v. 

The force f, on any part of the system is given by 
equation (16) as 


é ccane: Onur Oe 

eel Pode 22 dx (16) 
i 

Introducing equation (24), this becomes 

Sai doe 

f- ED iD ir go ats 
1 1 

3. aes) 

ee ee eee (25) 


1 1 


which may be reduced by the same process as in (18), 
(19), (20) to the result 
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nN n Q, Q, ke 
is > 9 ee joules/em. (26) 
1 1 


Appendix D 


AN APPROXIMATE SOLUTION FOR THE FORCE ON ANY 
PART OF A SYSTEM OF 7 CIRCUITS SUBJECT TO 


fr= 


SATURATION 
The z-component of force is 
n Q. Q 
a6 a 
Iz =- >» fi sy ou (9) 


During the integration, let the linkages increase 
uniformly and proportional to each other throughout 
the system. That is, 


Or linkages 
we 27 
Wu Qy Wy 108 ( ) 
Then equation (9) may be written 
n Qy * 
OF ) Vu 
=— edd 2 
ip DF aes (28) 


1 
The total excitation 7, in any circuit w may be broken 


up into two parts: 7.2, which accounts for the magnetic 
potential drop in the air, and 7,,;, which accounts for the 
drop in the iron. 

Then suppose, first, that the distribution of lines 
of force in the air does not change as the amount of flux 
through each circuit is increased, that is, the intensities 
of the field in air at various points are fixed in relative 
amount. ‘Then the intensity of the field at every point 
will be proportional to the value of the flux linkages in 
any circuit, for example, the linkages w, in circuit 1. 
Then in any circuit, that part of the excitation 7. which 
is required on account of the magnetic potential drop 
in the air will be always directly proportional to w; 
and the factor of proportionality is obviously the same 
as that which applies at low densities, when saturation 
is absent. 

TUS) 8 fe ds ie 


n 9, 
= [ >: Kw>_ | w; amperes (29) 
1 
u 


Suppose, secondly, that in the circuit w the part of 
the excitation 7,; consumed in iron depends only on 
the linkages and is independent of the position of the 
circuit. 


Then, 
Odes 
oes 0 (30) 
and we have 
Owe ) : 0 tua 
an ae’ [ise + tes | aaa hial 


= G OK ne 
SS 708 agence amperes/cm. (31) 


1 


‘~ 
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Substituting in (9), 


> > Q, Q, d Toon 
4 * 02 ae: 


OQ, 
fh w,du 
Qy Q, d ey 


~) : 


1 1 
subject to the assumptions indicated. 

It is not the intention here to give special applica- 
tions of these equations. The proper use of such 
approximations always requires a knowledge of circuit 
conditions of the particular case, in order to determine 
whether the assumptions are justified. In other words, 
the assumptions and corresponding equations are given, 
and their proper application must, of course, be left 
to judgment in particular cases. 


iS 


(32) 


Appendix E 
The coefficients of magnetization are evaluated for 
1, 2, 3 and 4 circuits. 
According to equation (24) 


fi - vee Ws 
| 
That is, K,,, is the coefficient of 2, in the solution for 
I,. With I, expressed in determinant form, K,, is 
the first minor of the term Q,. 
a. One circut 


Ty de = Q 
I 1 
1 amperes ; 
Baral St L, linkages crh8 (33) 
b. Two circuits 
aa qT; > M I, = 1 
M Ty + Ly 1e = Qs 
| QO, M 
Le Darla 
D 
Ty 
Ir =| va, 
D 
Ly M 
sea =Tis 
L 
Ku= (35) 
. M 
Kis = Ka; ee D (36) 
yi 
eee mae (37) 


ce. Three circuits 


Ly 
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I, =e M2 T. + M,; 1; 
Mi2,1I, + Ly 


I, + Mo; 12 


M,3;1, + M23 I, + Ls I; 


Solving these equations in determinant form, the 


denominator is 


and 


d. Four Circuits 


D,1I, + MyI2+ Misl3 + Mula = 
Mi.T, + Le Te + Moz Is + Moa I, 
Mis I, + Mo; I. + L313 + Mas ls 
My, + Mol, + M31; + fal, 


Thus 


and 
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(38) 


(39) 
(40) 
2, 
(42) 
(43) 


(44) 


(45) 


(46) 


(47) 


(48) . 
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(49) 


(50) 


(51) 


(52) 


(53) 


(54) 


(55) 


2, y, 2 = coordinates in cm. of the position of any part 
of the circuit. 


ite = the mechanical force in the direction x exerted 
by the magnetic field on that part of 
the circuit under consideration. Units, 
joules/cm. 

on = the general symbol for current in amperes 
in circuit w. . 

ig = the particular current in circuit w at which 
the force is measured. 

®, = the general symbol for linkages in circuit w. 
Units, magnetic linkages x 10-%. 

Wy = the particular value in circuit uw, of linkages 
w, at which the force is measured. 

= the number of effective series turns linking the 

magnetic flux of the circuit. 

E, = magnetic energy storage in joules in circuit wu. 

Du = power input to circuit wu in watts. 

t = time in seconds. 

Ti = resistance of circuit wu in ohms. 

Le = M,,, = the self inductance in henrys of circuit 
u without saturation. 

M.,. =the mutual inductance in henrys of circuits 


u and v without saturation. 
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K,,» = the “coefficient of magnetization” of circuits 
u and v, without saturation. See Appendix 
KE. 

L — the self-inductance in henrys of a single cir- 
cuit with saturation. 

Ep = L, = the self-inductance in henrys of a single 
circuit without saturation. 

R — reluctance coefficient for the entire magnetic 
circuit. Units, turns/henrys. 

Ro — reluctance coefficient for the air path of the 
magnetic circuit. 

Ri — reluctance coefficient for the iron path of the 


magnetic circuit. 
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Discussion 


J. Slepian: The relation which is perhaps most frequently 
used by electrical engineers for calculating mechanical forces 
between circuits is that due to Maxwell, which states that, in 
any displacement in which currents are kept constant, the 
mechanical work received during the displacement is equal to 
the increase in magnetic energy of the system. This relation is 
readily derived from the principle of conservation of energy by 
taking into account the electrical input during the displacement. 
As Professor Karapetoff puts it, there is a ‘fifty-fifty’’ rule here; 
half the electrical input goes to increasing the magnetic energy 
and half is given up to mechanical work. 

However, this fifty-fifty rule does not apply when there is iron 
in the neighborhood, subject to saturation, and Messrs. Doherty 
and Park do well to bring out this fact strongly. In my own 
experience I have seen several eases where this rule led to com- 
pletely erroneous results when applied to practical machines. 
In one instance, a complete change in sign of the force was 
involved, a repulsion was predicted, whereas actually an attrac- 
tion was found. The magnetic circuit shown in Doherty and 
Park’s Fig. 1 is one for which application of the fifty-fifty rule 
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would give the wrong sign if the iron is saturated. With con- 
stant current, motion of the armature upward decreases the 


magnetic energy, and yet the armature is attracted and not 
repelled. 


: The great contribution of Doherty and Park in this paper lies 
in showing that application of the principle of conservation of 
energy in another way leads to a relation which is universally 
applicable, saturation or no saturation. Namely, if the mechani- 
cal displacement is effected, not with constant currents but with 
constant flux linkages, then the mechanical work received is 
equal to the decrease in magnetic energy. The authors further 
add to the value of this result by showing how the calculation on 
this basis may be carried out, when the curves connecting flux 
linkages with currents for various positions of the moving parts 
are known. 

I have a suggestion to make as to the formulas (9) and (11) 
which the authors give, and the corresponding expression for 
magnetic energy. While it is principally a matter of notation, 
I think it is important because it makes such a difference in 
the clarity of ideas. For simplicity, considering only two cir- 
cuits, the authors would write the magnetic energy, 


Q1 Qy 
E= fido + fide: 
0 0 


To bring out more definitely that 7; and 7, are functions of both 
variables, w; and w, I shall write this as, 


Qy Q2 
E = <i 1 (an w2) d 1 — de 12 (wy w2) d Wg 
0 10) 


Now «> is not a constant in the first integral, but may be varied 
aS w: varies, and w: is not a constant in the second integral. 
However, whatever relation is adopted between w2 and w; in the 
first integral, the same relation must be used in the second if 
the correct value for magnetic energy is to be obtained. 

Now integrals of this kind are of frequent occurrence in mathe- 
matical physics, and they are usually denoted by line integrals 
written thus: 


@, = tly 
wo = 22 
Ee tid a, +i2.d w2 
@) =0 
ws =0 


This single integration is to be carried out over a curve in the 


«1 #) plane, joining the point (3 > e) to point (3 = i): 


wa. = D2 


oo = 


In general, the value of such a line integral depends upon the 
path chosen in going from the initial point to the final point, but 
in this case since the magnetic energy is the same, however the 


state Fe as es) is reached, the integral is independent of the 


W2 = 262 


path. Mathematicians have shown that in this case it follows 
that 

Oi; 0 is 

O ws Ow: 


This may be looked upon as a generalization for the case of 
saturation, of the well-known fact for the linear case, that the 
mutual inductance of circuit No. 1 upon circuit No. 2 is equal 
to the mutual inductance of circuit No. 2 upon circuit No. 1. 

On the fourth page first column of their paper, the authors give 
a number of formulas applying to their Fig. 1, and state that the 
quantity Lo, which appears there, is the inductance corresponding 
to no saturation. However, in their derivation of these formulas, 
if I understand their derivation correctly, Lo is taken as the 
inductance corresponding to the air gap alone. That is, Lo is 
the inductance corresponding to infinite permeability, and not 
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to no saturation. There thus seems to be an omission in the 
authors’ proof, which might be rectified as follows: 
Let 


Lo = inductance corresponding to air-gap alone:i. e. inductance 
corresponding to infinite permeability. 


inductance corresponding to no saturation, 
Let 
L, = inductance corresponding to iron alone with no saturation, 
7. é., inductance with zero air-gap and no saturation. 
Then, 


Li’ Lo Ly 


Hence, since L; is constant, 


ss ( m= ) 9 $s (3 ) 


Hence, since Ly appears in the authors’ formulas only in the factor 


pO. oidily 
re) wv ( Lo ) 
therefore Lo’ may replace Ly throughout. 


R. H. Park: In order to test the ease of applicability of the 
formulas developed and the agreement of calculated and ob- 
served results, a calculation and test was made in a particular 
case. 


The circuit employed (see Fig. 1 herewith) consisted of two 
magnetic yokes separated by a brass strip and excited by direct 
current in two coils connected in series. 

In order to determine the attractive force of the yokes, a 
weight was attached to the lower yoke and the exciting current 
was reduced until the yokes separated. 

In order to calculate the force, the flux linkages w were measured 
with a ballistic galvanometer for different air-gap and excitation. 
This data are shown in Fig. 2. 


; ’ ron) 
From the saturation curves, the curves of Soe at constant w 
x 


were computed (see Fig. 3) as outlined in the paper. The forces 
were then calculated from the areas under these curves. 

The agreement of observed and calculated results is shown in 
Fig. 4. The smooth lines in the figure represent the calculated, 
and the small circles, the observed results. 

The difference between observed and calculated results is 
about 4 or 5 per cent, the observed results being, in general, 
less than the calculated. The tendency for the observed results 
to be low may be accounted for by unavoidable disagreement in 
the positions of the center of moment of the load and of the 
attractive force resulting in less effective magnetic pull, or by 
the effect of vibration. 

From a theoretical point of view, we know that until the satura- 
tion of the core is sufficient to change appreciably the distribu- 


tion of the field in air, the curves of cay should be linear. 


Ox 


It may be observed that the experimental results agree with 


Ove tees 
this requirement, the curves of —— being linear except at very | 


Ox 


high saturation. 
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This fact indicates that the approximate expression for force 
[equation (65) of the paper] holds good in this case until ex- 
tremely high values of saturation are encountered. 

Thus, the experimental results obtained agree with those 
theoretically deduced in the paper. 

R. E. Doherty: The authors wish to thank Dr. Slepian for his 


suggestion regarding notation. It is undoubtedly a somewhat 
clearer representation of quantities than that used by them. 
With respect to his other suggestion, however, the authors 
have not made the omission in logie which he alleges. 
They have treated two different special cases where saturation 


OTe og (med we GTS coe One 
Current- Amperes 
Fie. 2 


is taken into account, and in the results of both cases, the term 

Ly appears. The symbol Ly, is defined in the list of notations as 

“the self-inductance in henrys of a single circuit without satura- 

tion,’’ and it therefore, in general, includes the effect of the reluc- 
tance of the iron as well as of the air. Dr. Slepian’s point is 

that the effect of the reluctance in the iron, when saturation is 

absent, is not taken into account. } 

The two cases treated are 
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a. ‘Special Case,” in connection with Fig. 3 of the paper. 
Here it is specifically stated that, so far as Ly is concerned, the 
magnetic reluctance of the iron is neglected. Therefore Lo in 
this special case in the inductance corresponding to zero reluc- 
tance in the iron. Hence Dr. Slepian’s discussion, referring to 
the equations based on this assumption, is not pertinent. 


Abamperes per Cm. 
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Fig. 3 


b. Another case, Appendix D, in which no qualifying as- 
sumption is made with respect to Lo except those given in the 
definition, quoted above, from the list of symbols. And, there- 
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fore, if it is desired to consider the case which Dr. Slepian has in 


cae he should use the equations for this case given in Appendix 


Ventilation of Turbo Alternators— Concluding 
Study 
Multiple Path Radial Systems 


BY C. J. FECHHEIMER: 


Fellow, A. I. E. E. 


Synopsis.—In 1924 two papers were presented before the 
A.I. E. E. on Turbo Alternator Ventilation. In one of the papers 
tests on two models for two methods of ventilation were described, 
and data from the tests were given. The other paper contained 
a mathematical treatment for one system of ventilation, which was 
based upon the data obtained from the tests. It was recognized 
that the tests were not sufficiently accurate to evaluate the loss co- 
efficients, nor was it possible to obtain data on the distribution of 
volumes for the intake vents. For that system, (see Fig. 1), it was 
found that the influence of rotation upon total volumes and their 
distribution could be neglected;—consequenily the investigation 
could be continued on stationary models. Those tests, the methods 
of determining the losses and the equations derived therefrom are 
given in this paper. 

Since the, effect of rotation could be neglected, the test could be 
reduced to a model which represented only one axial row of vent 
ducts. On this model the stator vent ducts were imitated by square 
brass tubes with a plaster of paris restriction cast in one end to 
imitate the vent duct restriction so that the pressure drop obtained 
for either direction of flow was approximately the same as in a stator 
vent. A long steel channel or duct represented the section of the-air- 
gap. Some of these brass tubes, representing intake vents, lead 
from a large sheet metal box to the gap channel. Other tubes, repre- 
senting discharge vents, lead from the gap channel to the atmosphere. 
The gap channels could be interchanged readily to represent various 
sizes of air-gaps. Any desired number of intake and discharge 
tubes could be used so as to represent any desired layout of the 
machine. 

The volumes in individual intake tubes were measured by reading 
on a manometer the drop in pressure from the intake chamber to a 
point a little way down the tube. For the discharge tubes small 
impact tubes were employed. Hach tube was carefully calibrated 
before making any other tests; a thermal volume meter was used for 


INTRODUCTION AND PURPOSE 


T the 1924 Midwinter Convention of the American 
A Institute of Electrical Engineers, two companion 

papers weré presented on the general subject of 
Ventilation of Turbo Alternators. One dealt with a 
description of two models on which the experiments 
were made, the methods of conducting tests, together 
with representative data and the important conclusions. 
The other paper (by Bratt) was mathematical, the 
equations being derived for an ideal system, in which all 
losses in the air-gap were neglected; he increased the 
losses empirically on the discharge side, so that the 
measured and calculated total pressure drops agreed. 


1. Research Engineer, Westinghouse Electric & Mfg. Co. 

2. ‘‘An Experimental Study of Ventilation of Turbo Alter- 
nators” by C. J. Fechheimer, and ‘‘Multiple-Radial System of 
Cooling Large Turbo Generators’? by Donald Bratt, TRANs. 
A. I. E. B., 1924, pp. 476 and 467. 

Presented at the Midwinter Convention of the A. I.E. E., New 
York, N. Y., February 8-11, 1926. 
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calibrating an orifice, and the orifice was used for the tube cali- 
brations. Various difficulties arose, and the means of overcoming 
them are given. 

Tests were made with a group of intake vents, and the losses were 
separated into: (1) those in the tubes; (2) those accompanying a 
right angle turn; (8) those due to a stream of one velocity impinging 
upon a stream of another velocity; (4) those due to sudden increase 
in velocity; (&) those due to surface frictions. Similar tests on the 
discharge side showed that the losses there could be separated into: 
(1) those in the tubes; (2) those accompanying a right angle turn; 
(3) those due to sudden decrease in velocity; (4) those due to surface 


friction. 


The losses were put, for the most part, into comparatively simple 
expressions. They were then combined in order to obtain final 
solutions. There was no difficulty on the intake side in obtaining 
a differential equation which admitted ready integration. On the 
discharge side, however, it was necessary to use approximations. 
With the aid of the final equations the total volumes and their distri- 
bution can be calculated for a given pressure drop. One difficulty 
is that the equations include trigonometric and hyperbolic functions 
of quantities involving the distance between the point where the gap 
velocity is maximum to the points where the gap velocity is zero. 
The latter point, called the ‘‘balance point’”’,is not known, and a 
simultaneous solution of the transcendental equations needed for its 
determination is impossible. Suggestions for a direct simple 
approximate solution are given, which may be followed by trial and 
error methods. In most of the applications, only one or two trials 
were required. : 

The equations were checked for accuracy by comparison with 
tests made on the tubes, on the turbo model of 1922 and 1923, and 
with those on an actual machine. The agreement in total volumes 
was very close, and is considered to be quite good for distribution also. 


ok * * * * 


Bratt’s equations applied to the system of ventilation in 
which the air flows axially in the air-gap, shown 
schematically in Fig. 1.. That system was the one 
adopted by the Westinghouse Company, as tests on the 
turbo models indicated its superiority over the other 
system in which the air flows circumferentially in the 
air-gap. 

The experimental data obtained from the large 
wooden models were too inaccurate to enable an evalua- 
tion to be made of the losses of head at the turns and 
other parts of the air circuit so as to incorporate them 
in the equations. Furthermore, no method was then 
or is now available for measuring the volumes in the 
individual intake vent ducts. It was recognized then 
that it was an erroneous assumption to consider that all 
of the additional losses were on the discharge side, as 
some were on the intake side as well. In order to 
enable the designer to calculate the volumes of air and 
their distribution, further experiments were made as 
described in this paper. 
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Perhaps the most important conclusion reached as a 
result of the earlier experiments was that with a ventila- 
tion system as shown in Fig. 1, the influence of rotation 
upon the total volume of air is nearly negligible. Thus, 
the total volumes with the rotor vents closed and with 
pressures of the order of five inches of water were re- 
duced about 4 per cent by changing the rotor speed from 
0 to 3600 revolutions per minute (surface velocity of 
24,600 feet per minute). With the rotor vents open, 
and with higher pressures, there was even a smaller 
reduction in volume; consequently the change between 
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standstill and normal speed could be ignored in ma- 
chines as are ordinarily built, with pressures of 10 inches 
of water or more. 

A second important conclusion was that on the dis- 
charge side the axial distribution of volumes in the vent 
ducts was made somewhat more uniform by the 
influence of rotation. The influence is less the larger 
the air gap, and for the air gaps usually employed, the 
effect of rotation upon axial distribution is quite small. 
(See Figs. 34 and 35 on pp. 495 and 496 of the 1924 
A. I. E. E, TRANSACTIONS.) On the intake side, 
undoubtedly there is likewise a modification in axial 
volume distribution due to rotation, but now from 
theoretical considerations there are probably greater 
differences between maximum and minimum vent duct 
velocities than at standstill. But the change is doubt- 
less quite small with the usual size of air-gap. In the 
large machines, the coils are sunk, so that there is an 
axial passage above them in which the flow is not dis- 
turbed appreciably by rotation. (This may be seen 
for the outlet vents from a comparison of Figs. 33 and 
34 in the 1924 paper.) Also, the tests on the turbo 
model were made at the reduced total end-bell pressure 
of about 3.3 inches of water. In the large modern 
machines, the end-bell pressure is considerably higher, 


3. This is discussed more fully in the Appendix. 


10 inches and more. Then all the velocities in the 
vents and gap are greater, and the influence of rotation 


upon vent duct volume distribution becomes still less. 


Certainly, whatever the influence of rotation is, itis 
sufficiently small to justify the assumption that it may 
be neglected. 

This meant that the study could be continued on 
stationary models. They could be of such reduced 
size that the tests could be made in a laboratory in- 
stead of in a factory, and thus not conflict with produc- 
tion. The conditions that obtain in a machine with 
axial flow in the gap are the same for all positions cir- 
cumferentially, so that a study of flow with one set of 
vents would be sufficient. The construction of the 
laboratory apparatus and the manner of conducting 
the experiments have been fully justified by the close 
agreement between the wooden turbo model and 
machine data, and the laboratory data. 


APPARATUS 


‘The vent ducts were imitated by square brass tubes, | 
two of which are shown in Fig. 2. From a knowledge 
of the pressure drops in vent ducts obtained from earlier 
laboratory tests on small ducts, it was possible to 
determine how to shape the sections within the square 
tubes by calculation, so that the pressure drop in the 
individual tube would approximate the drop in a vent 
duct for either direction of flow. A special mandrel 


Intake Chamber 


Fie. 2—ConsrructTion or SQuARE TUBES USED 
EXPERIMENTS 


(a) Tube representing intake vent duct 
(b) Tube representing discharge vent duct 


IN THE 


was made, and plaster of paris was cast about this 
mandrel on the inside of the tubes. It was found that 
because of lack of uniformity at the ends of the plaster 
of paris, there were many irregularities in the test 
results. Consequently, small brass insets were made 
as shown in Fig. 2, and the plaster of paris behind them 
was formed accurately to dimensions. 

Fig. 2A shows one of the intake tubes and Fig. 2B 
one of the outlet tubes. The air enters the intake tubes 
from a relatively large chamber and there isa loss of 


4. Metals of various kinds had been tried, but had been 
abandoned. 
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head at, and just beyond, the entrance of air to the tube 
of approximately ie of a velocity head (14 V2/2q). 
In addition, there is the velocity head itself V2.0) 
so that the total difference in pressure from the large 
intake chamber to a point a little distance down the 
tube is approximately 1.5 V?/2 g. Hence, if amanometer 
is connected between the ieee intake chamber and a 
point down the tube the readings should be of such order 
that they could be observed with considerable ac- 
curacy. That was the principle used for measuring the 
volumes in the intake tubes, the construction being 
indicated in Fig. 24. A sample tube was tried out 
before all the tubes were made and the method was 
found to be satisfactory. 

On the outlet side, the air discharges from the in- 
dividual tube directly into the atmosphere. Neglect- 
ing what small friction drop there is in the tube, thestatic 
pressure a short distance from the end is nearly the same 
as that of the surrounding atmosphere. Consequently, 
the method used for measuring volumes on the intake 
side could not be applied on the discharge side. The 
construction that was adopted is shown in Fig. 2B. 
Inside the large square brass tube was a small impact 
tube which was connected by the usual rubber tubing 
to a manometer, the other side of the manometer being 
open to the atmosphere. In the construction which 
was first used steel impact tubes were employed, but 
these rusted, broke, and differed so much from one 
another that they were all removed, and replaced by 
small glass tubes. Those were bent 90 degrees, and 
the impact ends were ground to fine edges. Holes were 
drilled through the square brass tubes large enough to 
permit of the insertion of the glass tubes. Brass tubes 
of 0.25-inch outside diameter were soldered to the square 
tubes and the space between the glass and the round 
brass was filled with a cement which hardened and 
supported the glass. Then the glass was cut off flush 
with the end of the round brass tube. 

In using the intake tubes, the manometer was con- 
nected by means of rubber tubing between the round 
brass tube soldered to the square tube and the relatively 
large intake chamber in which latter the velocities were 
so low that the influence of velocity head could be 
neglected. On the discharge side, the manometer was 
connected to the impact tube. Each tube was carefully 
calibrated before any other tests were made. The 
calibration differed slightly from one another, due to 
small errors in construction, which necessitated referring 
to the calibration data when the final data were used. 

All tubes were soldered into brass plates about 0.25 
inch thick, and were assembled in several combinations. 
There were two groups of eight tubes each for the 
intake side. For the discharge side there were two 
groups of four tubes each, two of six tubes each, and one 
group of eight tubes, making a total of 28 discharge 
tubes. Channels of various sections to imitate differ- 
ent air gaps were made to bolt to the brass plates, 

rubber gaskets being used to eliminate leakage. Groups 
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of tubes could be joined together at their ends, for which 
suitable flanges and bolts were provided. The channels 
were made of fairly heavy steel, accurately machined, 
as sheet metal which was first tried, distorted and 
introduced uncertainties. 

There are three set-ups, two of which are shown 
clearly in the illustrations, Figs. 3 and 6. In Fig. 3, 
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Fig. 


which shows the first set-up, intake conditions only are 
imitated. In Fig. 4 it is shown schematically. The 
second set-up imitated the discharge only, and it is 
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shown schematically in Fig. 5. In Fig. 6, for the 
third set-up, the ventilating system of one-half of 
a generator, with one intake chamber at either side of 


Pressure ao across Onifi ice 
measured here vas 


GapChannel Various Sizes 


Orifice 0.67 Diam. 


5—ScHEME OF SECOND SeEt-UP, ImiraTine THE DiscHARGE 
S1pE oF a TurBo ALTERNATOR 


Fig. 


the center line, is simulated. In the first set-up, the 
data taken enabled the loss coefficients on the intake 
side to be determined. From the data taken with the 
second set-up, the discharge loss coefficients were 


calculated. The third set-up combined the first 
two, and in addition, air was admitted directly to the 
air gap. All 44 tubes were then used, which corre- 
sponds for the most part to more than would be employed 
in the equivalent part of a well-designed turbo-alter- 
nator ventilating system. In Fig. 6, the tubes at the 
left simulate vent ducts adjacent to the center of 
a machine. Those at the right imitate vents adjacent 
to the end bell. The intake vents are between these 
two sets of discharge vents. 

In any set-up, the number of tubes in any part could 
be altered at will, thus imitating generators of different 
lengths. To this end, special square rubber stoppers 
were made to close individual discharge tubes. Several 
may be seen in Fig. 6. On the intake side it was found 
more convenient to remove the particular section of the 
gap channel, and close individual tubes with wax. 

In order to connect the manometer with any of the 


¢ ae 7 ; 
Fig. 6—Tautirp Set-Up, Imrratine THE VENTILATING SYSTEM 
or Haur or A TurBo ALTERNATOR 


intake tubes, a brass pipe with closed ends was equipped 
with a large number of cocks, and rubber tubing joined 
a particular cock with its corresponding intake tube 
(Figs. 3 and 6). The brass pipe and connections were 
tested for leaks before starting, and at intervals during 
experiments. For the discharge tubes, it was found 
more convenient to put on short lengths of rubber 
tubing. When an observation on a particular tube was 
to be taken, connection was made with the manometer 
by means of a short glass tube which had been drawn 
down to a small diameter, thereby completing the 
circuit between the two rubber tubes. On the intake 
side, this procedure could not be followed, because 
while taking those observations, one side of the manom- 
eter was kept connected to the intake chamber, and 
had the other side of the manometer been opened to the 
atmosphere, the liquid would have been blown out of 
the manometer. 

Two small thermal volume meters were made, the 
principle of which was similar to the well-known one 
of Prof. Carl Thomas. They differed in that instead 
of resistance coils groups of thermocouples in series were 
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used to measure the temperature rise. One meter was 
1.5 inches square, and the other 3.5 inches square, 
these being inside dimensions. The small volume 
meter appears in Figs. 3 and 6, and the larger one 
in Fig. 6, and they may be readily distinguished by the 
fact that wires are connected to them. The small 
volume meter was used to calibrate the tubes and was 
also used in all the set-ups. In calibrating the tubes, 
it was found simpler to use an orifice which in turn had 
been calibrated by means of the small volume meter. 
In the first set-up, the orifice was in a thin plate and 
was placed between the flanges of the diverging duct 
leading to the intake chamber and the connecting s juare 
sectioned pipe (see Figs. 3 and 4). The velocities in 
the sheet metal ducts were very low, so that readings 
of pressure were accurate. The calibration of the tubes 
is further dealt with under ‘Difficulties in Measure- 
ment.”’ 

With the small volume meter, volumes from about 15 
to 50 cubic feet per minute could be measured. The 
larger meter could be used up to about 200 cu. ft. per 
minute. To determine the accuracy of these volume 
meters, which were smaller than any that had pre- 
viously been made, they were connected in series with 
a volume meter that had been in use for some time, and 
in which the discharged air was forced to pass around 
parts of the outside to avoid the escapement of heat. 
In such small volume meters the heat stored in the walls 
is sufficient to necessitate the delay of several minutes 
before taking an observation. Other possible sources 
of error will be described in an early paper. One of 
them has been known to be poor distribution of vol- 
umes’. That was the reason why the duct just below 
the small volume meter in Fig. 3, and the larger meter 
in Fig. 6, has curved sides. 

The blower does not appear in the photographs, but 
it is just below the fairly large duct near the extreme 
right. It was capable of delivering up to about 200 
cu. ft. per min. at 10 inches of water. Its outlet was 
joined to the other ducts by means of soft rubber sheet, 
thereby eliminating vibrations from the blower that 
would otherwise have been transmitted to the rest of 
the apparatus. Cheese cloth and parts of an air filter 
were introduced just above the blower outlet to cleanse 
the air. 


DIFFICULTIES IN MEASUREMENT 


1. Calibration of Tubes. It was found from the 
check on the thermal volume meters that they were 
liable to be in error for small volumes, and further that 
the time required for the steady state to be reached for 
small volumes was too long to make its use for calibrat- 
ing individual tubes practical. The causes of error 
will be gone into in another paper. The error was 
negligible for volumes above 15 cu. ft. per minute, but 

5. For derivation of equation of error, due to poor distri- 


bution, see Appendix"of paper by C. J. Fechheimer, A. S. M. E. 
Transactions, 1924, ‘‘Centrifugal Fans for Electrical Machinery.” 


es 
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the calibrations were to be for volumes of about 5 to 
10 cu. ft. per minute. 

Four tubes were connected in parallel and then the 
volume through the volume meter was from 20 to 40 
cu. ft. per minute, which could be read quite accurately. 
Then the orifice and the channel imitating the air gap 
path were removed, because the former caused too 
large pressure drop, and the presence of the latter would 
have introduced inequalities in distribution other than 
imposed by unequal resistances to flow. When the 
orifice was in place, the air flowed through single tubes. 
The volume for the individual tube was taken to be 
proportional to the square root of the pressure drop 
across the orifice, and the sum of the volumes for four 
tubes was that given by the small volume meter. By 
proportioning the total volume (given by the volume 
meter) according to the square roots of the pressure drop 
across the orifice, the volume in the individual tube was 
determined with accuracy. It was, of course, necessary 
to maintain the same pressure in the intake chamber in 
a series of such tests. As a final check other combina- 
tions of tubes were tried, and the results were found to 
agree with those calculated from the first calibrations. 

For the discharge tubes, it was necessary to keep the 
gap channel in place, resulting in unequal division be- 
tween tubes. The orifice had previously been cali- 
brated with the intake tubes. However, it was 
believed that the drops across the orifice for those 
conditions with a diverging channel beyond the orifice, 
probably would not be quite the same as when a con- 
verging channel was used. (See Figs. 4 and 5.) Con- 
sidering the high velocities through the orifice and the 
very low velocities before and after, the first orifice 
calibrations were probably not very different from 
those for the second set-up. They could be used to 
determine the approximate flow when single discharge 
tubes were open. Then, using those approximate 
calibrations with several discharge tubes open, and with 
the orifice removed, the volume meter was read. Its 
reading checked within about one per cent of the sum 
of the volumes from the approximate individual tube 
calibrations. The final calibrations of the discharge 
tubes were obtained by correcting the approximate 
calibrations by the amount thus found. The orifice 
calibration with the converging duct, as used for the 
discharge tubes, was also modified so that those data 


~ could be used in other tests. 


Due to slight irregularities in the areas at the smallest 
sections, the maximum difference in volumes in indi- 
vidual tubes for a given pressure was found to be about 
4 per cent. This applies to intake as well as to dis- 


charge tubes. 


It was at first thought that the impact tube method of 
measuring volumes, as used for the discharge tubes, 
would be more reliable than the entrance pressure drop 
method used for the intake tubes, since impact measure- 
ments are usually more dependable than are those for 
static pressure. It was found, however, that the 
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reverse was the case in these experiments. Thus, when 
taking observations of discharge volume distribution 
with several tubes open, some of the points did not lie 
on a smooth curve, which was not the case for the 
intake tubes. The discrepancy was of the order of 3 
or 4 percent. Four small impact tubes were supported 
in position just beyond one of thesquare discharge tubes 
from which the glass impact tube had been removed. 
The ratio of readings taken with them did not remain 
fixed, showing that the character of flow changed, and 
the other impact tubes undoubtedly were similarly 
affected. Apparently, the highly turbulent state in 
the gap channel, and immediately after entrance to the 
square tube was not entirely eliminated before the 
impact tube was reached. It is well known that with 
some turbulent states, the flow may change and be 
periodic. These tests also proved that the character of 
flow in the tube is affected by the magnitude of the gap 
velocity. This was indicated by the fact that the vol- 
ume in a duct depended somewhat upon the gap veloc- 
ity, as well as upon the square root of the static pressure 
difference. Subsequent reference to this will be made. 
For the intake tubes the velocity in the large chamber 
was negligible, so that any flow there did not influence 
the drop to the point where the readings were taken. 
2. Pressures in the Air Gap. In order to determine 
where the losses of head occurred, it was necessary to 
know the static pressure in the air-gap as well as the 
average velocity there. Anyone who has attempted to 
measure static pressures in a high-velocity, or turbulent, 
stream will appreciate how difficult it is. As originally 


‘planned, the plunger in the gap channel, shown dotted 


in Fig. 4, was to be ahead of those square tubes that 
were closed by some other means, such as by rubber 
stoppers. The handle of the plunger was a round 
brass tube in which a small hole was drilled near the 
plunger head. There were small clearances around 
the plunger head, permitting air to pass back and enter 
the hole, so that if the tube handle were connected to a 
manometer its indication would be the pressure in the 
gap channel where the hole was drilled. It was be- 
lieved that the reading thus obtained would be the 
static pressure immediately beyond the other end of the 
plunger. Thus, in Fig. 4, if the square tubes 1, 2 and 
3 were closed, the velocity immediately in front of the 
plunger head would be zero, so that the static there 
could be read with accuracy. Subsequent tests indi- 
cated that the method was accurate. The objection to 
the plunger method was that static pressures in the gap 
could not be read, except in regions where there was no 
flow, and it was important to obtain readings in other 
parts where the velocities were of considerable 
magnitude. 

The tests made by the “toy balloon’? method, shown 
in Fig. 37 and described on page 496 in the 1924 
A. I. E. E. TRANSACTIONS, indicated that a reasonable 
accurate measure of the gap static pressure could be 
obtained by closing a vent and then observing the 
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pressure in the vent some distance from the gap. 
That method was tried in these tests also. To deter- 
mine the air yap pressure at a given tube, the two 
adjacent tubes were closed at their far ends. The 
manometer readings were then the static pressures in 
the gap. The average of these readings.for the two 
adjacent tubes was taken to be the desired static 
pressure. That this method was satisfactory was 
proved by subsequent tests. It was used chiefly for the 
discharge tubes, but it was found to check on the intake 
side also. 


3. Elimination of Leakage. Experimental studies 
with air are not accurate unless leakage is eliminated. 
In these investigations, after all parts were fastened 
with rubber gaskets at all joints, the blower and duct 
joined thereto were disconnected from the rest of the 
apparatus, and a plate with suitable gasket was bolted 
over the entrance to the volume meter. With a 
manometer connected at a point in the system, the 
pressure was increased by blowing in at another point, 
after which the latter was closed. If the system were 
leakless, the manometer reading would not change. 
Much time was spent until this condition was attained, 
and a preparation, consisting largely of bees’ wax, was 
used to seal up the joints. In Figs. 3 and 6, some of 
the flange joints appear to be very thick; this 
was because melted wax was poured on them to 
seal them effectively A suggestion is offered to 
others contemplating similar work that the flange 
material be heavy, around 0.125 in., which prevents 
springing out of shape between bolts, as was the case 
with the sheet material used in these tests. 


DETERMINATION OF THE LOSSES 
| A. On the Intake Side 


The air streams from the intake vents discharge into 
a common channel (the air-gap), turn a right angle, 
flow axially through the air-gap, and then enter those 
parts of the air-gap that are in the discharge zone. 
In the first set-up, they were discharged into the 
atmosphere. It seemed evident that the losses of head 
(representing energy loss) could be divided into four 
groups: (1) Loss within the radial vent duct; (2) loss 
accompanying the turning of a right angle; (8) loss due 
to sudden increase in velocity when an incoming stream 
impinged upon a stream normal to it; and (4) loss due to 
surface friction. There must be, of course, an addi- 
tional allowance for the velocity head, (V?/2 q) as the 
stream leaves the intake and enters the discharge zone 
in the air gap (or discharges into the atmosphere), in 
order to check the total pressure. These losses will 
now be considered in the same order: 

1. Loss Within the Radial Vent. 
mined at the time the tests on the turbo-model were 
made, in 1922 and 1928, by means of a full-size model 
imitating a single vent duct, the pressure drop for 
various velocities being measured. As the air entered 
the model from a relatively large reservoir and dis- 


This was deter- © 
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charged into another, the velocities in them were very 
low; consequently, the pressure drops could be meas- 
ured with accuracy. As given at that time, the co- 
efficient for the radial vent was called C 7, as defined by 


: p ae 
the SOUR OOS a = Gye De 


24 pressure drop, 


y = density, V = velocity at the minimum section, 
and g = acceleration of gravity). For 

rad the tubes, the value of C 7 was again 
measured by removing the gap channel, 

“Se and allowing the intake tubes to discharge 
into the atmosphere. The value of Cz 
thus found agreed very well with the 
previous tests. As the velocity head at 


discharge from the intake vent is V*/2 g, 
. the loss within the vent is evidently 


skk—<——_ 
eee 


9 


jy? 

(Cals (1) 

2. Loss Accompanying the Turning of a Right Angle. 
It was found that this loss could be broken into two 
parts: (a) that accompanying the turning of a right 
angle, the velocity before and after turning being 
the same; and (b) that accompanying the shock when a 
stream of one velocity impinges upon a stream of a 
different velocity. 

a. The loss corresponding to the turning of the corner 


9 


without change of velocity is called Kx Eas where V 


is the velocity at the smallest section of the radial duct. 
Referring to Fig. 4, consider that the tests are to be 
made on tube or duct No. 16, and that enough ducts 
preceding No. 16 feed into the gap channel to secure 
substantially the same velocity there after passing that 
duct as obtains at the minimum section of No. 16. 
The gap velocity was controlled by the plunger, shown 


Pp 


dotted in Fig. 3. Then, if is the head in the intake 


2 


29 


chamber, and as stated previously, (C 1— 1) is 
the loss in the radial duct or tube, by Bernouilli’s 
theorem: 


2 y2 y2 
29 29 ay, 


The last term corresponds to the velocity head as the 
air issues from the gap channel. As all quantities are 
known or measured except Kx, its value can be readily 
determined. It was found that kK. depended upon the 
size or width of the air gap channel, being greater 
the smaller the channel. This was as one might expect, 
as the wider channel permits larger radii for the 
fluid to turn. 


<= ind) +Ki (2) 


‘ static. 
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b. The usual case is when the duct and gap velocities 
are not equal. Then there is the additional loss due 
to the high velocity stream impinging upon the stream 
in the gap. The magnitude of this loss was determined 
by taking observations with the last tube open, and 
the gap velocity was controlled by varying the number 
of tubes feeding into the gap. This was done readily 
by altering the position of the plunger (See Fig. 4). 
The intake pressure was controlled by the speed of the 
blower. That simplified tests, and made results more 
certain, because the static pressure just beyond the 
last tube was substantially equal to that of the atmos- 


9 


Vy 
phere. The loss in the tube, given by Cz ae and the 


loss for turning a right angle having been previously 
determined, the additional loss sought was readily 
obtained. In all of the tests, the velocity V, at the 
minimum section of the square tube, was never less 
than the velocity in the gap, v, just beyond the last 
tube. That corresponds to conditions in the actual 
generator in which the length of an intake belt is so 
chosen with regard to the areas that those velocity 
relations obtain. The loss due to the impinging stream 
was found to be: 
y2 << y2 
a (3) 


This expression is only approximately true. In 
some cases a little velocity head may be converted into 
However, the loss thus given plus that given by 


2 
29g 


almost within the degree of accuracy of measurement. 
If the expression for these losses is given as 
V2 V2 a py 
Ki FG + Sv eres 
it is found that for the particular case when j= 0, 
or approaches zero (for the first vent feeding into the 


Kui accounts for the total in turning the right angle 


2 


29 


gap) the loss is (K. + 1) which is more than a 


velocity head. This is not correct. For the determi- 
nation of K., V and v were made equal, so that » may be 


substituted for V. The loss is then: 


yy V2— vx 
a ee 4 
2 


Vv 
Then if v = 0, the loss is 2g 


which is substantially 


eqents Returning to equation (2) for evaluating K1, 


the expression becomes: 


PA yy ye 
p V pastas 
= (i-1) 29 + Ki gai oe (5) 
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Using the set-up shown schematically in Fig. 4, and 
remembering that the volumes, and therefore the 
velocities, were determined with the use of the tube 
calibrations previously obtained, the total calculated 
pressure drops were compared with many conditions 
of set-ups and the agreements were very close. The 
expression used is: 


9 > 


y V2 = y y2 
g 


3. Loss Due to Sudden Increase in Gap Velocity. As 
a stream*from a vent duct impinges upon the stream 
in the gap, the velocity of the gap stream increases 
suddenly due to the increase in volume. Just as for 
the loss due to the high-velocity stream impinging upon 
the stream of lower velocity, the expression .was the 
difference of the squares of the velocities, so for sudden 
increases in velocities the form should be similar. 
Having made that assumption, its validity was checked 


p Vy? cs 
a =(C7i-1) 29 + Ky Dg (6) 


29 


by tests. The form of the equation was then: 
Loss due to sudden increase in gap vel. 
K Ve — 07? 
a 29 (7) 


Here v, and v, are respectively the gap velocities after 
and before the sudden increase, and K is a coefficient 
to be determined experimentally. 

The following was the method used for evaluating K. 
The plunger was removed and many ducts’fed into the 
gap (see Fig. 4). Then the velocity in the duct (No. 
1 in Fig. 4) was very low, and the drop from the intake 
chamber to the gap at duct No. 1 was small. The gap 
static pressure at duct No. 1 was nearly equal to the 
intake chamber pressure. Although a correction was 
made for the drops in that tube, the static pressure in 
the gap at No. 1 was known quite accurately. If 
equation (7) holds, and K is the same for all points in 
the gap, the loss of head for the full length of the gap 


Vor — V2 


Vs , (Here v is the final discharge gap 


is ke 


velocity, at atmospheric pressure, and 2, is the gap 
velocity at duct No.1.) This expression must be equal 
to the total pressure drop, the final atmospheric 
pressure being zero. Thus K could be evaluated. 
This takes account not only of the loss due to sudden 
increase in velocity, but of the friction drop in the gap 
as well. 

4. Loss Due to Surface Friction. The friction losses 
are small, and have been included among other losses. 
In the vent ducts (tubes) they are included in the co- 
efficient Ci. In the gap they are taken as part of the 
coefficient K as explained in the preceding paragraph. 


Combination of the Equations on the Intake Side 


Call P the pressure in the intake chamber, and p> 
the pressure in the gap at its discharge points; (this was 
atmospheric pressure in the tests described above, or 
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taken as zero for reference). By Bernouilli’s equation, 


if x : 
Zee + ~ + gum of losses from discharge 
a 3) 29 
point back to the intake chamber. 
Or 
P Po Vo" : Ve 
= Oct) eer 
Ve is y K ye K Vo =a y 8 
a5 29 Sie 280s 29 ae 29 (8) 


To test the accuracy of equation (8), (Ci, K1, and K 
having been previously determined), tests weremade by 
measuring the volume of air passing through each vent 
duct and the total calculated pressure drop was checked 
for 63 combinations, involving various numbers of vent 
ducts and sizes of gaps. In every test there were as 
many parallel paths for the air as there were vent 
ducts. In Table I are given the final results and per 
cent differences between calculated and test pressures 
for one test. Pressures are in inches of water. The 
agreement between tests and calculations is un- 
doubtedly close. 


TABLE I 
I II Til IV WwW 

Vent Tube Vel. V Total Total Per Cent 
Number in Vent. Calc. Press. | Meas. Press.| Difference 

3 9480 8.48 8.18 +3.7 

2 7280 8.25 8.18 +0.9 

6 6070 8.29 8.18 +1.4 

‘a 5090 8.33 8.18 +1.8 

8 4100 8.09 8.18 -—1.1 

9 3400 8.11 8.18 —0.9 

10 2650 8.12 8.18 -—0.7 

vat 2300 8.17 8.18 —0.1 

12 2140 8.20 8.18 +0.2 

13 1860 8.18 8.18 0.0 

14 1620 8.17 8.18 —0.1 

15 1480 8.15 8.18 -—0.4 

16 1420 8.15 8.18 —0.4 


DETERMINATION OF THE LOSSES 
B. On the Discharge Side 

On the discharge side, the air streams flow from the 
air gap through parallel vent ducts out to a common 
discharge chamber. In these tests they discharged 
into the atmosphere. The losses of head were divided 
into four groups: (1) loss within the radial vent ducts; 
(2) loss accompanying the turning of a right angle; 
(3) loss due to sudden decrease in velocity arising when 
some of the fluid discharged through a vent duct; 
(4) loss due to surface friction. For the particular set- 
up there was also a small loss in the converging duct 
leading to the gap channel, but this loss does not appear 
in the machine, in the parts that are fed from the 
intakes. There is an entrance loss whose magnitude 
depends upon the entrance conditions in machines at 
the end-beli ends. Approximate data obtained in the 
turbo-model tests in 1923 permit evaluation of the 
latter loss with sufficient accuracy. 
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1 and 2. Loss Within the Radial Vent, and Loss . 
Accompanying the Turning of a Right Angle. As for 
the intake vents, the losses in the radial vents were 
determined at the time the tests on the turbo-model 
were made in 1922 and 1923. They were made with 
the same apparatus but the direction of flow was re- 
versed. The co-efficient was called Ca, as defined by 


the equation —— = Cz The meanings of the 


PATS 
symbols are the same as before. It was recognized that 
the conditions in the machine, or in this model, might be 
different from what they werein thesmall set-up of 1923, 
because the entrance conditions were different. The loss 
accompanying the turning of a right angle could not 
readily be separated from the entrance conditions, and 
there was little to be gained, if that could have been 
done without great difficulty. Consequently those two 
losses were combined, and the new values of the co- 
efficient C, take account of the turning of a right angle, 
of the entrance loss to the vent duct, and the loss in the 
vent itself. 


Pressure in this 

Ns) n 

eet . is sk oo BDI OTP 
justing 

outlet ca oe 


Fig. SHOWING THE MrETHOD 


7—ScuEematic Dr1aGRaM, 
IN wHIcH TESTS WERE MADE FoR EvatuaTING Loss Co- 
EFFICIENTS ON THE DISCHARGE SIDE 


One vent duct was left open. All other vents were closed by rubber 
stoppers. The pressure in the gap can be changed by adjusting the outlet 
from the box at the end of the gap so that any combination of velocity 
and pressure can be obtained. Impact tubes located at points marked 
“x” give vent duct velocity head if the vent duct is open, or static pressure 
in the gap if the vent duct is closed by a rubber stopper. 


To determine the value of Cz and the gap loss, a 
special set-up, shown schematically in Fig. 7, was de- 
vised. Only one vent duct (tube) was open, and most 
of the air passed through the air gap into a relatively 
large box with an adjustable outlet. By adjusting the 
size of this outlet, any desired combination of gap 
velocity and static pressure could be secured. The 
pressure in the gap was determined by the method 
previously described: the pressures in the adjacent 
ducts were measured, and the mean taken as the gap 
pressure at the vent duct. With only one vent duct 
open, the losses of head from that vent to the box were 
the velocity head at discharge from the gap channel and 
the friction drop therein, both of which could be cal- 
culated with reasonable accuracy. The two methods of 
determining the static pressure in the gap checked quite 
well. | 

In Fig. 8 will be found a plot for one test. The air 
flowed in the gap channel from right to left, and No. 3 
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tube was the only one open. The points indicated as o 
were the measured static pressures as read in the closed 
vent ducts. The points indicated as + were calculated 
by figuring the friction drop back from the box with 
adjustable outlet in which the measured static pressure 
was 2.4 inches of water. The point indicated as @ 
is the average static at the two extremes of vent No.3. 
The value of C, is then given by 


ling pete 
7 29 (9) 
The value of C, is not constant but is dependent upon 
the gap velocity. 
3. Loss Due to Sudden Decrease in Velocity. It was 
shown largely by theory and checked by experiment 


that when there is a sudden enlargement of cross- 
section, the loss of head is: 

(1 — 02)? ; 

29 

%, and v2 are the velocities before and after the en- 
largement, as given by the volume divided by the cross- 
sectional area. It may, without much difficulty, be 
shown that the decrease in 
velocity in the gap due to 
the abstraction of the air 
through the vent duct is 
comparable with the case 
of sudden enlargement, 
and probably should be 
given by the same equa- 
tion. Equation (10) was 
found to apply with con- 
siderable accuracy, except 
for the case when v» = 0. 
Even then the loss con- 
sidered as part of the total 
was not great. To check 
equation (10) tests were 
made in a similar manner to those for the individual 
tubes, and the gap static pressure on either side of the 
particular tube was measured. The latter method was 
better than the other because near the end of gap 
channel the velocities were low and the static pressures 
could be measured with accuracy. 

4. Loss Due to Surface Friction. ’ From the curve in 
Fig. 8 it will be seen that the friction loss is by no means 
negligible. It is given by the well-known formula to be 
found in any standard work on hydraulics: 


le att 


Ci = 


(10) 


< 


= a (11 
Friction drop 5 okay GAS Anwaee (11) 
*See Athen: “Hydraulies and Its Applications.” Second 


Edition. pp. 82 and 83. The equation is quite different from what 
one might at first glance expect: 
vy? — 02° 
29 


FECHHEIMER AND PENNEY: VENTILATION OF TURBO ALTERNATORS 261 


wherein. 

= coefficient of friction 

= length 

perimeter of duct 

= area of cross-section of duct 

= velocity 

= acceleration of gravity 

If v is feet per minute, and the density is taken as 


Static Pressure 
in this Box From Vol Meter 
Tre 
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No. 3 Vent Open, all Others 
Impact Tubes Located at Points Marked ‘‘x” gave 


and Fan 


Closed’ by Rubber Stoppers, 


AS 3.8 Duct Vel. if Duct was Open, or Static Pressure 
us 36 in Gap if Duct was Closed. il. 
= a Static Pressure as Measured in|Closed Vent Ducts: 
3. Calculated Static Pressure. a 
5 Aver. Static Pressure at Open Vent Duct. 
BA 3.2 This Pressure was used to determine Cy 7——7—J 
uw 
ae 2h) 
S 
= 743) 
@ 
5 26 
a 
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uw 2.4 
a 
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= 
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B 
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VENT DUCT NUMBER: 
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Fie. S8—Examp.ie or Pirorrep Dara SHowinac Merruop oF 
DETERMINING Static PressurE FoR EvALuaATING Cd 


0.074 Ib. per cu. ft., the friction drop in inches of water 


is 
eee 
A 4030 
f = about 0.0054. 

Combination of the Equation on the Discharge Side. 
Considering the case where the air enters the discharge 
part of the air-gap from the intake side (that is, not the 
case where the air enters the air-gap directly from the 
end bell; see Fig. 1), then the static pressure in the 
gap at the division point between intake and discharge 
is Po. The velocity in the gap at that point is 2. 
Following the path of a stream of air from that point 
to some other point in the gap, the equation, by 
Bernouilli’s theorem, is: 


Po Vo" p 


sys te Big wy 


st ae >, losses from the 


division point to the point in the gap considered. 
> Gata 


(12) 


Po V0? y 
Y ik 29 29 
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Here SS 


losses due to sudden decrease in velocity from the 
division line up to the particular vent duct considered; 
7 LR v? 


d Ns f —— —— is the summation of friction drops 
vee) A 209 


between the same points, account being taken of the 


9 


In equation (12), Ca ry 


(V4 me 


er 7 ans the summation of all 


an 


changes in velocity. has 


been written for ote 


When the air enters the gap channel directly, as was 
the case for the second set-up, or as is the case when the 
air in a machine enters the gap directly from the end- 
bell, and the chamber is so large that the velocity head 
there may be neglected, the static pressure being P, 
the equation is 


P y so 
Aa ag 7 Y ee 


Sy a 


This latter equation was used for final checking of the 
discharge loss coefficients. In Table II the results of 
one test are summarized. 


(13) 


TABLE II 

I II IIL IV V 

Vent Tube Meas. Avg. Meas.* | Avg. Calc. Per Cent 
Number Stat. Press. Stat. Press. Stat. Press. Difference 

8 7.03 

if 1.32 aealey 203 

6 7.62 

i53 7.84 ES 1.4 

4 8.06 

3 8.20 8.10 1.2 

2 8.32 

1 8.25 


*Average of measured pressures on each side of open duct. 


Derivation of Equations 


In order to obtain final expressions which will be 
useful to the designer, the general method used by 
Bratt in his 1924 A. I. E. E. paper was followed. The 
assumption is made that there are an infinite number of 
vent ducts each of infinitesimal width, instead of a 
finite number, each of finite width. This assumption 
is comparable with the one usually made in polyphase 
alternating current machinery: there is a sine wave 
distribution of magnetomotive forces and fluxes. 


INTAKE SIDE 
Let S be the vent duct area at the minimum section 
per unit length axially. Then for a short length dx 
the vent area = Sdxz(Fig. 9). If the vent duct 
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velocity is V at the position az, the volume of air passing 
through the vent area is VSd«a. This volume aug- 
ments the previous volume in the air- gap, causing an 
increment in air-gap velocity dv. If a is the cross 
sectional area of the air-gap, the incremental volume 


is adv. Actually on the intake side the volume 
Balance Division 
Points Lines 

Fic. 9—Scuematic DIAGRAM OF THE VENTILATING SYSTEM IN 


a Turspo ALTERNATOR, SHOWING MEANINGS OF SYMBOLS UsED 


increases as x decreases, (see Fig. 9). Consequently 
the equation of continuity may be written as: 


SVdx=-—adv. 
or 


(14) 


Combining terms from equation (8), 


P Do YY? Vo" vw 
Sa ee OE —(1+K-—K. 
Wk ape Hee Sgn \o9 
(15) 
Differentiating with respect to x, and simplifying, 
Co Sa eee 
: ie ek a — Fhe ee 
From equation (14), 
dV a d?v 
Og inl as ee 
which substituted in the above equation gives: 
@ ah? a0 ad? v dv 
o( ) Gee? he gee el Tae Geoth ohe eee 
or, 
dv : 
SEP Wer (16) 
where 
8S [1+ K-K, 
Sy Sig NW Ran eee (17) 
A solution is: 
v= Acoshax+Bsinhax (18) 


where A and B are arbitrary constants. 
The terminal conditions are that v = 0 for x = L;, and 


ov =v, forxz = 0. Then, 


sinh a (L;— 2) 
sinh a L; 


=o U0 


(19) 


- uw Tee eS 


Feb. 1926 


Substituting in (14), and differentiating, 


a cosha (L;— x) 
S sinh a L; 


V=a; a (20) 
The total pressure 1s obtained by substituting the values 
of » and V in equation (15). The value thus found 
holds for all values of x, and may be taken at either of 
the boundaries. There is little difference, as regards 
simplification, which boundary is used. Takings =, 
the result is: 


P Po pe a ee r 
pi een ak osinh? vols +(+K) Jan 


DISCHARGE SIDE 


Referring to Fig. 9, if, as before, V is the vent duct 
velocity at position y, the volume of air passing a vent 
duct of width SdyisV Sdy. This volume decreases 
the previous volume in the air-gap by adv. As the 
air-gap volume decreases with increasing y, this quan- 
tity is negative: SoVSdy =—adv. Or, 


(22) 


The equation with losses (number 13) can, with the 
use of (22), be reduced to the form of a differential 
equation. Thus, by considering the losses over a short 
length dy, the summation signs can be replaced by 
integrals. Then the whole reduces to a differential 
equation by taking the derivative. The form of that 
equation was rather complicated, and although a solu- 


tion was obtained, it was so involved as to be impracti- ' 


cable. It was decided, therefore, tomake approximations 
which would alter the form of equation (13), and still 
be close enough for general application. The assump- 
tion was made that there were no gap losses, that C, 
was constant and that its value corresponded to the 
highest gap velocity. This was the highest value for 
Ci, so that compensated for having ignored the gap 
losses. For y = 0, the assumptions are the same as for 
the actual conditions, since the value of C, used corre- 
sponds to that point, and the gap losses there are zero. 
At points where the gap velocity is lower, the assumed 
value of C, is too high, but since then the gap losses 
are neglected, the static pressure, as calculated by 
Bernouilli’s equation, is high. As the vent duct velocity 
is dependent upon the quotient of the gap pressure and 
C,, and as both are high, the error is quite small. 

With these approximations, Bernouilli’s equation for 
the gap channel on the discharge side may be written 
as: ets: 

p v? 

4 es g 


= total head = a constant. ° 


Here p is the pressure and v the velocity at any point — 


in the air-gap. ; 
Making use of equation (9) 
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V2 v2 
Cae Fes + ae constant (23) 
Substituting for V from (22) and differentiating, 
d?v i! Ss \? 
pees (ce Yo=o (24) 
A solution will be recognized as: 
v=AsinBy+ Beospy (25) 
where 
‘yale pe 
Maas (26) 


The terminal conditions are that v = 0 for y = Lg 
and v = »% fory = 0 (See Fig. 9). 
The final forms of the solution are then: 


ete ee v) (27) 
ee apt 28 
2 Sere eS 

At the division lines, y = 0, and then 
oe = i cot? 6 Li (30) 


The total pressure in the intake chamber may now 
be determined readily by eliminating“ between equa- 


tions (21) and (30). Then: 


P; vo” f 1+K-—Ki K 2 ] 
rye 2G [ sinh? a L, tL tK)+eot?B La | (31) 


If the density is taken as 0.074 lb. per cu. ft., the 
velocities are in ft. per min., and the head is in inches 
of water, this equation is: 


p On ) 14+K-K. 
ze Cae [ aah one 


Considering now the air that enters directly from 
the end bell and is then discharged (Fig. 9), it will 
readily be seen that the same equations apply as before, 
except that now the loss at entrance must be considered, 
and one velocity head in addition must be added. 
The equation for end bell pressure then is 


(L+K)teot"aL | (32) 


Jag v h 
Sao eg cit SOU 6 La) (33) 
Now 
P, = the end bell pressure. ; 
v, = velocity in the gap at the end bell entrance. 
k = loss coefficient at entrance. 
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S ih ; 
ho Sie \ (as but Cz is generally different from 
g ‘¢ that for the other case, as the 
velocity v, is usually not the same 
as Uo. 
La = length from end bell to the balance point where 


"Yo (): 
The question may arise why there is a velocity head 


9 


e 


29 


term in equation (33) and a corresponding term 


a 
Vo" 


29 


does not appear in equation (30). The explana- 
tion is that it is necessary always to establish the 
velocity in the gap, but for the case when the air flows 
from the intake through the gap and then is discharged, 


9 


Vo- 
29g 


the velocity head is charged against the intake 


side, as the air is flowing at the velocity v» in the gap 
when it leaves the intake. 


SUMMARY OF FINAL EQUATIONS 


Intake Discharge 
sinh a (L; — 2)  ssin8 (La— Y) 
ae eesinh ey 1: ages sin 6 La 
V a cosh @ (L;— at) Ve Oo) » aCOS eta ay) 
eS me sinh cpl: TA Cp ake Si Bleg 
pet) penn ees 
‘VY O9 L sinh? a L; hr teh COU Ls 
) 2 
P.=y5— (1 +k + cot? L,) 
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Note that to compute the velocities on the discharge 
side adjacent to the end bell, the above velocity equa- 
tions may be used, but y and L, are now measured from 
the end bell end instead of from the division point, v, 
must be substituted for vo, and the value of C, must be 
used that corresponds to v, instead of to vo. 

In using the equations it is perhaps a little more 
convenient to take S as the area of one circle of stator 
vents at the minimum section, and then Ly, L, and L; 
are in number of vents instead of in actual lengths. 

In the above equations: 


mn S 1+kK—k: S 1 
a C; ae a C4 

a = cross-sectional area of the air gap. 

Ca = discharge coefficient in the radial vent ducts. 

C’; = intake coefficient in the radial vent ducts. 


k = loss coefficient at entrance to gap, end bell end. 
K = loss coefficient for sudden increase in velocity. 
Ky, = loss coefficient for turning a right angle. 


FECHHEIMER AND PENNEY: VENTILATION OF TURBO ALTERNATORS Transactions A. I. K. E. 


L, = distance from division point to balance point, 
discharge side. 

L. = distance from end bell to balance point. 

L; = distance from division point to balance point, 
intake side. 

P, = pressure in the end bell. 

P 

S 


I 


; = pressure in the intake chamber. 

cross-sectional area of stator vents at the mini- 
mum section per unit length axially. 

= velocity in gap at division points. 


lI 


= 
| 


», = velocity in gap at end bell end. 

V = velocity in stator vents at minimum section. 

x = variable distance from division point, intake side. 
y = variable distance from division point, discharge 


side. 


DETERMINATION OF THE BALANCE POINTS 


The equations which have been derived contain the 
values of L, and L;. These lengths are unknown since 
the points where the velocities in the gap are zero have 
not been determined. Those points, which we have 
called “‘balance points,” are determined by the following 
conditions: 

1. The pressure drops for all parallel paths must be 
the same. 

2. The vent duct velocities at the balance point must 
be the same when computed for the two parallel cir- 
cuits which meet at that point. 

The transcendental forms of the equations make a 
simultaneous solution impossible, so a trial and error, 
or an approximate solution must be used. Those 
methods were followed by Bratt as given in his paper, 
but his solutions were not found to be suitable, and 
other lines of attack were followed. 

An approximate solution was obtained by making 
the following additional assumptions: 

1. The velocities in the vent ducts in a given belt 
are equal. This applies to the intake and discharge, 
but the two are not taken equal to each other. 


2. The pressure drop in any circuit from intake 


Viz 
2 Ge 


V2 Ve 


nae 


chamber to outlet = C; 
29g 


* 


+ Ca 


3. The pressure drop in the circuit from the end bell 


V2 Ve 

to outlet = (1 + k) iy + C4 aGF 

The equations are then in simple algebraic form. A 
simultaneous solution is then possible regardless of the 
number of parallel paths, and the approximate values of 
La, L, and L; can be determined. The pressure drops 
in the various parallel paths and the vent duct velocities 
at the balance points are compared, using the values of 
the lengths as found in the transcendental equations. 


-*The symbols are the same as before, but V; and Vg repre- 
sent respectively the intake and discharge vent duct velocities. 
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Then, if the pressure drops for parallel circuits, and the 
vent duct velocities at the approximate balance points, 
do not compare favorably, the lengths may be changed, 
and the calculations repeated. In a number of cases 
tried, it was not found necessary to repeat the results 
more than once. If the lengths are not great, so that 
the velocity distribution in a belt is not far from uni- 
form, the first approximation is generally sufficiently 
accurate. 


CHECKS ON THE ACCURACY OF THE EQUATIONS 


Most of the experimental work was to determine the 
losses and to check them, as summarized in Tables I 
and II. Many tests were thus made for the intake and 
discharge sides. After having derived the equations, as 
given elsewhere in this paper, they were checked by 
comparing the calculated air velocities for a large num- 
ber of conditions with test results. Only a few of those 
comparisons are given here. 

In Fig. 10, the comparison is given for one condition, 
using the intake tubes only. In Fig. 11, outlet vents 
were used, there being four for one test and eight for the 
other. The solid lines are calculated curves. For the 
intakes, the agreement between tests and calculations 
is better than for the discharge. This is as might be 
expected, as the test data were known to be less ac- 
curate for the latter, and the assumption made in re- 
gard to values of the discharge coefficient Cz, and the 
losses were certain to introduce some inaccuracies. 

The data plotted in Fig. 12 were taken with the set-up 
as shown in Fig. 6. The solid lines are calculated curves, 
and the circles are test points. It will be noted that 
the calculated curves for the intake do not quite meet at 
the balance point. It was considered unnecessary to 
make another attempt to calculate the velocities with 
the assumed balance point shifted slightly. Attention © 
is called to the agreement between calculations and tests 
for the air-gap velocities at the division points. These 
velocities multiplied by the cross-sectional area give the 
volumes. The average of these calculated velocities 
differs only 2.5 per cent from the average by test. 

In Fig. 13 will be found comparisons of calculations 
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and tests on the turbo model of 1923. No air entered 
direct from the end bell, so that the balance points were 
always at the middle of a belt. ‘The comparison for 
vent-duct velocities covers the outlet vent ducts only, 
as no tests were taken for the intake vents. The 
average of six volume meter readings was 11,100 cu. ft. 
per min. and the calculated was 11,400 cu. ft. per min. 
Those tests were with the rotor stationary. 

In Fig. 14 will be found a comparison of tests and 
calculations on the machine for which the test data 
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were given in Fig. 36, p. 496 of the 1924 A. I. E. E. 
TRANSACTIONS. Here the calculated volume is 69,500 
cu. ft. per min. and that by test 72,500 cu. ft. per min. 
The agreement between test and calculated velocities 
in the vents adjacent to the end bell is very good, but 
the test velocities are somewhat higher than calculated 
in the middle belt. 

In general, it seems that the agreement of calculations 
with tests is as close as one might expect with so com- 
plicated a phenomenon as fluid flow. It is believed 
that, for the particular type of ventilating system, the 
volumes and their distributions can now be calculated 
with a reasonable degree of certainty, and ruleof thumb 
methods need no longer be used. 


Appendix A 
EXPLANATION OF THE INFLUENCE OF ROTATION UFON 


AXIAL DISTRIBUTION OF VOLUMES IN THE STATOR 
VENT Ducts 


In Fig. 15 at a the gap velocity is maximum, and the 
volume discharged through the vent just beyond at A 
is lower than in the following vents. This is so be- 
cause the volume that escapes at A reduces the gap 
velocity at b, and as some of the velocity head at a 
is restored to static pressure at b, the efflux at B is 
greater than A, as the vent velocity is dependent upon 
the gap static pressure. If between a and b there had 

6. In working up this test, the velocities in the individual 


ducts were obtained by comparing the average anemometer 
reading with the total volume by the volume meter. 


FECHHEIMER AND PENNEY: VENTILATION OF TURBO ALTERNATORS Transactions A. I. E. EK. 


been no restoration of velocity: head, and if the coeffi- 
cients of discharge in the two vent ducts had been the 
same, the velocities in A and B would have been equal. 
So, the greater the resistance to flow that is imposed 
in the gap, the less is the restoration of velocity head, 
and the more uniform are the axial distributions of 
vent duct volumes. One influence of rotation is to 
impose resistance, or loss of head in the gap, and con- 
sequently rotation makes for more uniform distribu- 
tion on the discharge side. It is readily understood 
that the greater the size of the gap, the less is the resis- 
tance due to rotation, and therefore the larger the gap 
the closer is the agreement between standstill and run- 
ning conditions. Furthermore, as the coils are usually 
sunk in the slots, some air moves axially through por- 
tions of the slots above the coils which considerably 
protects that air from the whirls produced by the 
rotor. (Compare Figs. 33 and 34 and 35, pp. 495 and 
496 in the 1924 A. I. E. E. paper, loc. cit.) It is also 
evident that with the higher pressures used in machines 
than were employed in the turbo model tests, (10 
inches of water or more, instead of 3.3 inches), the veloci- 
ties in the vents and gap are greater, and the vent-duct 
volume distribution is stillless affected by rotation. 
On the intake side the velocities in the vent ducts 
are dependent upon the differences between the pres- 
sures in the intake chamber and in the gap. The 
lower the gap pressure, the greater is the vent duct 
velocity. At q the gap velocity is high; by Bernouilli’s 
equation, that means low gap static pressure, and 
therefore the duct velocity at Q is high. At m the gap 
velocity is low, the gap static pressure is high, and there- 


Fie. 15—Scuemaric DiaGRAM OF THE VENTILATING SYSTEM 


or A TursBo ALTERNATOR, SHOWING MuBaNINGS oF SYMBOLS 
USED 


fore the vent-duct velocity is low. If resistance is 
imposed between m and q, the drop in pressure between 
those points is increased, and the static pressure at q 
is consequently lower than would be the case if there 
were no loss of head in the gap. That means that the 
difference in vent-duct velocities at M and Q is greater 
the larger the gap resistance. In all probability, the 
influence of rotation is to increase the gap resistance, 
and therefore augments the differences between maxi- 
mum and minimum intake vent-duct volumes. How- 
ever, with the large gaps, with the coils sunk in the slots, 
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and with the high pressures used, the influence of rota- 
tion upon the intake volumes and their distribution 
must be small, just as for the discharge vents. 


Appendix B 


NOTE ON THE “Toy BALLOON METHOD” FOR 
MEASURING DISCHARGE VOLUME DISTRIBUTION 


On page 486 of the 1924 A. I. E. E. TRANSACTIONS 
a method for measuring pressures in the air gap is 
described which was called the “‘toy balloon method” 
by Mr. Knowlton when discussing the paper. The 
tests described in the present paper showed that 
the method is sound for measuring pressures. But the 
tests made for evaluating the vent-duct discharge co- 
efficient, Cz, indicate that C, is not constant, but is 
dependent upon the air-gap velocity. Consequently 
it is not correct to calculate the velocities in the vent 
ducts from the gap static pressures, and therefore the 
distribution of volumes in the discharge vent ducts of 
a machine can not be determined with accuracy by that 
method, unless suitable corrections are made. Such 
corrections consist in changing the velocity (or volume) 
in a vent inversely as the square root of the ratio of Cz 
corresponding to the approximate gap velocity at a 
particular position to the value of C., corresponding to 
zero gap velocity. The method is somewhat tedious, 
but is the best that we know of at present. 
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In Fig. 14 in the present paper (in which some of the 
data of Fig. 36, p. 496 of the 1924 A. I. E. E. paper are 
reproduced), no corrections were made for the changes 
in Ca. Had that been done the velocities in the end 
vents would have been slightly lower; that is, the test 
curves would have been a little steeper. 


Discussion 


S. L. Henderson: This paper covers the results of a con- 
siderable amount of experimental work done subsequent to the 
papers written in 1924 by Mr. Fechheimer and Mr. Bratt. As 
the later tests were made on stationary models, the constants 
could be determined more accurately than on a moving model, 
and the accuracy of the equations is demonstrated in the com- 
parison between tests and calculations as given in Figs. 13 and 
14. The results of this work are being used in the design of 
turbine generators with considerable practical benefit. On one 
design, in particular, it was possible to shorten the machine 
considerably through the use of these equations. 

The choice of the number of vents and the division of these 
vents into intake and outlet zones is thus made relatively simple. 
The number of vents is determined by the velocity of air required 
in the radial vents to obtain satisfactory cooling on the sides of 
the vent spaces. The number of vents is also determined by 
the width of the iron package between vents which can be allowed 
without having an excessive temperature drop in the paekage. 
Several trials, as in most questions of design, must be made in 
order to obtain the best proportions. After the number of vents 
has been decided upon, the division of these vents into intake 
and outlet zones can be earried out through the use of the equa- 
tions in this paper. 
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Synopsis.—A review of the art of loading telephone circuits as 
practised in the United States. The introductory section briefly 
reviews the theory of coil loading, and summarizes the principal 
characteristics of the first commercial standard loading cotls and 
loading systems, thereby serving as a background for the description 
of the various improvements of outstanding importance which have 
been made in the loading coils and loading systems during the past 
fifteen years to meet the new or changing requirements in the rapidly 
advancing communication art. 


These major improvements are described in detail under the 
appropriate headings (1) Phantom Group Loading, (2) Loading for 


—————— 


INTRODUCTION 


HE year 1926 marks the fiftieth anniversary of the 
4 aes of the telephone, and the completion of the 

first 25 years of the commercial application of 
loading to telephone circuits by means of inductance 
coils inserted at periodic intervals. The present time 
is thus peculiarly appropriate for a survey of loading 
developments. 

The purpose of this paper is to present a review of 
the art of loading telephone circuits, as practised in the 
United States. In a paper presented before the Insti- 
tute in 19113 Mr. B. Gherardi described the developments 
in loading up to that time and gave a comprehensive 
statement of the results obtained. In the present 
paper, therefore, references to the early developments 
in loading may be confined to matters that are neces- 
sary to the treatment of the subsequent developments 
in the art. 

During the period under consideration many im- 
provements of outstanding importance have been made 
in the characteristics of the loading coils and in the 
loading systems, in order to meet new or changing 
requirements in the rapidly advancing communication 
art. The more important of these improvements are 
listed below and will be discussed in the sequence 
noted: 

it Phantom Group Loading 

LES 


Loading for Repeatered Circuits 
III. Incidental Cables in Open-Wire Lines 
IV. Cross-Talk 
V. — Telegraphy over Loaded Telephone Circuits 
VI. Loading for Exchange Area Cables 
VII. Submarine Cables 


As a basis for the discussion of the characteristics 
of commercial loading systems and the various de- 
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Repeatered Circuits, (3) Incidental Cables in Open-Wire Lines, 
(4) Cross-talk, (5) Telegraphy over Loaded Telephone Circuits, 
(6) Loading for Exchange Area Cables, and (7) Submarine Cables. 
The discussion of these various developments sets forth the relations 
between the loading features and the associated phases of telephone 
development, such as the cables, repeaters, telegraph working, and 
carrier telephone and telegraph systems. 

The concluding part of the paper gives some general statistics 
regarding the extent of the commercial application of loading in the 
United States, and a brief statement indicative of the large economic 
importance of loading to the telephone using public. 


velopments which have been made, the elementary 
theory of loaded lines and a review of the first loading 
standards will be given. Those interested in the exact 
mathematical theory are referred to more complete 
discussions which may be found in the bibliography 
appended hereto. 

Theory. It is convenient to discuss the coil loaded 
line in terms of its corresponding smooth line, a hypo- 
thetical line in which the constants of the inductance 
coils are assumed to be distributed uniformly along 
the line. 


Table I gives simplified formulas which define the 


TABLE I 
APPROXIMATE LINE FORMULAS 


Uniform Line 


ine Having Zero Uniform Line Having 
Characteristics Inductance Distributed Inductance 
@, attenuation [p_R G | R |p RC R CG 
(eae AG P Pee 
constant 5) 4. BL pekaneas ae Bae 9 (1) 
W, velocity of (2 Bi, Pp inva a fst 
2°p i 
wave propa- a = > == SOS 2 
gation vy RC V2Lp y RCO yeu a 
Zo, characteristic | R =a | eobipa ms = es 
impedance 45° 45°. Oe 
p erin / R /45° ypc /45 V 
(3) 


In the above, a is the real part of the propagation constant; and 
W =p/8, in which p = 27f (f = frequency) and§8 is the wave length 
constant; i. e., the imaginary part of the propagation constant. The for- 
mulas assume the leakage conductance G to be negligibly small; and in the 
case of the line with inductance, that R is small with reference to p L, 
R, L, and C being the line resistance, inductance, and capacitance per 
unit length. 


important line characteristics in terms of the primary 
line constants, the formulas being so arranged as to in- 
dicate directly the nature of the changes in line 
characteristics which occur when uniformly distributed 
inductance is added to a uniform line initially having 
zero inductance. 


Inspection of the formulas shows that the addition 
of distributed inductance: 

(a) Reduces the attenuation constant and the 
velocity, provided that the ratio R/2 L is less than p. 
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(b) Increases the impedance, and improves the 
power factor. 

(c) Makes the attenuation, velocity and impedance 
Independent of frequency over the frequency range 


-where R is small with reference to jan op 


Investigating the question of concentrating the line 
inductance at uniformly spaced intervals, Professor 
Pupin gave his famous solution in a paper’ presented 
before the Institute in May, 1900. Dr. G. A. Campbell 
in his paper® of March, 1903 also gave a mathematical 
development of the loading theory along somewhat 
different lines. 

These early investigations showed that a coil loaded 
line should have several coils per wave length in order 
to simulate a uniform line. The more closely the coils 
are spaced the more exact is the degree of equivalence. 
When there are 10 coils per wave length the equivalence 
is very close. However, the cost of the loading in- 
creases as the spacing is shortened. Thus, from the 
standpoint of commercial application, the question 
“What is the smallest number of coils per wave length 
that will give satisfactory transmission?” is very im- 
portant. In the investigation which was made to de- 
termine the magnitude of the changes in attenuation, 
velocity, and impedance, as the number of coils per 
wave length is reduced, abrupt changes in these charac- 
teristics were found to occur at the spacing of two coils 
per actual wave length; accordingly, the frequency at 
which this spacing condition applies in a loaded line 
became known as the critical frequency of the loading. 
The velocity of the coil loaded line at the critical 
frequency is lower than the velocity of the correspond- 
ing smooth line approximately in the ratio 2 to 7; 
in other words, at the critical frequency there are 
(approximately) 7 coils per wave length, in terms of 
the velocity of the corresponding smooth line. 

The following expression defines the critical fre- 
quency in a coil loaded line having zero distributed in- 
ductance: 


1 


SS 4 
r+ /LsC (4) 


“i Je 


in which 
f. = critical frequency 
L = coil inductance 
s = coil spacing 
C = line capacitance per unit length 


[If the loaded line has distributed inductance, a 
correction is required in equation (4). 
_ At the critical frequency and higher frequencies, 


the attenuation loss is so extremely large that it 


amounts practically to a suppression, or “cut-off,” 
‘ 9 
effect. For this reason the term “‘cut-off frequency 
4. ‘Wave Transmission over Non-Uniform Cables and Long 
Distance Air Lines,’ M. I. Pupin, Trans. A. I. E. E., Vol 17, 
1900, p. 445. Refer also to Pupin, U. S. Patents Nos. 652, 230 
and 652, 231, June 19, 1900. ft NE 
5. “On Loaded Lines in Telephone Transmission,’ G. A. 
Campbell, Philosophical Magazine, March, 1903. 
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has come into general use as a substitute for the some- 
what less definitive term, “critical frequency.” 

The differences between the characteristics of a 
coil loaded line and its corresponding smooth line are 
sometimes designated “lumpiness” effects. They are 
due to internal reflection phenomena at the points of 
electrical discontinuity in the line caused by the in- 
sertion of the loading coils. The lumpiness effects are 
usually small for the frequencies below approximately 
75 to 80 per cent of the cut-off frequency. As the 
frequency exceeds this value, however, the lumpiness 
effects increase at an accelerated rate. 

Figs. 1, 2 and 8 illustrate the differences in the attenu- 
ation, velocity, and impedance characteristics of a typ- 
ical telephone cable, with and without loading. The 
characteristics of the corresponding smooth loaded line 
are also indicated, to illustrate the theoretical differ- 
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ences between uniform loading and coil loading. Fig. 1 
includes curves which give an analysis of the different 
types of line losses, (a) the “‘series’”’ losses due to heat 
dissipation in the conductor and the loading coils 
which are proportional to the square of the line current, 
(b) the ‘“‘shunt” losses due to heat losses in the dielectrics, 
which are proportional to the square of the line voltage, 
and (c) the lumpiness effects due to internal reflections. 
The sharp rise in attenuation with frequency as the 
cut-off frequency is approached is clearly indicated. 
Fig. 3 illustrates the dependency of the character- 

istic impedance of a coil loaded line upon the terminal 
condition. The most frequently used loading termi-_ 
nations are “mid-section” and “‘mid-coil.”” In the mid- 
section termination, the first loading coil is located at 
a distance equivalent to one-half of a regular loading. 
section from the beginning of the line. Mid-coil ter- 
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mination is obtained by installing at the beginning ot 
the line, a coil having one half of the inductance of the 
regular coils, the first full coil being installed at the 
end of the first complete loading section. For mid- 
coil and mid-section terminations, the characteristic 
impedance is approximately a pure resistance, which 
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varies with frequency as a complicated function of the 
ratio of the frequency to the'cut-off frequency. With 
mid-coil termination the impedance-frequency charac- 
teristic droops with rising frequency, approaching zero 
at the cut-off frequency. On the other hand, the 
mid-section termination has a rising characteristic, ap- 
proaching infinity at the cut-off frequency. 
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Early Standard Loading Systems. One of the funda- 
mental questions involved in the early commercial 
development work was that of determining what range 
of frequencies should be transmitted in order to furnish 
a satisfactory grade of speech transmission. The in- 
vestigation. of this point resulted in the adoption of a 
standard cut-off frequency of about 2300 cycles. Table 
II lists the other important transmission characteristics 
of the first loading systems standardized about 1904 for 


use on cables:— 


TABLE II 
FIRST STANDARD CABLE LOADING SYSTEMS 


Coil Induc- | Nom- ‘ 
Induc-| Coil } tance | inal Attenuation Loss 
tance |Spacing}/per Mile} Impe- (TU per mile) 
Loading (Hen- | (Miles)! (Hen- | dance 19 16 14 
Designation rys) rys) |(Ohms) | A.w.g. A.w.g | A.w.g. 

Heavy 0.250 e250. 200 1800 0.28 } OO16 171012 
Medium 0.175 1.75 | 0.100 1300 0.39 | 0.21 0.14 
Light 0.135 2.5 0.054 900 0251 0827, |) (Oaix 
(Non-loaded Cable) 1.05 0.74 0.59 


Nore. These data apply to cables having a mutual capacitance of 
0.070 », f. per mile and assume loading coils the electrical characteristics of 
which are given in Table IV. The nominal impedance is defined by the 
expression VL/G. The new unit of transmission loss (TU) is described 
in a recent Institute paper®. 


For open wire loading, only one loading system, 
known as “heavy” loading, was standardized. This in- 
volved the use of coils having an inductance of 0.265 
henry at a spacing of approximately 8 miles. This 
loading had approximately the same cut-off frequency 
as the cable loading standards described in Table II. 
The other important line and transmission characteris- 
tics are summarized in Table III. 


TABLE IIT 
FIRST STANDARD OPEN-WIRE LOADING 


Constants per Loop Mile Nomi- | Attenu- 
Wire nal Im- ation 
Diameter} Loading R L G pedance |Loss TU 
(In.) Condition Ohms Henrys Mf. Ohms |per Mile 
0.104 Non-loaded| 10.4 0.0037 0.0084 660 0.075 
0.104 Loaded ii a 0.037 0.0086 2100 0.031 
0.165 Non-loaded 4.14 |} 0.0034 0.0091 610 0.033 
0.165 Loaded 4.8 0.037 0.0094 2000 0.014 
Nore. Transmission efficiency figures assume dry weather insulation 


conditions, 5 megohm-miles, or better. 


Loading Coils. The loading coils developed for use 
in the loading systems described in Tables II and III 
were of the toroidal type; i.e., they had ring-shaped 
cores formed by winding up a bundle of insulated fine 
wires on a suitably shaped spool. The core wire was 
38 A. w. g., (0.004 in. diameter). 

The wire used in the cable loading coil cores was a 
commercial grade of mild steel, hard drawn under con- 
ditions which gave it an initial permeability of 95. The 


6. ‘The Transmission Unit and Telephone Transmission 
Reference Systems,’’ W. H. Martin, Trans. A. I. E. E., Vol. 48, 
1924, p. 797. 
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term “‘initial permeability’ signifies the permeability 
at very weak magnetizing forces; i.e., below 0.1 gilbert 
per cm. The core wire used in the open wire loading 
coils was drawn from the same stock, but differences in 
the drawing and annealing treatments gave it an initial 
permeability of about 65. This core wire had lower 
eddy current and hysteresis losses than the 95-per- 
meability wire. A black enamel insulation was used 
on the 95-permeability wire. A celluloid-shellac com- 
pound which could be applied at a lower temperature 
was used on the 65-permeability wire. 

As illustrating the magnitudes involved, it may be 
noted that in order to meet the service requirements, the 
coils were designed so that for telephone currents of 
the order of 0.001 ampere, the magnetizing force H 
has a value of about 0.04 gilbert per em., corresponding 
to a flux density of approximately B = 2 gauss. 

The winding space on the cores was divided in 
half by means of fiber washers, and the winding was 
applied in two equal sections, one being located on 
each half of the core. In installing the coils, one of 
these windings was inserted in one line wire and the 
other winding in the other line wire, so connected that 


TABLE IV 
FIRST STANDARD LOADING COILS 
Average Overall 
Resistance Dimensions 
Coil Induc- D-C. 1000- Diam- 
Type Code tance Cycle eter Height 
Loading No. (Henrys)| (Ohms) | (Ohms) (In.) (In.) 
Open Wire 501 | 0.265 | 2:5 5.9 Goeth) tt 
Cable 506 0.250 6.4 22.3 Aly 3% 
se 508 0.175 4.2 13.0 ad cs 
507 0.135 3.2 OF 


Nore. Effective resistance values apply for a line current of 0.002 
ampere. 


the mutual inductance between windings aided the 
self-inductance for current flowing around the circuit 
through both windings. 

The high costs of the open wire lines warranted 
considerable refinement in the design of the open 
wire coils. They were, therefore, made much 
more efficient and correspondingly larger than the 
eable coils. They were wound with insulated stranded 
wire and had much lower core losses. Another im- 
yortant difference between the open wire and cable 
coils was the use of high dielectric strength insulation 
in the open wire coils. The coils were subjected to 
a breakdown test at 8000 volts (effective a-c.) and were 
protected in service by means of a special type of 
lightning arrester having non-arcing metal electrodes 
- designed to operate at 3500 volts direct current. 

Table IV lists the principal characteristics of the 
loading coils initially used in the standard loading 
systems listed in Tables II and III. 

Loading Coil Cases. The cases used for potting the 


cable loading coils were designed so that they could. 


a 
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be installed in underground manholes or on pole 
fixtures. 

The general method of assembly is to dry the loading 
coils thoroughly and then impregnate them under 
vacuum with a moisture-proofing compound. The 
couls are then mounted on wooden spindles, adjacent 
coils being separated by iron washers. After carefully 
adjusting the individual coils to meet the electrical 
requirements, the spindles of coils are cabled to a short 
length of lead-covered cable which is referred to as 
a “stub” cable. Cast-iron cases with iron partitions 
were designed so as to provide a shielded compartment 
for each spindle of coils. 

Commercially manufactured toroidal coils may have 
small irregularities in their windings resulting in a weak 
stray field which tends to cause cross-talk. The iron 
washers between coils and the partitions between 
spindle groups of coils provide effective cross-talk 
shields. 

After placing the spindles of coils in the various com- 
partments, the case is filled with a moisture-proofing 
compound. The lead-sheathed cable stub is brought 
through a brass nipple in the cast iron cover of the case, 
and the cover is then bolted to the case. By means of 
a special design of case and cover joint, a double seal is 
provided to prevent entrance of moisture at this point. 
A wiped joint is made between the lead sheath of the 
cable and the brass nipple. 

The conductors in the stub cable have an appropriate 
color scheme in their insulation to identify the terminals 
of the loading coils, thus facilitating splicing of the coils 
into the line circuits. A series of multi-spindle cases 
was standardized, ranging in capacity from 21 to 98 
coils. Smaller quantities of coils were potted in a 
single spindle pipe type case. 

Generally similar assembly and potting methods 
were used for the open wire coils, the important differ- 
ences being, first, that the open wire coils were always 
mounted in individual cases designed for mounting on 
pole fixtures, and second, that the coil terminals 
were brought out of the case in individual rubber- 
insulated leads. 


I. PHANTOM GROUP LOADING 

In Mr. Gherardi’s paper,’ already mentioned, reference 
was made to the development of means for (a) phantom- 
ing loaded circuits and (b) loading phantom circuits. 
The large plant economies made possible by these 
developments have resulted in extensive applications 
of these principles. 

The following discussion will consider first the coil 
winding schemes, after which the transmission charac- 
teristics of the loading systems and the electrical 
characteristics of the loading coils will be briefly de- 
scribed. 2% 

Loading Methods. Fig. 4 schematically illustrates 
the standard method of phantom working and the 


7. B. Gherardi, Loe. cit. 
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Bell System standard method for loading phantom cir- 
cuits and side circuits of phantoms.* 

The loading problem is to introduce the desired in- 
ductance into each of the three circuits of a phan- 
tom group without causing objectionable unbalances. 
The method illustrated in Fig. 4 involves indi- 
vidual loading coils for each circuit, the design 
being such that the side circuit coils are substan- 
tially non-inductive to the phantom circuit, while 
the phantom loading coil is substantially non-induc- 
tive to the side circuits. These desirable results re- 
quire close magnetic coupling between the line windings 
in each coil. Consequently, in the side circuit coils 
each line winding, in effect, is distributed evenly about 
the entire core. The necessary high degree of sym- 
metry required by balance considerations is obtained by 
dividing each line winding into two equal sections and 
interleaving them with the sections of the other line 
winding; thus each complete line winding consists 
of an inner section winding on one half of the core and 
an outer section winding on thefopposite half core. 
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using two-coil and four-coil arrangements have been 
developed here and abroad, but none of them is con- 
sidered to be as satisfactory as the scheme illustrated 
in Fig. 4 from the standpoint of service and cost. These 
other schemes are described in a recent article? which 
compares them with the scheme above described. 

Loading Systems. In adapting the circuits to phan- 
tom working, the electrical constants of the two-wire 
circuits were changed as little as possible in making 
them suitable for use as side circuits of phantoms. In 
the cables, two pairs having different lengths of twist 
were twisted into quad formation on a still different 
length of twist. The required balance was obtained 
on open wire lines by cutting in a large number 
of additional transpositions. 

The construction methods chosen resulted in the 
phantom circuits having approximately 60 per cent 
greater distributed capacity than their side circuits, 
and a lower distributed inductance, approximately 
in inverse proportion. It was obviously desir- 
able to install the phantom circuit coils at the 
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Similar design principles are applied to the phantom 
loading coils, withadded complications, however, arising 
from the increased number of line windings. Each of 
the four line windings consists of an inner section wind- 
ing located on one core quadrant and an outer section 
winding located on the opposite core quadrant, the 
two line windings associated with a given side circuit 
being distributed about the same pair of opposite core 
quadrants. In arranging the windings on the core, 
precautions are taken to secure a symmetrical ar- 
rangement of the direct admittances among the line 
windings and from the line windings to the core and 
~ the case. 

It is interesting to note that the three-coil loading 
scheme illustrated in Fig. 4 was employed in the Boston- 
Neponset cable, installed in 1910, which was the first 
successful installation of loaded phantom circuits in 
the world. Other schemes of phantom group loading 

8. U.S. Patents (No. 980,021 ‘‘Loaded Phantom Cireuit,” 


G. A. Campbell and T. Shaw. No. 981,015 ““Phantomed. Loaded 
Cireuit,” T. Shaw. 


same points as the side circuit coils; accordingly, in 
working to the same standard of cut-off frequency, the 
relative circuit constants summarized above resulted 
in the phantom loading systems having a nominal 
impedance approximately 60 per cent as high as their 
associated side circuit loading systems. The trans- 
mission efficiency of the phantom circuit was 20 to 25 
per cent better than that of its associated side circuits, 
on which basis, the phantom circuits were suitable for 
use over somewhat longer distances than their side 
circuits. 

Cable Loading. Data regarding the general charac- 
teristics of the first phantom group loading systems 
standardized for use on quadded telephone cables are 
given in the first four rows of Table V. These loading 
systems were used principally on interurban toll cables. | 
Because of the extra cost of the terminal and signaling 
equipment, and other factors involved in phantom 
working, it was not economical to use phantom cir- 


9. “Commercial Loading of Telephone Cable,”’ W. Fondiller, 
Electrical Communication, July 1925. 
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cuits in the shorter lengths of loaded cable ordinarily 
involved in exchange area connections. 

As soon as the development work on quadded toll 
cables and phantom group loading had progressed to 
a point where satisfactory commercial results were 
assured, active development work commenced on the 
Boston-New York-Washington cable project, involv- 
ing the use of coarse gage quadded conductors and 
new types of high efficiency loading coils designed 
especially for use on the coarse gage wires. The 
Boston-Washington cable was the first link in a rapidly 
growing network of toll cables which now interconnects 
the large population centers of the Atlantic Seaboard 
and the upper Mississippi Valley region, providing in- 
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by the loading coil resistance. The loading coils them- 
selves conformed as closely as practicable to the cost- 
equilibrium principle:—a condition of cost balance 
where a small improvement in transmission would re- 
quire approximately equal expenditure whether by 
improving the loading or by adding copper to the 
cable conductors. On this basis, a somewhat less ex- 
pensive grade of coil was used on the 13-A.w. g. wires 
than on the 10-A.w.g. wires. The grade of coils de- 
veloped primarily for use on 16- and 19-A.w.g. cables, 
giving transmission results illustrated in Items 5-8 of 
Table V, was in turn less expensive than the “high- 
efficiency’ coils. In each case, since the phantom 
circuits were somewhat more efficient than their associ- 


TABLE V 
FIRST LOADING STANDARDS FOR QUADDED TOLL CABLES 


Attenuation Loss—TU per mile 
Coil Coil Nominal 
Loading Type Inductance Spacing Impedance 19 16 13 10 

Item Designation Circuit (Henrys) (Miles) (Ohms) A.wW.g. A.w.g. A.w.g. A.w.g 

il Medium-Heavy Side 0.210 1.4 1500 0.085 0.050 

2 # % Phantom 0.130 1.4 950 0.069 0.040 

3 Heavy Side 0.250 1.25 1850 0.081 0.050 

4 Phantom 0.155 1.25 1150 0.066 0.042 

5 Heavy Side 0.250 1525 1850 0.24 0.14 

6 ie Phantom 0.155 1.25 1150 0.20 0.12 

vA Medium Side 0.175 1.75 1300 0.31 On17 

8 Phantom 0.106 iA eS 800 0.26 | 0.14 


Notes: A capacitance of 0.06 2 »f. per mile is assumed in side circuits and 0.100 yf. per mile in the phantom circuit. The pair capacitance value 
is smatler than that assumed in Table II, due to improvements in the cables. 
All of the above loading systems have a cut-off frequency of about 2300 cycles. 


creased reliability of service as compared with open- 
wire lines. 

It should be kept in mind that at the time under dis- 
cussion (1910-1911) no commercially satisfactory type 
of telephone repeater was available. Accordingly, in 
order to assure satisfactory service between Boston, 
New York, Washington, and intermediate points, it was 
necessary to provide 10-A.w.g. and 13-A. w. g. conduc- 
tors in the new cable. Cost studies showed it to be desir- 
able to use a special weight of loading intermediate 
between the old heavy and medium loading systems, 
which was therefore designated “‘medium-heavy”’ load- 
ing. Information regarding this special loading is 
given in Items 1 and 2 of Table V. In Items 3 and 4, 
corresponding data are given on the “‘high-efficiency”’ 
heavy loading designed for coarse gage conductors. 
This heavy loading was used on certain sections of the 
Boston-Washington cable where plant construction 
reasons made it desirable to install the coils in existing 
loading manholes installed at heavy loading spacing. 

From the last column of Table V itisseen that there is 
very little difference between the efficiencies of the heavy 
and the medium-heavy loading systems when used on 
10-A.w.g. conductors. This explains the more general 
‘use of the medium-heavy loading, which was less ex- 
pensive because of the greater distances between coils. 
The effects under discussion are due to the part played 


ated side circuits, a somewhat higher grade coil was 
used in the phantom circuits than in the side circuits. 

Open-Wire Phantom Loading. Phantom loading 
came into general use on open wire lines at about the 
same time as on quadded cables. In general, the 
methods used in applying phantom group loading to 
the open-wire lines were used for the cable systems. 
The line characteristics for the side circuits were prac- 


TABLE VI 
OPEN-WIRE PHANTOM LOADING 


Distributed Constants per Loop 


Mile at 1000 Cycles Nominal] Attenua- 


Wire Impe- |tion Loss 
Diameter Loading R L (G; dance |TU_ per 
(In.) Condition | (Ohms) | (Henrys) (Mf.) (Ohms) Mile 
0.104 Non-loaded 5.2 0.0022 0.0141 400 0.064 
0.104 Loaded 5.8 0.023 0.0141 1300 0.027 
0.165 Non-loaded| 2.1 0.0021 0.0154 400 0.028 
0.165 Loaded 2.6 0.023 0.0154 1200 0.012 


tically the same as for the original non-phantomed 
circuits (Table III); the principal difference being that 
caused by the small resistance of the phantom loading 
coils. The important linear and transmission charac- 
teristics of the phantom circuits are given in Table VI. 
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The phantom loading coil had an inductance value of 
0.168 henry. 

Loading Coils. Table VII gives general information 
regarding the first standard side circuit and phantom 
loading coils used in the phantom group loading systems 
listed in Tables V and VI. The coils designed for 
open-wire lines and for 10-A.w.g. cable had 65-per- 
meability wire cores and stranded copper windings. 
The coils designed for 13-A.w.g. cables had 65-perme- 
ability wire cores and non-stranded copper windings. 
The other coils had 95-permeability wire cores. 


TABLE VII 
FIRST STANDARD LOADING COILS FOR PHANTOM WORKING 


Average Re- Overall 
In- sistance-Ohms| Dimensions 
duc- — 
tance Diam- 
Coil eter |Height 
Type (Hen- | Code Type 1000 |— 
Line rys) No. Circuit D-C. | cycles} (In.) (In.) 
Open- Wire 0.265 512 | Side 5.0 8.4 9.0 4.0 
0.163 6il Phantom ZED 4.4 11.0 4.9 
10-A. w. g. 0.210 520 Side 3.8 6.6 8.5 3.5 
Cable 0.130 519 | Phantom 1.9 3.4 110.4 4.0 
0.250 532 Side " 4.1 7.8 8.5 o2B 
0.155 | 531 | Phantom 2h 3.9 | 10.4 4.0 
13-A. w 0.205 538 Side 6.0 9.2 Omid, 2.5 
Cable 0.130 | 521 | Phantom 3.0 4.5 7.9 3.0 
0.250 534 Side 6.6 10.7 ey 2)..5: 
0.155 | 533 | Phantom 3.38 5.3 7.9 3.0 
16 and 19- 0.250 515 Side 8.9 | 23.1 4.6 2.4 
A. w. g. Cable 0.155 | 530 | Phantom 4.4 111.9 5.9 2.9 
0.175 | 514 | Side 5.4 | 14.4 4.6 2.4 
0.106 | 513 | Phantom rats Capes 5.9 2.9 
Nore. The resistance data apply to circuits of a complete phantom 


group; l.e., the side circuit data include effects of the phantom coils, and 
phantom circuit data include effects of the side circuit coils. Effective 
resistance values correspond to line current of 0.002 ampere. 


Potting Features. The general practise for cable 
loading is to pot side circuit and phantom loading 
coils in the same case as phantom groups, since this 
has important installation and transmission advan- 
tages. The phantom coils, being considerably larger 
than the side circuit coils, are mounted in separate 
spindle compartments. The cross-connections between 
the side circuit and phantom coils are made within 
the case, in order to reduce the amount of splicing re- 
quired in the field. Thus, the stub cable contains only 
the conductors to be spliced to the “‘east’”’ and ‘‘west’’ 
conductors in the line cable. Quadded construction 
is used in the stub cable of all loading coil cases for 
phantom loading in order to avoid serious capacitance 
unbalances. 


The multi-spindle cases used in potting the small 
size coils for 16 and 19-A.w. g. cables ranged in capacity 
from 12 to 24 phantom units. The larger size coils 
used on the coarser gage cables were potted in smaller 
complements. 


SHAW AND FONDILLER: LOADING TELEPHONE CIRCUITS 


Transactions A. I. E. E. 


Occasionally it is desirable to install side circuit load- 
ing alone and to install the phantom loading at a later 
period. Accordingly, cable loading coil cases were 
designed to meet these conditions. The open wire 
coils were potted in individual cases. 


II. LOADING FOR REPEATERED CIRCUITS 


General. The development of telephone repeaters 
to the point where they could be used for commercial 
service in extending the range of telephone transmission 
was the beginning of a new era in the communication 

rt. . In this development work, the adaptation of the 

lines to the requirements of repeater operation was 
secondary in importance only to the development of 
satisfactory repeater elements and circuits for associat- 
ing the repeater elements with the line. The reader 
is referred to an Institute paper by Messrs. B. Gherardi 
and F. B. Jewett! for general information regarding 
telephone repeaters and to a more recent Institute paper 
by Mr. A. B. Clark" for a general discussion of sub- 
sequent developments in the application of repeaters 
to long telephone circuits. 

The early work on the line problem was primarily 
concerned with obtaining a sufficiently high degree of 
regularity in the line impedance-frequency characteris- 
tics, so that the requisite high degree of balance could 
be obtained and maintained between the line and the 
repeater balancing network. Later on, particularly in 
preparing for the application of telephone repeaters to 
long toll cables, such as the New York-Pittsburgh- 
Chicago cable, it became necessary to change the 
fundamental transmission characteristics of the loading. 


Early Work—Reduction of Line Irregularities. Com- 
mercial telephony, requiring two-way transmission, 
imposes severe balance requirements on repeater cir- 
cuits over the entire band of frequencies which the 
repeater is designed to transmit, in order to avoid sing- 
ing or distortion due to near singing. Within certain 
limitations, the higher the degree of balance between 
the line and the balancing network circuit, the higher 
will be the permissible amplification gain of the repeater. 


The practical solution of this fundamental repeater- 
line balance problem required (a) the construction of 
lines having extremely regular impedance characteristics 
over the frequency band which the repeater is de- 
signed to transmit and (b) the development of balanc- 
ing networks” capable of accurately simulating the 
sending-end impedance characteristics of the im- 
proved lines throughout this frequency range. On 
account of the great difficulty of getting a high de- 
gree of balance at frequencies near the cut-off frequency 
of the loading, partly due to line irregularity effects and 
partly due to network design complications, it has been 

10. “Telephone Repeaters,” B. Gherardiand F. B. Jewett, 
TRANS. A... Hy. B., Voli38, 1919, p.. 1287, 


11. “Telephone Transmission over Long Cable Cireuiee # 
A. B. Clark, Trans. A. I. E. E., Vol. 42, 1923, p. 86. 
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found desirable to use electric wave filters! in the 
repeater sets which cut off at a frequency below the 
cut-off frequency of the loading. This margin of cut- 
off effects is usually 200 cycles or more, depending upon 
the repeater design and the type of loading involved. 

The “‘regular’’ line referred to in (a) is one which is 
free from impedance irregularities. In the case of 
loaded lines, the joading coils should have very closely 
the same inductance values, and the sections of line 
between loading coils should have closely the same 
value of capacitance. These uniformity features 
should be permanent, which requires that the 
coils should have a high degree of stability in their 
inductance characteristics; i. e., they should be capable 
of resisting the magnetizing effects of abnormal service 
conditions. Some of the older types of coils did not 
meet this requirement. The satisfactory way in which 
these fundamental coil requirements are fulfilled in 
the newer types of coils will be described in a subse- 
quent section. 

Uniformity in the loading section capacitance values 
involves uniformity in cable and line capacitance values 
as well as precision in the coil spacing. In toll cable 
loading the maximum deviations from the average spac- 
ing are kept below 2 per cent, and the average devia- 
tions are in the order of 0.5 per cent or less. 

In exceptional cases where physical obstructions are 
encountered in reducing the spacing deviations to a 
sufficiently low-value, use is made of ‘‘building-out 
condensers’”’ or “‘building-out stub cables” to normalize 
the capacitance of loading sections. Abnormally long 
loading sections can usually be split up into twosections, 
one or both of which may then be “‘built out’’ to the 
nominal standard capacitance values. 

Transcontinental Lines—High Stability Loading Coils 
The inauguration of commercial transcontinental tele- 
phone service over the New York-San Francisco line in 
January 1915 marked the first commercial application 
of these general improvements in regularity of line 
construction, including the use of an improved type 
of loading coil. 

In the extensive field work which was done in pre- 
paring for transcontinental telephone service, it was 
found that the inductance values of a considerable 
percentage of the open-wire loading coils then in use 
(Nos. 511 and 512 types, Table VII) had changed appre- 
ciably from the nominal values to which they were ad- 
_ justed at the factory prior to shipment, and that these 
changes were due to core magnetization caused by 
abnormal currents induced by lightning discharges. 
In some cases abnormal currents induced by power 
transmission lines or electric railway distribution sys- 


12. B.S. Hoyt, ‘Impedance of Loaded Lines and Design of 
Simulating and Compensating Networks,” Bell System Technical 
Journal, July 1924. 

13. U. S. Patents Nos. 1,227,113, and 1,227,114,—G. A. 
Campbell. . 

14. U.S. Patent No. 1,219,760—John Mills and R. 8. Hoyt. 
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tems were responsible for the loading coil magnetization. 

The inductance changes were not sufficiently large 
to have serious reactions on transmission over non- 
repeatered circuits. Although individual coils varied 
in inductance from time to time, the general average 
of groups of coils was fairly constant. The effects of 
these individual variations on the impedance of the 
line, however, were too large to permit satisfactory 
operation with telephone repeaters. Some experiments 
made with improved lightning arresters, in an effort 
to reduce the coil magnetization trouble, were 
unsuccessful. 

The solution of the problem of repeatering loaded 
open-wire circuits required the development of loading 
coils which would be stable magnetically when sub- 
jected to extreme conditions of magnetizing current in 
the windings. The requirement was laid down for 
these coils that the inductance to speech currents should 
not be affected more than about 2 per cent when a 
magnetizing current of two amperes was passed through 
either line winding. In viewofthefactthat the extreme 
residual magnetizing effect of this current on the No. 
511 and No. 512 loading coils was approximately 30 per 
cent., it will be appreciated that this imposed a very 
severe stability requirement. 

The design adopted involved the use of air-gaps in 
the cores of the iron wire core loading coils.’ Two 
air-gaps were employed at opposite points in the 
cores and suitable clamping means were provided to 
hold the coil halves in proper alinement. The use of 
only two air-gaps in the cores of the phantom loading 
coil brought in unbalance tendencies not present in 
older designs, which were corrected by special refine- 
ments in the design. 

The use of a magnetic circuit having “ends,” while 
effective for producing self-demagnetization, brought 
in troublesome magnetic leakage which necessitated 
special potting methods. Because of the economy of 
cast-iron loading coil cases, it was decided to continue 
their use, but to increase their dimensions sufficiently 
to reduce eddy-current losses in the case to a toler- 
able point. 

The air-gap type loading coils designed for the trans- 
continental circuits, coded Nos. 549 and 550 for the 
phantom and side circuits respectively, were more 
generally potted as phantom loading units than as in- 
dividual coils, and in such instances the cross-con- 
nections between the phantom and side circuit coils 
were made inside the case. Important advantages of 
this arrangement were that the leakage losses during 
periods of low line insulation were greatly reduced as 
well as the liability of wrong connections of windings 
during the installation work. Fig. 5 isa photograph of 
an installation of open-wire loading coils illustrating both 
the individual coil and loading unit methods of potting. 

Table VIII contains data on the air-gap coils stand- 
15. U.S. Patents Nos. 1,289,941 and 1,433,305—Shaw and 
Fondiller. ; 
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ardized for open-wire circuits. It will be noted that 
these coils are somewhat less efficient from the stand- 
point of effective resistance than the older type coils 
(Nos. 511 and 512) listed in Table VII, though having 
marked superiority over the latter with regard to 
magnetic stability. To assist in getting maximum 
line regularity, the Nos. 549 and 550 coils were 


Fig. 5—Tyricat Orpren Wire Loapine INSTALLATION 


Showing four phantom group (3-coil) cases and nine individual coil 
cases 


adjusted in the factory to meet + 1 per cent in- 
ductance precision limits. 
+ 5 per cent deviations had been allowed. The nom- 
inal inductance values of the Nos. 549 and 550 coils are 


TABLE VIII 
HIGH STABILITY COILS HAVING WIRE CORES WITH AIR GAPS 


_ Average Overall 
In- Resistance Dimension 

Coil duc- Ohms Inches 

Type Code Type tance 1000- Dianr| 
Loading No. Circuit |henrys| D-C.|Cycles| eter Het 
Open Wire 550 Side 0.245/ 5.4 |11.1 8.1 3.9 
sf SF as 549 Phantom |0.150} 2.7 6.4 | 10.0 4.0 
10 and 13 556 | Side 0.255| 7.0 °| 14.0 5.6 2.9 
A. w.g. Cable 555 | Phantom |0.155] 3.5 7.0 Cf 5h) 3.6 
10 and 13 558 | Side 0.200} 6.2 | 10.9 5.6 2.9 
A.w.g.Cable | 557 | Phantom :0.135! 3.1! 5.9 |! 7.5 ' 3.6 
Nores. Open-wire coils used in Loading Systems, Tables III and VI. 


Cable coils used in Loading Systems, Table V. 

Resistance data apply to side circuits and phantom circuits of complete 
phantom groups. Effective resistance values are for 0.002-ampere line 
current. 


somewhat below those of the Nos. 511 and 512 coils, 
the inductance difference corresponding roughly to the 
average magnetization effect of normal service con- 
ditions on the older types of coils. 

The solution of the transcontinental line problem in- 
volved improvements in the regularity of the coil spac- 
ing as well as improvements in the magnetic stability 
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of the coils. ‘The line “clearing up’? work usually in- 
volved a great deal of retransposing, since cross-talk 
considerations made it necessary to have the coils placed 
at balanced or neutral points in the transposition layout. 

In the case of coarse gage cable circuits, such as 
the Boston-Washington and other toll cables installed 
prior to the advent of repeaters, the new requirements 
were met by the design of an air-gap type of wire-core 
coil on which data are given in Table VIII. They 
were somewhat smaller and not quite so expensive as 
the improved open-wire coils. 

Compressed Powdered Iron Core Loading COiLS Sane 
soon became evident that the economical extension 
of the toll plant would involve the general introduction 
of telephone repeaters in cable as well as open-wire cir- 
cuits. The use of telephone repeaters made it possible 
to supersede the coarse gage conductors by 16- and 19- 
A.w.g. conductors for toll connections, and this greatly 
increased the need for an efficient and stable loading 
coil of lower cost than the air-gap wire-core coil. 

As a result of investigations carried on over a period 
of several years, there was developed for commercial 
use early in 1916 a new magnetic material, compressed 
powdered iron, which has been of the utmost value in 
loading coil design.'* This improved magnetic material 
is described in a paper presented before the Institute 
by B. Speed and G. W. Elmen” which also discusses 
the electrical and magnetic properties of this material. 

Briefly, the method of production consists of grinding 
electrolytically deposited iron to the desired fineness, 
insulating the particles of iron, and finally compressing 
these insulated particles in steel dies at such very 
high pressures as to consolidate the mass into a ring, 
the specific gravity of which is substantially equal to 
that of solid iron. The rings are then stacked in a 
manner similar to laminations of sheet material to form 
a core of the desired dimensions. ‘Though the separate 
rings are approximately 0.2 in. thick, the insulation 
between the individual particles is so effective that 
despite the use of molding pressures of 200,000 Ib. 
per sq. in., the eddy current loss in a powdered iron 
core is less than that obtainable with 0.004-in. iron wire. 
Depending on the heat treatment and the amount of 
insulation, the initial permeability can be varied from 
approximately 25 to about 75. The specific resistance 
is about 20,000 times that of ordinary iron. The 
permeability can be controlled within comparatively 
narrow limits by the manufacturing processes, thus 
making for greater uniformity. The great advantage 
of this material for loading coils, however, lies in its 
self-demagnetizing property. The powdered iron core 
by virtue of its very numerous, though extremely small, 
distributed air-gaps, affords a means for constructing 


16. U.S. Patents No. 1,274,952, B. Speed; 1,286,965, G. W. 
Elmen; 1,292,206, J. C. Woodruff. 


17. ‘‘Magnetic Properties of Compressed Powdered Iron,” . 
B. Speed and G. W. Elmen, Trans. A. I. E. E., Vol. 40, 1921, 
p. 1321. 
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magnetically stable cores without the production of 
poles and their attendant magnetic leakage. 


Fig. 6 gives photographs of (a) a standard compressed 
Iron powder core ring such as is used in the cores of toll 
cable loading coils; (b) a completely assembled core 
with part of the core taping removed; (c) a completely 
wound coil of the side circuit type; and (d) a coil in 
cross-section. 


Fic. 6—CompresseD PowpERED Iron Corre Loapine Coin 


The first application of powdered iron cores was to re- 
place some of the 95-permeability wire core loading coils 
in 16-and 19-A. w.g. cable. The effective permeability 
of the 95-permeability wire cores, making correction 
for air spaces and insulation, was approximately 60, 
and accordingly, the replacing powdered iron cores 
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No.514 95, Iron Wire Core Coil 
No.552 65/4Iron Wire Core Coil _| 
No.564 604 Powdered Iron Core Coil 
No.584 354 Powdered Iron Core Coil 
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Fig. 


were designed to have the same effective permeability. 

As a result of further developments in the direction 
of applying vacuum tube repeaters to loaded cable 
circuits, it became necessary with the extension of the 
length of these circuits to improve the characteristics of 
the loading coils. This led to the development of an 
improved grade of powdered iron core having an initial 


‘permeability of 85 which corresponds closely to the 
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effective permeability of cores using iron wire having a 
permeability of 65. It was decided that for circuits 
such as interoffice trunks and short cables which would 
not: be operated with superposed telegraph, the 60- 
permeability compressed iron core coils should be used; 
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Fie. 8—ResipuaL MAGNETIZATION CHARACTERISTICS OF 
COMPRESSED PowWwDERED [RON CorRE AND IRON WIRE CORE 
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while for toll cable work involvingrepeatered composit- 
ed circuits, 35-permeability cores should be employed. 
All of the compressed powder core coils intended for 
repeatered circuits were adjusted to meet + 2 per cent 
inductance limits. 
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The effective resistance-frequency characteristics 
of 95-permeability and 65-permeability wire core coils 
and 60-permeability and 35-permeability powdered 
iron core coils having the same inductance (0.175 henry) 
and the same over-all sizes are given in Fig. 7. The 
large improvement as to freedom from residual magnet- 
ization effects afforded by the 35-permeability powdered 
iron core, compared with the 65-permeability wire- 
core is evident from the curves of Fig. 8. The effec- 
tive resistance and inductance variation with current 
strength are shown in Fig. 9 for a 35-permeability 
powdered iron core coil. The remarkable property of 
these cores of maintaining constancy of permeability is 
shown by the change of only 1 per cent in permeability 
as the current strength varies 400 per cent from, say, 
0.001 to 0.005 ampere. 

It is interesting to note that after the process had 
béen fully worked out and production was running on 
a commercial scale, the cost of the improved cores was 
comparable with that of the wire cores which they 
replaced. 


TABLE [IX 


TYPICAL COMPRESSED POWDERED IRON 
CORE LOADING COILS 


Resistance 


In- Dimensions 


Coil Core duc- Ohms Inches 
Code | Perme-| tance Type 1000- | Diam- 

No. ability |(henrys) Circuit D-C. | Cycles| eter | Height 
562 60 0.250 Side 11.4 25.8 4.5 Zak 
561 60 Oplds5 Phantom Barf ibs 26 6.3 3.0 
564 60 Onlz Side 6.6 15.4 4.5 Pat! 
563 60 0.106 Phantom 3.3 Gad 6.3 3.0 
582 33) 0.250 Side 15.9 21.8 4.7 2.4 
581 35 0.155 Phantom 8.0 10.0 6.7 Saal 
584 33) 0.175 Side 10.8 14.1 4.7 2.4 
583 35 0.106 Phantom 5.4 6.6 6.7 3.1 
584 35 0.175 Side ipanat 15no 4.7 2.4 
587 35 0.063 Phantom 6.1 7.0 4.7 228 
590 Bs 0.044 Side 4.0 4.6 4.7 2.4 
591 35 0.025 Phantom 7480) 2.0 4.7 28 
Nore. Resistance values apply to side circuits and phantom circuits 


of complete phantom groups. Effective resistance corresponds to 0.002- 
ampere line current. 1 
These coils are used in the loading systems listed in Tables V and X. 


In connection with the development of the new core 
material which was undertaken as a part of the loading 
coil development program, an enormous amount of 
work was involved which would not ordinarily be as- 
sociated with loading coil design work. For instance, 
there were undertaken chemical studies on electro- 
deposition of iron and methods of insulating the iron 
particles, metallurgical studies of the production of 
finely divided iron by various means, refinements in 
shielded electrical measuring equipment for accurate 
determination of small core losses at voice frequencies, 
development of special permeameters to make possible 
the rapid determination of the permeability of 
rings, the design of the steel moulding dies, selection 
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of suitable grades of alloy steel to withstand the enor- 
mous pressures, and also various other special problems. 
These are mentioned here as_ illustrative of the 
scope of the problem of developing this new core 
material. 

The value of the compressed powdered iron core 
loading coils in the modern loading art has been recog- 
nized to the extent of their adoption as aninternational 
standard for repeatered circuits". 

New Requirements for Cable Loading Systems. In 
the first commercial applications of telephone repeaters, 
the new features in the loading were the improved 
types of coils already described and the precision of 
spacing the coils. No fundamental changes were made 
in the loading systems then standard. 

The completion of the development of a satisfactory 
commercial type of telephone repeater marked the 
beginning of a long period of experimental work for 
the purpose of determining the commercial possibilities 
of the use of repeaters over long cable circuits. When 
loaded cables of improved impedance regularity became 
available, long circuits were built up for experimental 
purposes by looping back and forth. As the length 
of these circuits was increased, phenomena not pre- 
viously observed in cable circuits became increasingly 
troublesome, and it became apparent that it would be 
necessary to develop new loading systems having im- 
proved velocity and higher cut-off frequency character- 
istics in order to realize the full possibilities of repeaters 
in extending the range and reducing the cost of long 
distance telephone service over cables. 

The disturbances above mentioned were found to be 
due to 

(a) Echo effects 

(b) Velocity distortion 
These phenomena originate in the lines themselves and 
are made more apparent by the amplifying action of 
the repeaters. They are present in non-repeatered 
circuits but not to a noticeable degree. It is the com- 
bination of the extreme length of the circuit and the use 
of repeaters to keep the over-all loss low that makes 
the disturbances troublesome. 

Echoes. Echoes are due to unbalance currents; 1.e., 
to the reflection of electrical energy at points of im- 
pedance irregularity in the circuits. When the cir- 
cuit is so long that the time of transmission from the 
point of reflection to the disturbed subscriber is appre- 
ciable, there will be echo effects unless the losses in the 
circuit are so large as to cause the reflected energy to 
become inappreciably small. On such circuits it may 
be necessary to work the repeaters at gains well below 
those at which “‘singing’”’ occurs or distortion due to 
‘near singing”’ is experienced. 


Since the time of transmission is such an important 


18. Minutes of Second Conference of Permanent Commission, 
Le Comité Consultatif Internationale de Communications 
Telephonique a Grande Distance, page 55—p. 119, English 
Version. 
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factor in echo phenomena, reductions in the harmful 
effects of these disturbances have been obtained in the 
improved loading systems which have been developed 
for use on long repeatered circuits, by substantially 
increasing the velocity of transmission. Recently 
there has become available commercially a device 
known as an “echo suppressor” which interrupts the 
path of the echoes without disturbing the main trans- 
mission. A description of the device and its field of 
application was given in a recent Institute paper.'® 

Velocity Distortion. In a coil-loaded line the steady 
state velocity of wave propagation varies with fre- 
quency. At the upper frequencies the velocity change 
is principally due to lumpiness effects of the loading 
and is, therefore, a function of the ratio of the fre- 
quency under consideration to the cut-off frequency. 
As illustrated in Fig. 2, the departure of the actual 
velocity from the nominal velocity of the correspond- 
ing smooth line (./1/C'L) increases as the frequency 
is raised, the rate of change increasing rapidly as the 
cut-off frequency is approached. At frequencies be- 
low approximately 0.3 of the cut-off frequency the coil 
loaded line has substantially the same velocity charac- 
teristics as the corresponding smooth line; when the 
frequency is further reduced, the departure of the 
actual velocity from the nominal velocity increases as 
a function of the ratio of the line resistance to the in- 
ductive reactance per unit length. 

As a result of these velocity-frequency relations, 
a long loaded repeatered circuit may have seriously 
objectionable quality, even when the attenuation-fre- 
quency distortion is made negligible by the use of 
special devices at the repeater stations for correcting 
the attenuation-frequency distortion effects. 

The velocity distortion is particularly noticeable 
during the building-up and dying-down periods, when 
it manifests itself as transient distortion. The dura- 
tion of transient distortion depends, among other fac- 
tors, upon the length of the line, the nominal velocity, 
and the cut-off frequency of the loading. In the old 
standard loading systems the high frequency velocity 
distortion caused by the lumpiness effects of the load- 
ing was more serious than the low frequency velocity 
distortion. Accordingly, a substantial reduction in the 
transient distortion has been obtained in the new stand- 
ard loading systems by raising the cut-off frequency 
of the loading. 

For further discussion of velocity distortion reference 
should be made to Mr. A. B. Clark’s paper”, previously 
mentioned, which gives experimental results and to an 
earlier Institute paper by Mr. J. R. Carson which 
gives the results of theoretical studies. 


19. ‘Echo Suppressors for Long Telephone Circuits,” A. B. 
Clark and R. C. Mathes, Jour. A. I. E. E., p. 618, June, 1925. 

20. Clark, Loc. Cit. 

21. ‘Theory of the Transient Oscillations of Electrical Net- 
works and Transmission Systems”, J. R. Carson, TRANs. 
A. I.E. E., Vol. 38, 1919, p. 345. 
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Characteristics of Improved Cable Loading Systems. 
The principal electrical features of the H-44-25 and 
H-174-63 phantom group loading systems which have 
been developed primarily for use on long repeatered 
cables are given in Table X. Corresponding details of 
the older standard loading system developed for non- 
repeatered cables are also included in this table. Typ- 
ical attenuation-frequency curves of the old and new 
loading systems are given in Fig. 10. 

In the following discussion of detailed characteristics, 
the various phantom group loading systems will be re- 
ferred to in terms of recently standardized designa- 
tions which include a letter to symbolize the coil spacing, 
in combination with two numbers which correspond 
with the effective coil inductance values in milhenrys, 
the first number referring to the side circuit coils and 
the second number to the phantom coils. The in- 
dividual side circuit or phantom circuit loading sys- 
tems have designations which include a letter to sym- 
bolize the coil spacing, coupled with the inductance 
value of the loading coils in milhenrys, and having 
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a letter suffix “S’’ or “P”’ indicating the type of cir- 
cuit, side or phantom. 

The fundamental differences between the new and 
the old loading systems are with respect to velocity 
of wave propagation and cut-off frequency, these 
changes having been made in accordance with the pre- 
ceding discussion primarily for the purpose of reducing 
echo effects and transient distortion. For reasons of 
plant economy and flexibility, the new loading systems 
all have the same coil spacing of 6000 feet. 

The coil spacing being fixed, it necessarily follows 
that any reduction in coil inductance for the purpose 
of raising the cut-off frequency will also increase the 
transmission velocity. The attenuation improvement 
obtained by the loading decreases as the velocity is in- 
creased. High velocity loading is more expensive than 
low velocity loading, in the sense that more repeaters 
are required for the same over-all loss. Obviously, 
although high velocity loading could be used for short 
haul traffic, it would not be so economical asa low veloc- 
ity loading. Commercial considerations thus justify 
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a series of loading standards, graded to meet the re- 
quirements of the different lengths of circuits. 

At the present time the two phantom group loading 
standards H-44-25 and H-174-63 are sufficient to meet 
the graded requirements of commercial toll cable cir- 
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indicates the sequence of transmission excellence, Item 
(i) being the highest grade facility in this respect. 
In general, the cost of these facilities is in reverse order 
to the sequence of electrical excellence. 

The exact limits of the field of use of a given type of 


TABLE X 
LOADING SYSTEMS—SMALL GAGE REPEATERED TOLL CABLES 

(a) (b) Trans- (c) (@) 

— Nominal mission Attenuation Loss Maximum 

Coil Nominal Cut-off Velocity TU per Mile at 1000 Cycles Geographical 
Loading Code Impedance Frequency Miles-per Length 

Item System Circuit No. (Ohms) (Cycles) Second 19 A. w.g. 16 A.w.g. (Miles) 
(1) H- 44-25 Side 590 800 5600 19000 0.48 0.25 5000 
(2) - Phantom 591 450 5900 20000 0.40 0.21 5000 
(3) H-174-63 Side 584 1550 2800 10000 0.28 0.16 500 
(4) % Phantom 587 750 3700 13000 0.28 0.16 1500 
(5) H-174-106 Side 584 1550 2800 10000 0.28 0.16 500 
(6) < Phantom 583 950 2900 10000 0.22 0.13 500 
(7) H-245-155 Side 582 1850 2400 8000 0.25 0.16 250 
(8) ee Phantom 581 1150 2400 8000 0.20 0.12 250 


Notes: (a) Nominal coil spacing is 6000 feet in cable having a capacitance of 0.062 »f per/mile in the side circuits and 0.100 #f per mile in the phan- 


tom circuit. 
(b) The loading coil data are given in Table IX. 
(c) These attenuation values apply at 55 deg. fahr. 


12 per cent larger or smaller, due principally to changes in conductor resistance with temperature. 
of attenuation with temperature require special corrective treatment by means of automatic transmission regulators. 
The length limitations are set by transient distortion effects; echo currents may limit circuit lengths to lower values, depending on the grade 


(d) 
of balance of the lines and the permissible over-all loss. 


cuits, when used with suitable combinations of con- 
ductor sizes and repeaters. Three different general 
types of repeaters are used, known as the 21, 22, and 44 
types. The 21 type is used on two-wire circuits re- 
quiring only one repeater, under conditions where 
switched connections involving other repeaters are not 
involved. The 22 type is used on two-wire circuits re- 
quiring one or more repeaters. The 44 type is used on 
four-wire circuits, where one pair of wires is used for one- 
way transmission in one direction and the other pair 
of wires for transmission in the opposite direction. 


TABLE XI 
TYPES OF TOLL CABLE FACILITIES 
Item Length Cable Type of Type Type 
No. Circuit Gage Loading Circuit Repeater 
(a) (short) 19 H-174-63 2-wire — 
(b) 16 is “ re 
(c) 19 o i 21 
(d) 16 ‘a ‘ 21 
(e) 19 s “ 22 
(f) 16 “oe “cc 22 
(g) 19 4 4-wire 44 
) 16 H- 44-25 2-wire 22 
(i) (very long) 19 i 4-wire 44 
When phantom circuits are worked on a four-wire 


basis, each one-way transmission path actually uses 
four wires. 

Table XI lists the combinations of loading, con- 
ductor gage, and type of repeater circuit which are 
used in meeting the wide range of commercial require- 
ments. The position of the facility item in the table 


22. Gherardi—Jewett, Loc. cit. 


Under extreme temperature conditions, the actual attenuation may be approximately 


In long repeatered cable circuits these variations 
(Reference No. 11) 


facility depend upon the magnitude of the permissible 
over-all transmission loss, and upon the grade of re- 
peater balance obtainable. A discussion of these 
features would bring in complicated engineering ques- 
tions beyond the scope of the present paper. So far 
as loading features are concerned, it is sufficient to 
state that H-44-25 loading is generally used on cir- 
cuits of approximately 500 miles or more. On cir- 
cuits intended for switched business, it is frequently 
necessary to use this type of loading for much shorter 
distances. For further discussion of the use of re- 
peatered loaded lines reference is made to recent 
papers presented before the Institute by Mr. J.J. Pilliod* 
and Mr. H. 8S. Osborne. 


H-63-P versus H-106-P Loading. The standardi- 
zation of the H-63-P loading to replace the H-106-P 
loading for association with H-174-S loading, is of 
particular interest in illustrating the reactions of re- 
peater requirements on loading design. Phantom 
circuits necessarily have a lower attenuation constant 
than the associated side circuits, when the loading 
is designed to meet the same standard of cut-off fre- 
quency and the coils are spaced at the same loading 
points. When repeaters are used on such loaded 
phantom circuits, the net equivalent is practically no 
lower than the net equivalent of the associated side 
circuits, due principally to the fact that the loaded sides 

23. ‘‘Philadelphia-Pittsburgh Section of New York-Chicago 
Cable,” J. J. Pilliod, Trans. A. I. E. H., Vol. 41, 1922, p. 446. 


24. “Telephone Transmission over Long Distances,” H. S. 
Osborne, Trans. A. I. HE. E., Vol. 42, 1928, p. 984. 
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and phantoms have practically the same velocity and 
cut-off frequency characteristics. 

Under present operating conditions for short small 
gage-loaded circuits of such lengths that satisfactory 
transmission results can be obtained without using tele- 
phone repeaters, there is ordinarily no important ad- 
vantage in having the phantom circuit more efficient 
than the side circuits. It is a distinct operating con- 
venience, of course, to be able to use the phantom 
circuit and its associated side circuits indiscriminately 
for the same class of service. 

Having the above situations in mind, it was decided 
to redesign the phantom loading so that it would have 
approximately the same attenuation constant at 1000 
cycles as the associated H-174-S circuit loading. This 
resulted in the reduction of the phantom loading coil 
inductance to 63 milhenrys. On the basis of equal 
attenuation losses in the phantom circuit and its side 
circuits, the continued use of a higher grade coil in the 
phantom circuit was no longer justified from a cost 
standpoint. Accordingly, the new 63-milhenry phan- 
tom coil (Code No. 587, Table IX) was designed to 
have approximately the same d-c. resistance as the 
earlier standard 106-milhenry coil (Code No. 583), since 
this permitted a substantial reduction in the size of 
the loading coil and a consequent reduction in cost, 
without increasing the over-all losses in the associated 
side circuits. The design finally chosen resulted in 
the phantom coil having approximately the same over- 


‘all dimensions as the associated side circuit coils. 


This permitted the phantom coils to be mounted on 
the same spindles with the associated side circuit load- 
ing coils as phantom groups, thus reducing the amount 
of inside cabling. This gave improved electrical re- 
sults, besides reducing the potting costs. The use of 
the smaller sized phantom coil, in combination with a 
larger sized case, made it practicable to pot a total of 
45 phantom group combinations (135 coils) in a single 
case. Using the same sized case for potting phantom 
group combinations involving the older large sized 
phantom coils, the limit on the number of coils was 
108 (36 phantom groups). 

The reduction of the phantom coil inductance from 
106 to 63 milhenrys made a substantial increase in 
the cut-off frequency and in the velocity of trans- 
mission, as noted in Table X. These improved char- 
acteristics made the H-63-P circuit much superior to 
the H-106-P circuit from the standpoint of echoes and 
velocity distortion characteristics. On this basis 
the H-63-P circuit is intermediate in transmission ex- 
cellence between H-174-S and H-44-25 circuits. 

It was found inadvisable to make a similar change in 


the H-44-25 loading system owing to cross-talk re- 


actions following from the necessary use of higher re- 
peater gains in the phantom circuit. These unde- 
sirable reactions, though present to a lesser degree in 
the case of the H-174-63 system, were offset by the 
factors already described. The size of the H-25-P 
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coil was reduced, however, to conform to the potting 
method adopted for H-174-63 loading. 


From the standpoint of repeater circuits the H-174- 
63 system is inherently better than the H-245-155 
system because of its higher velocity and higher cut-off 
with resulting higher quality of transmission. Further- 
more, as far as non-repeatered circuits are concerned, 
there is a negligibly small difference between the trans- 
mission performances, considering frequency distortion 
effects as well as volume efficiency effects. The stand- 
ardization of the H-174-63 phantom group loading 
system, therefore, marked the abandonment of use in 
new facilities of the old standard H-245-155 phantom- 
group loading system. 

Attenuation-Frequency Distortion. In addition to 
their improved velocity and cut-off frequency charac- 
teristics, the H-44-25 and H-174-63 loading systems 
have an important advantage from the standpoint of 
attenuation-frequency distortion effects, as is illustrated 
in Figs. 10 and 11. The frequency distortion effects il- 
lustrated in Fig. 10 may become very serious in very 
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long lines. An indication of this is given in Fig. dike 
The heavy line curves in this diagram illustrate the 
attenuation-frequency characteristics of a 500-mile 
19 A.w.g. cable circuit involving the various types of 
loading noted, assuming that “perfect repeaters’ are 
used in each case to reduce the total line loss to 10 TU 
at 1000 cycles. The foregoing “perfect repeater” is 
assumed to have the same amplification at all fre- 
quencies. Of course, in order to have the same over-all 
efficiency in the different types of circuits at 1000 cycles, 
it is necessary to assume different total amounts of 
repeater gain. The dotted lines in Fig. 11 illustrate 
corresponding frequency characteristics of short non- 
repeatered cables having the same types of loading 
as before; in each case the length of 19 A.w.g. cable 
circuit being chosen so that the non-repeatered circuits 
have the same loss (10 TU) at 1000 cycles. A visual 
inspection of the dotted and heavy line curves indicates 
how the line losses pile up in long connections. Iny 


the old standard low cut-off loading, the accumulated 
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losses in very long lines amount to a suppression effect 
for frequencies above 1600 cycles. 

In very long lines having the newer grades of load- 
ing, the line losses are still sufficient to cause serious 
attenuation distortion effects if allowed to go un- 
corrected. Theimproved types of repeaters now used 
on long loaded circuits provide somewhat higher gains 
at the upper speech frequencies, thereby obtaining 
approximately a flat frequency characteristic over a 
wider frequency range. In repeaters used in conjunc- 
tion with the H-44-25 loading, losses are introduced 
at the lower speech frequencies by auxiliaries to the 
repeater circuit, for the purpose of flattening the 
frequency characteristic at low frequencies. An in- 
dication of the improvement obtainable in the above 
ways is given by a dot-dash curve in Fig. 11, which 
illustrates the attenuation-frequency characteristic 
of a 500-mile H-44-S circuit having the best types of 
repeaters now commercially available. 

In view of the difficulties brought into repeatered 
circuits by the use of loading, the question comes up: 
“Why not use more repeaters and do without the load- 
ing?” In the case of long cable circuits the answer 
to this question is that the coil loading substantially 
improves the attenuation and substantially reduces 
the frequency distortion at a cost which is much lower 
than the cost of the additional repeaters and distortion 
corrective networks which would be required to give 
the same grade of transmission without using loading. 

Long Repeatered Open-Wire Lines. In the case of 
the long open wire lines, the present day answer to the 
foregoing question is unfavorable to the use of loading. 
The use of improved types of repeaters now makes 
it possible to secure better transmission results in long 
repeatered circuits without loading, than can be se- 
cured in loaded repeatered lines. In this connection 
it should be noted that in the case of non-loaded open- 
wire lines the distributed inductance is sufficiently 
large to keep the attenuation-frequency distortion low. 
Also the velocity of transmission is very high relative 
to that of a coil loaded line and there is no cut-off effect 
except that produced by the filters and other apparatus 
in the repeater sets. — 

These general transmission considerations are re- 
sulting in the removal of coil loading from high grade 
open wire lines. This dismantling work is being acceler- 
ated in order to adapt the open wire plant for a much 
more extensive application of carrier telephone and 
carrier telegraph systems. 

The present expectations are that in the future new 
applications of open-wire loading will generally be 
limited to isolated cases of short lines where carrier 
telephone or telegraph systems are not contemplated 
and where the maintenance and operating conditions 
are unfavorable to the use of telephone repeaters. 

Cable Loading Installation Features. Cost considera- 
tions make it desirable to use aerial cable in the long 
toll cable installations, so this type of construction is 
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generally used in the open country. In the vicinity of 
large population centers, underground cable is used. 
Typical aerial cable loading installations are illus- 
trated in Figs. 12 and 13. On the main trunk cables 
two-pole H fixtures capable of supporting four or six 
large coil cases are usually required. Fig. 12 illustrates 
a fixture of this type designed for supporting four cases, 
three of which are already in place. On the smaller 
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branch cables a single pole fixture such as illustrated 
in Fig. 18 is commonly used. 

At the time a toll cable is installed, provision is made 
in the cable splices for the ultimate requirements as 
well as for the initial loading installation. Ordinary 
splices are made for the coils which are installed at the 
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time the cable is placed, and “balloon” splices which 
provide the slack wire required for splicing are arranged 
for subsequent installations. 


III. LoADING FoR INCIDENTAL CABLES 


IN OPEN WIRE LINES 


In the loading applications discussed in the preced- 
ing sections, the primary purpose of the loading is to 
reduce line attenuation losses and frequency distortion 
effects. In the case of incidental pieces of cable in 
open wire lines, however, the primary function of the 
loading is to give the inserted cable approximately the 
same impedance characteristics as the open wire line, 
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in order to minimize reflection effects at the junction 
of the cable and the open wire construction. An 
incidental cable occurringat a line terminal is ordinarily 
known as a toll entrance or a terminal cable; when 
occurring at an intermediate point, it is known as an 
intermediate cable. 

The reduction of junction impedance irregulari- 
ties has become especially important during recent 
years as a result of the rapidly increasing use of tele- 
phone repeaters, since in repeatered circuits, line im- 
pedance irregularities, by virtue of their effect upon 
the repeater circuit balance, may reduce the effective 
repeater gain and thereby impair transmission by an 
amount much larger than the ordinary reflection 
loss. Prior to the general use of telephone repeaters, 
satisfactory results were obtained by using some one 
of the standard heavy or medium weight cable loading 
systems on the entrance and intermediate cables associ- 
ated with loaded open-wire lines, and a special weight 
of loading was used on the incidental cables in the non- 
loaded open-wire lines. In some cases ordinary medium 
loading was used, with suitable types of step-up or step- 
down transformers at the terminals of the inserted 
cable. 

Incidental Cables in Loaded Open Wire Lines. In toll 
entrance and intermediate cables associated with loaded 
open wire lines, the primary requirements for match- 
ing impedance are that the nominal impedance and 
the cut-off frequency of the cable loading and of the 
loaded open wire line should be closely the same. To 
a first degree of approximation this means that the cable 
loading sections should have the same total mutual 
capacitance as the open wire loading sections, which, of 
course, requires a very much closer spacing. The cable 
loading system which was standardized for use in associ- 
ation with loaded open wire lines is designated “‘E-248- 
154”. Its primary electrical characteristics are given in 
Table XII. Besides meeting the impedance require- 
ments for use in association with repeatered open-wire 
lines, it is also very satisfactory with respect to attenua- 
tion characteristics. (In placing this loading, it is cus- 
tomary to locate the first loading point in the cableat such 
a distance from the last loading point in the open wire 
line that the total capacitance of the junction loading 
section is closely the same as that in the regular open- 
wire loading sections.) 

Incidental Cables in Non-Loaded Open-Wire Lines. 


The problem of designing coil loading for incidental . 


cables in non-loaded open wire lines is considerably 
more complicated than the case above considered, 
primarily because it involves an impedance match be- 
tween a smooth line and alumpy line. Broadly stated, 
the first part of the problem is to design a loaded cable 
of such. characteristics that its corresponding smooth 
line is closely similar to the non-loaded open wire 
line. The second and more complicated part of the 
problem is to determine the coil spacing. This usually 
involves some degree of compromise, because of the 
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TYPICAL LOADING SYSTEMS FOR TOLL ENTRANCE 
AND INTERMEDIATE CABLES 


Coil 
In- Nom- 
duc- | Coil inal |Cut-off! 
Loading tance | Spac-| Impe-| Fre- |Attenuation Loss 
System Type Hen- ing | dance ;}quency TU per Mile 
Designation Circuit rys | Miles |} Ohms |Cycles at 1000 Cycles 
E-28-16 Side 0.028 | 1.09 650 | 7200 |0.15 ) 
(13 A.w.g.) 
Phantom |0.016 | 1.09 400 | 7800 |0.13 J 
CE-4.1-12.8 Side 0.0041) 0.176 600 | 45000 |0.22 
| (13 A.w.g.) 
Phantom |0.0128}] 1.09 400 8500 |0.19 
M-44-25 Side 0.044 | 1.66 650 4600 |0.29 
$ (16 A.w.g.) 
Phantom |0.025 | 1.66 400 | 4900 |0.24 } 
H-248-154 Side 0.250 | 1.09 | 1950 2400 |0.081 ) 
(13 A.w,g) 
Phantom |0.155 | 1.09 |! 1200 | 2500 !0.070 
Nore. Cable capacitance is assumed to be 0.062 »f per mile for side 


circuits, and 0.100 ,f per mile for phantoms. 


dependence of the impedance of a loaded cable upon 
the loading termination. 

The first general requirement is that the ratio of 
inductance to capacitance to resistance per unit length 
in the loaded cable should be the same as the corre- 
sponding ratio inthenon-loaded open wire line. Ordi- 
narily, the loading coil resistance does not play an im- 
portant part in the determination of the optimum resis- 
tance for the loaded cable; the choice of conductor gage 
being far more important. From this point of view, 
No. 13 A.w.g. is practically the best gage of conductor 
for entrance cable circuits connecting with 165-mil 
open wire lines. For the optimum impedance match on 
cables connecting with 104-mil open wire lines, it is 
necessary to use much higher resistance conductors, the 
choice between Nos. 16 and 19 A.w.g. conductors. 
depending upon a number of factors which space limits 
do not allow to be discussed. 

As noted in the discussion under ‘“Theory” in the 
first part of the paper, the characteristic impedance of a 
uniform line is substantially a pure resistance, having 
the value \/L/C over the frequency range throughout 
which the inductive reactance per unit length is large 
with reference to the resistance. On the other hand, 
the characteristic impedance of a coil loaded cable 
varies over a wide range with frequency, depending upon 
the particular loading termination used. 

Typical impedance-frequency curves for mid-coil 
and mid-section terminations are illustrated in Fig. 3. 
As will be seen from this diagram, the rising slope of 
the mid-section termination and the drooping slope 
of the mid-coil termination do not deviate greatly 
from a straight line relation for frequencies below 
approximately 0.5 of the cut-off frequency. The higher 
the cut-off frequency is, the more closely will the im- 
pedance-frequency characteristic of the loaded cable 
approach the flat characteristic of the non-loaded open- 
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wire line over the range of frequencies involved in 
speech transmission. In this connection, it is to be 
noted that the repeaters now used on open wire lines 
are designed to transmit frequencies between approxi- 
mately 200 and 2600 cycles. Of course, the higher 
the cut-off frequency, the more expensive will be the 
loading. Practical reasons make it desirable to space 
the loading coils on the cable circuits connecting 
with non-loaded open-wire lines at the same 
intervals as the coils which are used on the cable cir- 
cuits connected with the loaded open-wire lines. This 
consideration in combination with the nominal im- 
pedance requirement previously mentioned, fixes the 
cut-off characteristics and, hence, the slope of the 
termination impedance-frequency characteristic. 

These general considerations have led to the stand- 
ardization of the E-28-16 loading system for use 
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on entrance cable and intermediate cable conductors 
associated with non-loaded open wire lines. General 
data for this system are given in Table XII, and 
the computed impedance characteristics are illustrated 
in Fig. 14, which also gives the characteristic impedance 
curves for the non-loaded open wire line and the non- 
loaded cable. Since the E-28-16 loading system is a 
low impedance loading, the attenuation improvement 
is small relative to that of other types of loading 
system which are primarily installed for attenuation 
improvement. 

Table XII also gives general data regarding the 
M-44-25 entrance cable loading system which has 
been used to some extent as a substitute for the 
E-28-16 loading system on cables connected to non- 
loaded open wire lines. The M-44-25 system used 
higher inductance loading coils and considerably 
longer spacing intervals than the E-28-16 system, 
and was consequently less expensive. The impe- 
dance characteristics, however, were not so satis- 
factory at the upper speech frequencies because of the 
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greater slope of the impedance-frequency characteristic, 
due to the lower cut-off. 

Carrier-Frequency Loading. Special types of en- 
trance cable loading have beeen developed for use on 
incidental cables in open-wire lines on which carrier 
telephone or carrier telegraph systems are superposed. 
Loading system CE-4.1-12.8 listed in Table XII ex- 
emplifies this type of loading. The present standard 
carrier telephone systems operate up to frequencies of 
the order of 30,000 cycles.” 

In order to get satisfactory impedance and attenu- 
ation characteristics in the loaded incidental cables, a 
cut-off frequency of approximately 45,000 cycles is used. 

It will be noted from the foregoing that the high- 
est working frequency in carrier loaded cables is approx- 
imately 0.75 of the cut-off frequency. The ordinary 
mid-coil and mid-section terminations do not give 
sufficiently close approximations to a flat impedance- 
frequency characteristic over this wide range of fre- 
quencies, so it has been necessary to use at the termi- 
nals of carrier loaded cables, a simple impedance cor- 
rective network. 

Data regarding attenuation losses in a typical carrier- 
loaded cable are given in Table XIII. For purposes of 
comparison similar data are given on a corresponding 
non-loaded cable. Effective resistance values of the 
carrier loading coil are also included. 


TABLE XIII 
CARRIER FREQUENCY LOADING 


Attenuation Loss - TU per Mile Resistance- 


Frequency (13 A. w.g. Cable) Ohms per Carrier 
Kilocycles Non-Loaded C-4.1 Loading Loading Coil 
1 0.49 0.23 eds} 
5 0.78 0.27 1.6 
10 0.90 0.33 1.9 
20 1.14 0.52 4.1 
30 Dbcoxt 0.90 8.1 


The high frequency loading is used only on the side 
circuits, since at the present time it is not customary to 
operate carrier telephone systems over phantom cir- 
cuits. The associated phantom circuit loading is de- 
signed for ordinary speech transmission. In order to 
transmit the high frequency carrier currents over the 
side circuits, it is necessary to have the side circuit 
loading coils spaced much more closely than for the 
ordinary voice frequency loading coils in the phantom 
circuit. On this account the theoretically best loading 
points for the carrier circuits frequently occur at places 
where it is inconvenient tolocatetheloading coils. The 
actual loading sections in such cases are made shorter 
than the theoretical lengths, and the deficiencies in 
loading section capacitance are remedied by adding 
lumped capacitances in the form of “building-out 
condensers.” Recently, special types of stub cable de- 

25. “Carrier Current Telephony and Telegraphy,” E. H. 


Colpitts and O. B. Blackwell, Trans. A. I. E. E., Vol. 40, 1921, 
p. 205. 


= 


ee lee <—*T ™ 


Feb. 1926 


signed specially for building-out purposes have come 
into use as substitutes for building-out condensers. 

Loading Coils. The design of the coils used in the 
E-28-16 and M-44-25 loading systems is generally 
similar to the toll cable-loading coils having 35-perme- 
ability compressed powdered iron cores already de- 
scribed. The loading coils used in the E-248-154 load- 
ing system are larger coils of the air-gap type 65-perme- 
ability wire core construction listed in Table VII. 

As regards the carrier loading system, CE-4.1-12.8, 
since this involves the transmission through the loading 
coilsof frequencies up to30,000cyclesor somewhat higher, 
special coil designs are required. The coil which loads 
the audio frequency phantom circuit, aside from being 
specially balanced for association with the side circuit 
coils, is generally similar in construction to the com- 
pressed powdered iron core phantom coil for toll cables. 

The side circuit coil, however, is used for loading the 
high frequency circuit, and more severe requirements 
are, therefore, imposed on it owing to the multi-fre- 
quency transmission. Ordinarily the circuits. are 
equipped to provide three or four carrier telephone 
channels or 10 carrier telegraph channels over a pair of 
wires, in addition to the ordinary audio frequency 
telephone and grounded telegraph channels. The 
primary added requirements as regards the loading coils 
are freedom from intermodulation between channels, 
and low energy losses at carrier frequencies. The 
most satisfactory solution as regards freedom from 
magnetic modulation is the avoidance of the use 
of ferro-magnetic core materials. The side circuit- 
loading coils were, accordingly, designed as toroidal wood 
core coils, with finely stranded copper windings in order 
to limit the eddy-current losses. Data regarding re- 
sistance-frequency characteristics are included in Table 
XIII. 

The air core side circuit coils have a small leakage 
inductance which must be allowed for in determining 
the phantom coil inductance. For this reason the 
phantom coil inductance is lower than in the H-28-16 
system (Table XII). In order to avoid impedance 
irregularity in the carrier circuits at the phantom 
loading points, it is necessary that the combination 
earrier-phantom loading units should have closely the 
same total inductance and shunt capacitance as the 
ordinary carrier loading coils. This requires the use 
of a different type of carrier loading coil at the phan- 
tom loading point, from that at the non-phantom 
loading points, having a lower inductance and capaci- 
tance corresponding to the leakage inductance and 
shunt capacitance of the associated phantom coil. 
Other refinements of design are involved in these com- 


bination loading units.” 


: IV. CROSS-TALK 
One of the greatest practical difficulties which has 


26. U. §S. Patents Nos. 1,501,959, Martin and Shaw; 
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been encountered in extending the commerical range 
of long distance telephone service is that of keeping 
at a tolerably low value, the speech overhearing effects 
known as cross-talk, which occur between adjacent 
telephone transmission circuits whenever there is an 
appreciable amount of electromagnetic or electrostatic 
coupling between them. 

From the early days of telephony great care has been 
exercised in plant design and construction work to 
avoid circuit and apparatus unbalances, but as is to be 
expected from the nature of the problem, it is practi- 
cally impossible to obtain and maintain absolutely perfect 
balance. In short telephone circuits, there is no 
particular difficulty in keeping the unbalance effects 
small enough so that the over-all cross-talk is not 
serious. As the length of the line increases, however, 
there are more and more opportunities for unbalances 
in the lines and in the associated apparatus in 
the lines and offices. In repeatered lines, moreover, 
the repeaters amplify the cross-talk as well as the 
speech transmission. Thus we have the cumulative 
effects of cross-talk from successive sections in the long 
repeatered lines. From the service standpoint, how- 
ever, it is necessary that the cross-talk in the very long 
lines should be within the limits set for the shorter lines. 

The problem of keeping cross-talk low between a 
phantom circuit and its associated side circuits, and 
between the two associated side circuits of a phantom 
group, is by far the most difficult phase of the general 
cross-talk problem in long repeatered cables. It is 
present in the cables, the loading coils, the terminating 
apparatus and the office cabling. Of these, the cable 
and associated loading coils are the major sources of 
unbalances. 

The phantom-to-side and side-to-side cross-talk 
unbalances in the cable quads are reduced to small 
values by exercising great care both in the various manu- 
facturing processes and in the selection of raw mate- 
rials. When the cable is installed in the field, a large 
improvement in cross-talk conditions is secured by 
splicing adjacent lengths of cable together in such a 
way that the unbalances in one length of cable sub- 
stantially neutralize the unbalances contributed by 
the adjacent length of cable. Usually, three such 
“capacity-unbalance test” splices are made at sym- 
metrical points in each loading section, and as a result 
the average over-all capacity unbalance in a loading 
section is reduced to about one-tenth of the magnitude 
which would hold if these tests were not made. 

In the design of the standard phantom circuit and 
side circuit loading coils, special care was taken to 
make them substantially free from inherent unbalances. 
Also in the manufacture of the coils, great care is exer- 
cised to realize the benefits of the inherent symmetry 
of the designs. In the early days before telephone 
repeaters came into general use on loaded lines, satis- 
factory results from the standpoint of self inductance 
and mutual inductance unbalances were obtained by 
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adjusting the different windings to the nearest turn; 
i. e., a condition of balance where either adding or 
subtracting one turn to one of the line windings would 
increase the cross-talk rather than reduce it. 

Later when repeaters came into general use, it 
was found necessary to obtain much more refined ad- 
justments. Further improvements have been worked 
out in manufacturing methods and processes which 
allow a greater degree of symmetry. As a result of 
these various improvements, the phantom-to-side 
cross-talk unbalances in the loading coils have been 
reduced approximately 75 per cent or more below 
the values obtained before repeaters came into 
general use on small gage toll cable. The coil cross- 
talk unbalances are now nearly as low as the cross-talk 
unbalances in the associated cable sections after the 
completion of the capacity unbalance test splicing. 

The loading coils used in the very long circuits 
having H-44-25 loading obviously are more important 
from the standpoint of cross-talk limitations than the 
coils used in the shorter circuits having H-174-63 
loading, and somewhat greater care is required in their 
manufacture. These coils are adjusted and tested in a 
factory test circuit which at the cross-talk test. fre- 
quency simulates the service impedance conditions. 
In the phantom-to-side cross-talk test, the disturbing 
test current is superposed on the phantom circuit, 
and measurements of the cross-talk are made in the 
side circuits, the cross-talk being expressed in millionths 
of the current into a transformer connected to the 
phantom circuit and of such ratio as to make the im- 
pedance at its input equal to that of the side circuit. 
As a result of the improvements previously mentioned, 
the average cross-talk in the coils used for the H-44-25 
loading is now about 20 millionths. This corresponds 
to an attenuation of about 95 TU. 

To assist in visualizing the real achievement which 
this minute value of phantom-to-side cross-talk repre- 
sents, Table XIV gives information regarding the cross- 
talk of different elementary types of unbalance in 
H-44-25 loading coils: 


TABLE XIV 
CROSS-TALK DUE TO UNBALANCE IN H-44-25 LOADING COILS 


Type of Unbalance Amount of Cross-talk 

1 ohm resistance 400 millionths ( 68 TU) 

1 micro-henry inductance 2.5) “s (112 TU) 

1 turn of winding 280 a C TARTU): 

_ 1 micro-microfarad capacitance 0.94 Cem er OR AUT UN 


These values apply at 1000 cycles. 

In the loading coils designed for H-174-63 loading, 
the cross-talk per unit of electromagnetic unbalance 
tends to be smaller and the cross-talk per unit of elec- 
trostatic unbalance larger, in rough proportion to the 
differences in line impedance between the H-44-25 
and H-174-68 circuits. 

Side-to-side cross-talk is uniformly lower than phan- 
tom-to-side cross-talk, as would be expected from the 


less intimate coupling between circuits. Accordingly, 
the special adjustments which are made are primarily 
for the purpose of reducing phantom-to-side cross-talk. 

In the loading coils intended for H-44-25 circuits 
the special cross-talk adjustments are applied for mini- 
mizing “far-end’’ cross-talk or for minimizing ‘“near- 
end” cross-talk, according as the coils are required for 
four-wire or two-wire repeatered circuits, respectively. 
The term “far-end” cross-talk applies to cross-talk 
heard at the distant end of the disturbed circuit, and 
correspondingly the term ‘‘near-end’’ cross-talk applies 
to the cross-talk heard at the end of the disturbed 
circuit near the talker. 

Considering now the cross-talk between four-wire 
circuits in the same quad, it is to be noted that the 
directional effects of the telephone repeaters block the 
transmission of cross-talk in the one-way path back to 
the near end of the circuit, and consequently the special 
cross-talk adjustments on the coils for four-wire H-44-25 
circuits are made primarily for reducing far-end cross- 
talk. 

In two-wire circuits, near-end and-far-end cross- 
talk both occur, and generally near-end cross-talk is 
much greater because its “average’’ cross-talk path has 
less attenuation than that of the far-end cross-talk. 
Consequently, the special cross-talk adjustments made 
in the two-wire circuit coils are for the purpose of re- 
ducing the near-end cross-talk to a minimum. 

In the foregoing connection, it is to be noted that 
the cross-talk current caused by electromagnetic un- 
balances flows around the two ends of the disturbed 
circuit in series. On the other hand, the cross-talk 
current caused by electrostatic unbalances divides and 
flows from its point of origin in opposite directions 
around the two ends of the circuit in parallel. Con- 
sequently, when electrostatic and electromagnetic 
cross-talk currents are in phase at one end of the cir- 
cuit, they will be practically in phase opposition at the 
other end of the circuit. The special cross-talk ad- 
justments are made in such a way as to get the maxi- 
mum benefit from the phase-opposition at the partic- 
ular end of the circuit where the reduction is more 
important. 

In the four-wire type of circuit used in very long 
cable circuits, relatively large amplification gains 
are possible in the repeaters because of the char- 
acteristic circuit feature which allows the repeaters to 
act as one-way amplifiers. As a result of these high 
amplifications, there are large differences in power 
level on the input and output sides of the repeaters. 
This fact has made it desirable for cross-talk reasons to 
segregate the oppositely transmitting branches of the 
four-wire circuits. In the cables, the ‘‘east-bound’” 
and “‘west-bound” branches of the four-wire circuits 
are in different groups. This segregation is also carried 
out in the loading coil pots, and in the office cabling.” 

With loading coils as manufactured at present, the 
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cross-talk unbalances in the loaded cables are such 
that the resultant over-all cross-talk is expected to be 
tolerable for the longest circuits now definitely planned 
in cable. The margin below commercial limits is 
much less in two-wire circuits than in four-wire circuits. 
At present, there is a growing tendency to use two-wire 
circuits for longer distances than formerly, for reasons 
of plant economy. This trend thus increases the 
severity of the cross-talk requirements. 

Unbalances in loaded circuits which contribute to 
noise due to induction from power transmission and 
distribution circuits are similar in nature to those con- 
tributing to cross-talk. The precautions which are 
taken in the design, manufacture, and installation of 
loaded circuits to reduce unbalances have the effect, 
therefore, of reducing both cross-talk and noise. 


V. TELEGRAPHY OVER LOADED TELEPHONE CIRCUITS 

It had been the practise in the Bell System, before 
the advent of loading, to employ circuits for simultane- 
ously transmitting telephone and telegraph currents. 
Two methods were in general use, (1) the composite 
system, in which each line wire of the telephone circuit 
provided a telegraph channel with ground return, and 
(2) the simplex system, in which the two conductors in 
parallel were used with a ground return. 

It was very desirable to continue to superpose d-c. 
telegraph currents on telephone circuits after the intro- 
duction of loading. The possible detrimental effects of 
the superposed telegraph and telephone currents pass- 
ing through the loading coils did not require serious 
consideration so long as the circuits were relatively 
short, since the magnetic modulation in the loading 
coil cores due to superposed hysteresis effects was 
sufficiently small to be negligible. As the length of the 
loaded circuit was increased, the interaction between 
the telegraph and telephone currents which has been 
designated in an Institute paper as ‘“‘flutter,’’ was 
aggravated and serious distortion of speech resulted. 

Measurements of flutter effects obtained with the 
two grades of core material then in use, viz., 65-perme- 
ability and 95-permeability wire, showed the lower 
permeability core material to be substantially better in 
this respect. This material had already been adopted 
for the high efficiency loading coils used on the large 
gage toll cable circuits, and for open wire lines used 
in spanning considerable distances. © 

In order to obtain improved transmission over com- 


: posited and loaded Nos. 16 and 19 A.w.g. cables, the 


side circuit and phantom loading coils for this grade 
of service were redesigned in 1913 to employ 65-perme- 
ability cores working to the same over-all dimensions. 
In addition to improved flutter characteristics, the 


replacing loading coils had somewhat lower iron losses, 


and their cost was slightly higher. 


28. ‘‘Hysteresis Effects with Varying Superposed Magnetiz- 
ing Forces,” W. Fondiller and W. H. Martin, Trans. A.I.E.E., 
Vol. 40, 1921, p. 443. 
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A: substantial reduction in flutter distortion effects 
was later obtained in superposed telegraphy over loaded 
open wire lines and long coarse gage cable circuits, with 
the adoption of the air-gap type of loading coils already 
described (Table VIII) as the latter had considerably 
better hysteresis characteristics than the  corre- 
sponding types of continuous wire core coils which they 
superseded. 


The operating requirements for the grounded tele- 
graph systems referred to above, necessitated the use of 
telegraph currents of very large amplitude relative to 
the telephone currents; consequently on such circuits 
it was impracticable to realize the benefits of reduced 
flutter distortion which would have resulted from the 
use of small amplitude telegraph currents. These 
possibilities, however, have been fully realized by the 
development of a metallic polar duplex telegraph 
system” to meet the special requirements imposed by 
superposed telegraph operation over long small gage 
telephone circuits. In this system, the superposed 
telegraph current is of the same order of magnitude as 
the telephone current. Under these favorable operat- 
ing conditions, the flutter distortion effects caused 
by modulation in the cores of the present standard 35- 
permeability compressed iron powder core loading coils, 
are within satisfactory limits on the longest circuits 
which are used simultaneously for telegraph and tele- 
phone service. 


The recent development of a voice-frequency carrier 
telegraph system providing 10 or more independent 
channels over a loaded four-wire cable circuit has made 
it economical to concentrate a large part of the tele- 
graph service over the long repeatered cables on a 
special group of wires which are not used simultane- 
ously for telephone purposes. This method of opera- 
tion obviously eliminates all possibility of modulation 
effects between the carrier telegraph circuits and the 
speech transmission circuits. However, the possibility 
of intermodulation effects between the different super- 
posed carrier telegraph channels involves the same 
fundamental requirements in the loading coils as when 
the telegraph circuits are superposed in telephone cir- 
cuits. The requirements of these systems are satis- 
factorily met by the 35-permeability compressed iron 
powder core loading coils now standard for use in toll 
cable loading. 


VI. RECENT IMPROVEMENTS IN LOADING FOR 
EXCHANGE AREA CABLES 


The developments discussed in the preceding sections 
were directed to improving and extending the range 


29. ‘Metallic Polar-Duplex Telegraph System for Cables,” 
Messrs. Bell, Shaneck and Branson, Trans. A. I. EH. E., 44: 
327, 1925. 

30. ‘‘Voice-Frequency Carrier Telegraph Systems for Cables,’’ 
Messrs. Hamilton, Nyquist, Long and Phelps, Trans. A. I. E.E., 
Vol. 44, 1925, p. 316. 
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of long distance telephone service. During the greater 
part of this period the loading standards for exchange 
area trunk cables remained fixed. The first important 
change occurred about 1916, when compressed pow- 
dered iron core coils came into general use in place of 
the old standard wire core coils. 

In the period 1922-4, the use of new types of fine wire 
cables had reached a point which required that certain 
changes be made in the old standard loading systems. 
Accordingly a new series of improved loading systems 
having a considerably higher cut off frequency than 
the original standard systems, described in Table II, 
were developed. 

Cable Developments. Notable advances have been 
made in the art of cable manufacture during the last 
decade or so, including the standardization of 450-pair 
19-A.w.g. cable, 900-pair 22-A. w. g. cable, and 1200- 
pair 24-A.w.g.cable, all contained in standard full sized 
sheaths (2-5< in. outside diameter). For each of the 
conductor gages involved, each of these new maximum 
sized cables has approximately -50 per cent more 
conductors than the previous maximum sized cable, 
typified by the old standard 300-pair No. 19-A.w.g. or 
600-pair No. 22-A.w.g. cables. 

The newer types of cables have a smaller amount of 
paper insulation on the individual conductors with a 
resultant increase in mutual capacitance. 

About 1921 the methods of stranding the newer 
types of fine wire cables (No. 22 and 24 A.w.g.) were 
changed in order to improve their balance characteris- 
tics. These changes made the cables suitable for the 
application of loading. 

The use of the old standard loading systems on the 
new types of cables would have resulted in an objec- 
tionable impairment of quality, due to the reduction of 
the cut-off frequency resulting from the increased cable 
capacitance. Also the types of coils available were 
more expensive than could be justified for permanent 
standards on the low cost fine wire cables. Accordingly 
the development of new loading systems and less ex- 
pensive coils was undertaken. 

Determination of New Cut-Off Frequency Standard. 
The coil design cost-balance study was taken up as 
one phase of a general transmission-cost study of ex- 
change area transmission, which also included a the- 
oretical investigation of cut-off frequency standards. 

In this work use was made of recent investigations 
of the effect of variations in the frequency distortion 
and volume efficiency of a telephone circuit on the capa- 
bility of the circuit to transmit and reproduce intelli- 
gible speech. 

In the cost studies, allowance was made for the re- 
duced costs of the new types of cable facilities, and the 
use of less expensive types of coils proportioned to be in 
approximate cost-equilibrium with these facilities. On 
the basis of these new cost relations, it was found that 
an increase in the cut-off frequency of exchange area 
loading could be justified. Further studies showed 
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that if the cut-off frequency should be raised 
materially above 3000 cycles the increased costs would 
be large in proportion to the resultant improvement in 
transmission. On this basis, it was decided to adopt 
2900 cycles as the cut-off frequency standard for the 
new loading, when used on higher capacitance cables. 
This corresponds to a cut-off frequency of approxi- 
mately 3200 cycles on the older types of low capaci- 
tance cables. 

New Standard Loading Systems. Having decided 
upon a new cut-off frequency standard, the next step 
was to choose coil spacings and inductance values. 
Obviously, in order to make full use of available loading 
manholes and vaults, it is desirable to adhere to the 
established spacing standards. Also, it is desirable to 
make as much use as practicable of the old standard 
loading coil inductance values, in order to minimize 
the expense of rearranging the existing loading to con- 
form to the new standards. Furthermore, there are im- 
portant advantages in having a graded series of stand- 
ards. This avoids economic waste otherwise involved 
in the use of expensive loading on trunks where a less 
expensive loading is good enough. 

The foregoing general considerations resulted in the 
standardization of certain new loading systems, the 
principal transmission features of which are sum- 
marized in Table XV. 


TABLE XV 
NEW LOADING STANDARDS FOR EXCHANGE AREA TRUNKS 


Approx. Cut-off Frequency 
Cycles 

Coil Coil High Low 

Loading Spacing Code Capacitance | Capacitance 
Designation Feet Nos. Cable Cable 
M-88 9000 602 2900 3200 
H-135 6000 603 2800 3200 
H-175 6000 574 — 2800 
D-175 4500 574 2900 3200 

Nore. High capacitance cable has approximately 0.083 » per mile. 


Low capacitance cable has approximately 0.066 »f per mile. 


The M-88 system is especially suitable for the shorter 
lengths of fine wire trunk cables which constitute 
the predominating bulk of the exchange area trunk 
mileage. In longer trunks, the other more expensive 
loading systems find their field of service. The H-175 
system is limited to low capacitance cables because 
of the lower cut-off effects on high capacitance cables, 
but has considerable commercial importance because 
of the large number of low capacitance cables now in 
the plant. 


Table XVI gives general transmission data on 


typical exchange area trunks using the new loading 


systems, including also non-loaded trunks. Attenua- 
tion-frequency characteristics of some of these trunks 
are given in Fig. 15. A dotted line curve shows the 
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characteristics of the old standard medium loading 

when used on 0.065 uw f per mi. No. 19 A.w.g. cable. 
The position of the different types of facility in 

Table XVI indicates in a general way the sequence 


TABLE XVI 
TRANSMISSION CHARACTERISTICS OF TYPICAL 
EXCHANGE AREA TRUNKS 


Attenu- 
ation 
Cable Capaci- Coil Cut-off | Circuit Loss 
Con- tance Code Fre- Impe- | TU per 
ductor | , f./Mile System No. quency dance Mile 
A.w.g. | Cycles | Obms 
24 0.079 Non-loaded — — 740 2.2 
22 0.083 es a — —_ 570 1 BBR) 
24 0.079 M-88 602 2900 900 1.48 
22 0.083 M-88 602 2900 990 0.96 
22, 0.083 H-135 603 2800 1300 0.68 
_j9 0.085 Non-loaded _ — 400 DANS 
22 0.083 D-175 574 2900 1690 0.53 
19 0.083 M-88& 602 2800 860 ORS 
19 0.085 H-135 603 2800 1280 0.38 
19 0.066 H-175 574 2800 1640 0.29 
19 0.085 D-175 574 2800 1680 0.30 
16 0.066 M-88 602 3200 960 0.24 
16 0.066 H-135 603 3200 1420 0.20 
16 0.066 H-175 574 2800 1640 ORL 


Note. The impedance and attenuation figures hold at 1000 cycles. 
Impedance values for loaded circuits assume mid-section termination. 


in regard to costs of the different types of facility; 7.e., 
No. 24-A.w.g: non-loaded cable circuits are the least 
expensive of those listed and H-175 loaded No. 16- 
A.w.g.cable the most expensive, the intermediate 
facilities being correspondingly intermediate in cost. 

In general, it will be noted from Table XVI that 


24 N.L|=Non- Loaded No.24 Awg 
22 M-88= 22 Awg. Cable with M-88 Ladi: 
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Fic. 15—ArrenvuaTION-FREQUENCY CHARACTERISTICS OF 
TypicaL ExcHANGE AREA LoaDED AND Non-LoapED CABLES 


the facility cost is in reverse order to the transmission 
efficiency. However, there are exceptions to this 
yeneral tendency: for instance, non-loaded No. 19- 
A.w.g. cable is less efficient and more expensive than 
No. 22-A.w.g. cable with M-88 or H-185 loading. 
From this it will be apparent that non-loaded No. 19- 
A.w.g. cable has practically no economical field of 
service on a competitive basis with loaded No. 22- 


A.w.g. cable. 


The problem of the plant engineer in laying out 
trunk cables is to determine for each trunk group the 
type of facility which will meet the established trans- 
mission standards with the lowest cost. The permis- 


sible loss in a given length of trunk ina particular area 
depends on the type of service involved; for instance, a 
larger loss is allowable in a direct interoffice trunk 
than in other types of trunks forming part of a toll 
connection. 

The allowable loss for a given length and type of 
trunk varies widely among different metropolitan 
areas, due to local conditions. These limits are es- 
tablished by means of “‘loop-and-trunk” studies which 
determine for a particular area the most economical 
allocation of the permissible over-all loss between the 
subscriber loops and the interoffice trunks. On account 
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Field of use of different types of loaded and non-loaded facilities, working 
to 11 to 15 TU limits on attenuation loss. Curve in lower part of diagram 
shows distribution of trunks with respect to trunk length 


of the wide range of local conditions the fields of service 
of the different types of loaded and non-loaded trunks 
cannot be sharply defined. An indication of the 
service uses is given in the upper part of Fig. 16, which 
illustrates the possible applications of the new standard 
types of facilities for direct interoffice trunk service, 
assuming maximum allowable losses of 11 and 15 TU, 
respectively. The diagram shows, for instance, that 
M-88 loading on No. 22-A.w.g. cable is the preferred 
construction for trunks from 7.5 to 11.5 miles long, 
when working to an 11-TU limit. The lower part of 
Fig. 16 indicates on a cumulative-percentage basis 
the distribution of direct interoffice trunk lengths in the 
Bell System. 


In the design of the exchange area trunk plant, it is 
necessary, of course, to consider the signaling char- 
acteristics of the facilities and associated equipment, as 
well as the transmission characteristics. After a 
certain length is reached in a given type of facility, it 
may become necessary to use relatively expensive 
signaling equipment for working longer distances. 
In some cases of this kind, the total facility cost may _ 
be reduced by using a more expensive grade of circuit 
which will allow less expensive signaling equipment. 

In the application of the new standard loading 
systems, the same standards of over-all attenuation loss 
are adhered to, as in the older loading systems. In 
consequence, there is an appreciable improvement in 
the intelligibility of transmission, due to the ability of 
the new loading systems to transmit efficiently a range 
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of high frequency voice over-tones which are suppressed 
by the old standard 2300-cycle cut-off. 

Along with this improvement in service, the new 
loading systems substantially reduce the plant cost; 
partly due to the economies which result from the ex- 
tension of the transmission range of the new types of 
fine wire cables, and partly because of the use of 
materially less expensive types of loading coils. 

Loading Coils and Cases. As previously noted, the 
first important change in the coils used for exchange 
area loading from the early 95-permeability wire core 
type was the substitution of compressed powdered iron 
in place of wire for the cores. Initially, only coils 
having powdered iron cores with a permeability of 60 
were designed, as this value corresponds to the effective 
value of the cores displaced. More recently, in order 
to better fit in with the requirements of the new cut-off 
frequency standard, coils using 35-permeability pow- 
dered iron cores have been developed. In Table 
XVII are listed data for the coils now used in ex- 
change area loading. 


TABLE XVII 
COILS FOR LOADING EXCHANGE AREA CABLES 
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Over-all 
Resistance-Ohms Dimensions 
Coil Induc- Core Inches 
Code tance Perme- 1000 Diam- 
No. (Henrys) | ability D-C Cycles eter Height 
602 0.088 35 8.9 10.5 36) flere 
603 0.135 35 12.8 14.1 3.6 1.3 
574 0.175 60 4.6 10.6 4.5 21. 


Effective resistance values are for a line current of 0.001 ampere. 


The standardization of the small sized Nos. 602 and 
603 loading coils has made it possible to design con- 
taining cases and assembly methods which permit 
much larger numbers of coils to be enclosed in cases 
conforming to the dimensional limitations set by exist- 
ing vault conditions. A series of cases having capaci- 
ties up to 300 coils have now been developed. The use 
of these large potting complements will be of consider- 
able value in reducing the space congestion encountered 
in the “‘downtown”’ sections of the larger metropolitan 
areas. 

In the 300-coil case, a total of 1200 soldered joints 
are required to connect the coil terminals to the stub 
cable conductors. It was accordingly very important 
that the assembly method should involve a minimum 
liability to open circuits, crosses, or grounds. To ac- 
complish this, a method was devised whereby the various 
spindles of coils were assembled to a skeleton frame to 
which the cable stub containing the 600 terminal pairs 
is also attached. All splices to the outgoing con- 
ductors, are made immediately adjacent to the individ- 
ual coil terminals, after which the skeleton unit con- 
sisting of the coils and stub cable with case cover at- 
tached, is picked up with suitable tackle, and the coil 
unit inserted in the case. Fig. 17 illustrates this 


vaults. 
in a “double-deck” vault in New York City. The 
loading coil cases are placed in the lower part of the 
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stage of the assembly. The case is subsequently filled 
with moisture-proof compound and sealed in the usual 
manner. 


Installation Features. In general, the exchange area 


Fia. 


Lowering loading coils into case after coil spindles have been mounted on 
frame and coil terminals spliced to stub cable conductors 


17— ASSEMBLY OF 300-CoiL Casi 


cables on which loading is required are run in under- 
ground ducts and consequently the great bulk of the 
exchange area loading is installed in underground 
Fig. 18 shows a typical loading installation 


Fig. 18—UNDERGROUND CaBLE LoapING Coin INSTALLATION 
IN MerropouitaNn AREA. Dovusie-Deck VAULT HAVING ULtTI- 
MATE Capacity oF 14 LarGe Corn Cases 


vault permitting the coil terminal stub cables to be 
brought up vertically behind the horizontal cable runs 
and spliced to the trunk cables in such a way as to 
minimize the difficulties of future work on the cables 


Se 
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passing through the vault. The trunk cables enter 
the vault through ducts which may be seen at the top 
of the picture, and are supported on racks mounted on 
the upper side walls of the vault. 

At present, a total of eight loading coil cases is 
installed in the vault illustrated in F igscl7a Only 
five of these, however, appear in the picture. The cases 
now in place contain a total of 645 loading coils. The 
vault has space for six additional large cases, on which 
basis it is estimated that this vault will ultimately 
contain about 2400 coils. Some of the largest vaults 
are capable of accommodating a total of 30 large cases 
containing a total of 9000 coils. 


VII. LOADING FOR SUBMARINE CABLES 

Coil Loading. The special problem of applying coil 
loading to submarine cables is a mechanical one, rather 
than one concerning the principles of loading. Thesitua- 
tion in the United States is such that only a few coil- 
loaded submarine cables have been required; this, of 
course, does not refer to the considerable number of 
instances where the submarine cables are so short that 
ordinary types of coils installed at the terminals satisfy 
the transmission requirements. 

To date there have been installed in the United 
States a total of five cables having submarine coil 
loading details of which are given in Table XVIII. 


TABLE XVIII 
COIL LOADED SUBMARINE CABLES 


Year |Length| No. Spac- Coil 
of In-| of of Number of ing of | Induc- 
stal- | Cable | Load Loaded Coils- tance 
Location lation | Miles | Points Ccts. Miles | Henrys 
Chesapeake 1910 4.5 2 17 pr. 13 A.w.g.| 1.97 | 0.117 
Bay No.1 ' 
Chesapeake 1916 4.0 1 12 qd. 13 A.w.g.| 2.0 0.067-S 
Bay No. 2 0.042-P. 
Tarrytown- 1916 Dee 2 |37 qd. 16 A.w.g.| 0.89 | 0.250-S 
Nyack 0.155-P 
Raritan 1917 5<3 5/37 ad. 16 A.w.g.| 0.91 |.0.250-S 
Bay No.1 0.155-P 
Raritan 1918 5.3 5 |37 qd. 16 A.w.g.| 0.89 | 0.250-S 
Bay No. 2 | ; 0.155-P 


The Raritan Bay cables each have 37 quads loaded 
at five points, 111 coils at each point, constituting the 
largest installation of submarine coil loading in the 
world. The depth of water in which these cables are 
installed is about 35 feet. 

In each of the above instances, dry core paper cables 
were used. The design of the coils was made to fit 
the special designs required for the submarine loading 
pots. The case design was such as to furnish complete 
protection of the coils against moisture penetration and 
adequate mechanical strength for taking up the tension 
in the cable. In installing the cables, the procedure 
was the splice the loading coil cases into the cable while 
the cable was coiled on a barge, and then lay the cable 
and coils as a continuous operation. The service record 
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of these loaded submarine cables is excellent, thus 
demonstrating a satisfactory solution of the many 
difficult mechanical problems involved. 

Continuous Loading. Another form of submarine 
cable loading, first put into practise by the Danish 
engineer, C. EK. Krarup,*! is to wind an iron wire or tape 
spirally around the copper conductor. This gives a 
continuous loading which has found important applica- 
tions in the case of telephone and telegraph cables 
laid in deep water. So far as land cables are concerned, 
it has been found that continuous loading is uneconom- 
ical in comparison with coil loading. The only in- 
stances of continuous loading in the plant of the Bell 
System are the Florida-Cuba cables,*? connecting Key 
West and Havana, which are the longest and most 
deeply submerged cables in use for telephonic communi- 
cation in the world. 


VIII. EXTENT OF COMMERCIAL APPLICATION 


The following data will assist in visualizing the 
practical importance of the developments which have 
been described in this paper. 

In 1911, when Mr. Gherardi addressed this Institute 
on the subject of loading practise in this country, there 
were about 125,000 loading coils in service which 
loaded about 85,000 miles of open-wire circuits and 
170,000 miles of cable circuits. Although precise 
figures are not yet available regarding the number of 
loading coils in service in the Bell System as of January 
1, 1926, conservative estimates set this total at about 
1,250,000 coils. These coils load about 1,600,000 miles 
of cable circuits and 250,000 miles of open wire. In 
round numbers, 500,000 coils are installed on non- 
quadded local area trunk cables and 700,000 in toll 
and toll entrance cables (the bulk of these being 
quadded cables)... Nearly two-thirds of the total 
number of coils have compressed iron powder cores, all 
of these being installed on cable circuits. About 4500 
coils having wooden cores are installed on carrier-loaded 
entrance cables. The remainder have iron wire cores, 
approximately 60,000 being of the so-called ‘‘air-gap”’ 
types. 

Prior to the development of satisfactory types 
of telephone repeaters, the principal use of loading coils 
was in exchange area trunk cables in large metropolitan 
areas such as New York, Chicago, Philadelphia, and 
Boston. The successful application of telephone re- 
peaters to loaded small gage cables has greatly in- 
creased the use of loading in the telephone plant. As 
illustrating this trend, approximately 150,000 toll- 
cable coils were manufactured for the Bell System in 
1925, and approximately 100,000 exchange area cable 
coils. Recent estimates of the loading coil require- 
ments for the next five years indicate an annual de- 

31. C. E. Krarup, Submarine Telephone Cables with In- 
creased Self-Induction, HTZ., 23:344, April 17, 1902. 


32. W. H. Martin, G. A. Anderegg, B. W. Kendall, ‘‘Key 
West-Havana Submarine Telephone Cable System,” TRANs. 
A. I. E. E., Vol. 41, 1922, p. 184. " 
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mand at a rate which would double the total number 
of loading coils in service about 1930. 

As regards the field of application for cable loading 
in terms of cable lengths, the entrance and intermediate 
cables represent the minimum lengths; for instance, 
pieces as short as 500 feet when present in carrier tele- 
phone systems may require loading. In the local 
exchange areas, toll switching trunks as short as two 
miles may require loading. On the other hand, as il- 
lustrating the longest circuit now entirely in cable, a 
connection between Boston and Milwaukee—via New 
York, Pittsburgh, Cleveland and Chicago—typifies 
the possibilities in the existing repeatered loaded cable 
plant: The over-all length of such a circuit is approxi- 
mately 1200 miles. There is no technical obstacle to 
the use of repeatered loaded cables for distances several 
times as great; i.e., in the present state of the art, this 
is primarily a question of economics rather than of 
development. 


x 


It will be appreciated from the foregoing account 
that the invention of coil loading was the beginning of 
an era of intensive development which has been marked 
by enormous advances in the design of telephone trans- 
mission lines, and that there has been no slackening of 
the inventional or development activity devoted to this 
subject. It is significant that at present more engineers 
and physicists in the departments represented by the 
authors are engaged on loading development problems 
than at any previous time. 


In this account of the progress of the loading art 
during the past quarter century, the authors have en- 
deavored to point out the relation of the loading de- 
velopments to other phases of telephone development 
such as cables, repeaters, telegraph working, and 
carrier telephone and telegraph systems. In the 
space that is available, it would be impracticable to 
assign full credit to the many individuals who have 
been engaged in the development work on loading and 
the related problems. The final accomplishments 
should be regarded as the result of well coordinated 
efforts along many lines. 

In conclusion, it may be of interest to note what 
the development and use of loading has meant to the 
telephone using public from an economic standpoint. 
Leaving out of consideration altogether loading on long 
toll cables—where the interdependence of repeaters 
and loading is such that it is impracticable to assign 
to each its share of the savings—and taking into con- 
sideration only the loading of interoffice trunks and 
toll open-wire circuits, it has been estimated that the 
larger wires which would have been required to give 
the present grade of transmission if loading had not 
been available, taken together with the heavier pole lines 
and additional underground ducts, would have entailed 
an additional investment in Bell System telephon 
plant of over $100,000,000. . 


CONCLUSION 
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Discussion 


Bancroft Gherardi: The invention of loading and the 
development of telephone repeaters have, together, revolution- 
ized the engineering of toll-line plants in the United States. 
For the invention of loading we are indebted to Dr. Pupin. 


Before loading was invented, cable was to toll-telephone trans- 
mission much the same as strychnine is to the human system. 
Any great amount of cable produced definitely unfavorable reac- 
tions. The advent and application of loading produced a substan- 
tial change in this situation. Whereas, before loadingwas available, 
a toll-line cable of even twenty or thirty miles in length presented 
a serious problem which could only be solved by the generous 
use of copper, loading very much extended the range of cable so 
that practical toll cables of even 200 mi. length were available. 
With the advent of telephone repeaters and their use in combina- 
tion with loading, toll cables 1000 mi. in length or even longer 
became practical and economical. 


Today we are giving commercial telephone service regularly 
through cable between Boston and New York on the one hand 
and Chicago on the other. Before the end of 1926 New York 
and Boston will be connected by an all-cable route to St. Louis. 
From Boston to St. Louis it will be about 1400 mi. following the 
route of the cable. 


Many other important cable routes are completed or now 
under way so that within a few years the principal toll routes 
in the northeastern section of the United States will be cable. 

There are several advantages in this type of construction. 
On the more congested routes right-of-way problems would have 
been formidable without cable. Between New York and 
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Philadelphia, by the end of this year we would have required 
twenty 60-wire pole lines to take care in overhead construction 
of the circuits that we shall have in cable. The maintenance 


of these lines under unfavorable conditions would have been a 
formidable problem. 


To some, it might appear that the loading coils and repeaters 
would necessarily be a somewhat incidental factor in the total 
amount of construction involved in the toll-line cable. This 
is not the case. Considering a cable between New York and 
Chicago, it is found that only about 50 per cent of the total 
cost of the cable isin the cable itself and the structure support- 
ing it. 

F. B. Jewett: In looking over the paper and in casting my 
mind back over the history of my connection with the telephone 
business (which is in point of time almost coincident with the 
span of time in which loading has been a factor) I was interested 
to recall the several steps through which this whole art of loading 
has gone from the days when it was first presented through 
Dr. Pupin’s work. My mental review included the early 
stages of our attempts to use loading up to the present time 
when it is recognized as a factor of very great importance. 

I chuckled to myself as I thought of a time, nearly twenty 
years ago, when we thought our development work as applied 
to loading was nearing completion. The word went out that we 
ought to hustle up the work we then had in hand and button up 
this loading development so that it would be standard for all 
time and we could take our forces off and go to other things. 
Well, just as in the ease of all things of an engineering nature 
which have real continuing merit, so it is in the case of loading. 
Being a real thing, there is no end to the development work and 
the field of application continues to grow. As the paper states, 
there are more men engaged in loading development problems 
today than there ever were in the history of the work; also the 
problems which open up before us as possible of solution through 
loading and the combination of loading with repeaters, are more 
extensive now than they ever have been in the past. 


As a result of the work to date, which has resulted not only 
in improvements in kind but in cheapening the forms of loading, 
we are continuing to reduce the size and length of circuits on 
which it is economical to apply loading. At any given stage of 
the development of a thing like the loading coil, there comes a 
time when although physically possible of use on certain kinds of 
circuits, it is economically not feasible to use it because it is 
cheaper to get the desired result in some other way. But, 
with the cheapening of loading coils and their improvement, 
the gage and length of circuits on which loading is commercially 
applicable and advantageous have been reduced until we are 
approaching the point where it would appear to be economical 
to use loading on wifes as fine as it is mechanically possible for 
us to employ them. 

As the paper indicates, the development work started by the 
requirements of loading per se, has ramified in all sorts of unex- 
pected nooks and crannies. It has expanded to include 
electrochemical processes, matters of tool design for the utili- 
zation of those enormously powerful presses for forming the core 
material, special machinery for winding coils, the kinds of in- 
sulating material, a thousand and one things which you wouldn’t 
ordinarily think of as being connected with loading-coil develop- 
ments. Loading-coil developments have also had profound 
effect on the methods of line construction. The precision with 
which we have to space these coils, the accuracy with which we 
have to maintain the balances between the parts of a cireuit 
and the circuits themselves—all of these things indicate what a 
vast engineering field has grown up as a result of this thing 
which appeared relatively so simple. 

Just one point in closing: I have no statisties to give but will 
mention one interesting calculation to indicate what the traffic 
possibilities are in a group of circuits of modern structure, 
equipped with loading coils and with modern repeaters. Men- 
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tion has been made of the New York-Chicago cable. That. 
eable in the main, as far as I know, is a cable of standard size. 
That means it is a cable which has an outside diameter of 254 in. 
The lead sheath is 14 in. thick and inside there is a core of 
paper-insulated wires. It is primarily a telephone cable. Just 
as an illustration, let us consider what the communication- 
carrying capacity of this telephone cable would be if it were used 
just as it stands for telegraph purposes instead of telephone. 
With the voice-frequency multiplex system, it is possible to 
obtain about ten telegraph channels per telephone pair. If 
each of these telegraph channels were equipped with multiplex 
printing telegraph apparatus commonly used by the Western 
Union Telegraph Company, we could operate about ten thousand 
printer circuits in each direction. Working simultaneously at 
their normal speeds, it would be possible with this set-up to 
transmit between New York and Chicago the whole contents 
of a New York daily newspaper, exclusive of advertising material, 
in less than two minutes. 


M. I. Pupin: The authors mentioned that it is convenient 
to discuss the coil-loaded line in terms of its corresponding 
smooth line. I should like to add one word to that statement 
—that it is still eonvenient—because I discussed it that way 
twenty-six years ago, in my first paper before the American 
Institute of Electrical Engineers. They also say that “‘Professor 
Pupin gave his famous solution in a paper presented before 
the Institute in May, 1900.” That is a very complimentary 
statement but I should like to see that compliment completed. 
I should add that in that paper was also given the fundamental 
mathematical method of treating networks, filters and balancing 
networks. Before that time no one knew anything about it. 
They call them filters in West and Bethune Streets. At Colum- 
bia University we call them pilot conductors. But they are more 
persistent than we are, and so they have their own way. But 
the theory of the filters was first given at Columbia University 
and not at West Street. 


Now, having said all the disagreeable things that I can think 
of, I am going to add another one which is not so very disagree- 
able perhaps, or perhaps more so. They talk of the loading 
coil, the toroidal loading coil. There is a very, very important 
bit of history attached to that. When I came out with the 
toroidal form of the loading coil, the engineers of the American 
Telephone & Telegraph Company couldn’t see any virtue in 
it at all. It took them some time to recognize its virtues but 
when they did, they recognized them very clearly. Since that 
time they have been eliminating all other forms of coils that they 
employed by the hundreds of thousands in their business. 

Now I won’t be disagreeable any more. The work that that 
company has done upon the development of the toroidal coil 
(invented at Columbia University and not in Bethune St.) 
is most remarkable. The development went on with a steady 
progress until today they have a coil that represents scientific 
research efforts perhaps unequalled by anything else that has 
happened in the telephone art during the last twenty-five years, 


_ since I made the invention. 


It is a remarkable result and I think by next year they may 
have another announcement to make which will be even more 
remarkable than anything else they have announced so far, 
but Iam not at liberty to talk about that. 

It goes without saying that, in the course of the development 
of an invention, other things are brought in to supplement the 
invention and it speaks very highly for the loaded telephone 
cable that it is supplemented so beautifully by the telephone 
repeater of the vacuum-tube type. A fellow who can’t associate 
with anybody else is not a very good fellow asarule. An inven- 
tion that can’t stand the companionship of other inventions 
is probably a poor invention. The loaded-conductor invention 
takes the repeater invention into its arms and they hug each 
other and make a beautiful pair of congenial companions. That 
_to me is more encouraging and more complimentary to the loaded- 
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conductor invention than anything else that has happened. 
Attempts have been made to supplant the loading coil, to get 
along with repeaters only by adding attenuation equalizers, but 
they didn’t prove practicable. This created the impression in 
places that the loaded-conductor invention was dead and a 
friend of mine came to me one day and repeated a sentence 
which I published in a book some time ago: “Inventions grow 
old and are superseded by other inventions.” 

Some one once said to me, ‘‘Isn’t that a sad expression, 
Professor? Doesn’t that indicate that your invention is dead?” 

That doesn’t refer to my invention at all. If it did I wouldn’t 
have put it there. It would betray too much disappointment 
and I dislike exhibitions of disappointment. No, the invention 
is not dead; it is still alive and quite vigorous. 

It is very true, as Mr. Shaw has said, that not even a very small 
fraction of the hundred million dollars is in my pocket. Any- 
body ean see that; and it isn’t in the pockets of the Telephone 
Company either, which is not quite as obvious. It is in the 
pockets of the people of the United States, where it belongs, 
and they will get a great deal more in their pockets in the course 
of time, because every year the combination of loading and 
telephone repeaters is saving an enormous amount of money to 
the people of the United States. And what is it producing? 
It is producing an effect for which Washington and Lincoln 
longed. Washington thought of nothing so much as of the con- 
solidation of the American Union. Lincoln, much against his 
will, even went to war for the purpose of saving that Union and 
consolidating it. 


Now when you hear of that beautiful telephone system, from 
Boston to New York, to St. Louis and to all the big centers in 
the United States, tell me of something else that has that power 
of consolidating the American Union! There is nothing else 
unless it be the radio broadeasting. That is another electrical 
art but that is not a part of the paper. 


~ Who has produced this wonderful art which is producing this 
wonderful effect? I read another passage from my book: “It 
is not so much the oceasional inventor who nurses a great art 
like telephony and makes it grow beyond all our expectations 
as it is the intelligence of a well organized and liberally supported 
research laboratory,” like the Bell Telephone Laboratories at 
West and Bethune Streets, which I have been abusing so 
much. 


The industries of this country have finally discovered the 
correct method of doing things. Their great research labora- 
tories take the more or less crude ideas of individuals and develop 
them and put them together as the American Telephone and 
Telegraph Co. has put together the loaded conductor and the 
telepnone repeater. This is creating one of the finest telephonic 
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systems that the world has ever known, and has gone far beyond 
our expectations. 

The paper testifies to that better than anything I have seen. 

William Fondiller and Thomas Shaw: Dr. Jewett has 
referred to the early stages of loading development work, and 
recollected that it was thought at that time that loading was to 
be standardized for all time so that the engineers might give their 
attention to other problems. While such a consummation 
may have appeared very desirable to some at that time, new 
developments in materials and processes and in methods of opera- 
tion continually open up new fields of investigation and design. 
Our paper has attempted to chronicle the major steps in this 
development. 

In considering Professor Pupin’s discussion, the authors very 
much regret that he appears to feel that they have not fully 
recognized his contributions to this art, and that as a result of 
this has made several remarks which he designates as ‘‘disagree- 
able things.” 

The paper refers to Professor Pupin’s famous solution of the 
coil-loaded transmission line. It is so generally known that it 


hardly requires repetition that Professor Pupin obtained the . 


fundamental patents on the coil-loaded line and the toroidal 
form of loading coil. 

As stated at the beginning of the paper, this does not attempt 
to cover the origin of loading or the early developments of the 
art, as these have been treated quite fully in earlier papers, 
particularly Mr. Gherardi’s 1911 paper before the Institute. 
The loading-coil invention, as was true of Bell’s original invention 
and as is true of nearly all important advances ,was not without 
its controversies. This is similarly true of the developments 
in filters and balancing networks which Professor Pupin also 
mentions. -Any reference to these past controversies is entirely 
aside from the purpose of the paper. 

Now, about that part of Dr. Pupin’s discussion relating to the 
beautiful companionship of the loading invention and the re- 
peater invention, a casual reading of the paper may lead one to 
infer that the application of repeaters to loaded circuits was 
easily accomplished. Be it understood, however, that the paper 
is a statement of end results, rather than a detailed account of 
the difficulties which had to be overcome to reach these results; 
in fact a great deal of investigation was required, extending 
over a number of years, before it was commercially possible to 
combine phantoming, loading, and repeatering telephone circuits. 
A study of the line characteristics indicated that the failure of 
the early types of loading coil to maintain the necessary stability 
was principally responsible for the inability of the repeaters to 
get along with the loading coils. Development of new magnetic 
materials and improved construction methods were required 
before these obstacles were overcome. 


Cipher Printing Telegraph Systems 


For Secret Wire and Radio Telegraphic Communications 
BY G. S. VERNAM: 
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Synopsis.—This paper describes a printing telegraph cipher 
system developed during the World War for the use of the Signal 
Corps, U.S. Army. This system is so designed that the messages 
are in secret form from the time they leave the sender until they are 
deciphered automatically at the office of the addressee. If copied 
while en route, the messages cannot be deciphered by an enemy, 
even though he has full knowledge of the methods and apparatus 


used. The operation of the equipment is described, as well as the 
method of using it for sending messages by wire, mail or radvo. 

The paper also discusses the practical impossibility of pre- 

venting the copying of messages, as by wire tapping, and the relative 

advantages of various codes and ciphers as regards speed, accuracy 

and the secrecy of their messages. 
* * 
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INTRODUCTION 


| Be purpose of this paper is to discuss briefly cer- 
tain methods for obtaining secrecy in connection 

with messages sent by wire or radio telegraphy, 
and to describe in particular printing telegraph cipher 
systems that were developed for this purpose during 
the World War. 

The desirability of obtaining secrecy in telegraphic 
communications and the possible advantages of a 
system that would be capable of sending messages in 
such form as to be entirely secret, and which at the 
same time, would be more rapid and accurate than 
the codes and ciphers ordinarily used, were brought 
out in conversations with officers of the Signal Corps, 
U.S. Army. These discussions made it evident to the 
engineers of the Bell System that it would be very help- 
ful if the well-known automatic features of the printing 
telegraph art could be made available for enciphering 
and deciphering telegraph messages, and could at the 
same time be made practical for use under service 
conditions. 

The engineers recognized that printing telegraphs’ 
were rapid and accurate, but were not secret except 
to the extent that their signals could not be read from a 
telegraph sounder. With the general requirements 
for secrecy systems in mind, studies were made of 
printing telegraph systems to determine how their 
messages could be made secret. The result of this 
work was the development of a cipher system that is 
capable of rendering messages entirely secret, is rapid 
and accurate, and is practical to use. 

This ‘Cipher Printing Telegraph System” was called 
to the attention of the Signal Corps. The Signal 


Corps became very much interested, tested the secrecy 


of communications handled by the system and tried 


1. Engineer, Dept. Development and Research, Am. Tel. & 
Tel. Co. 

> See John H. Bell, ‘‘Printing Telegraph Systems,” TRANS. 
A. I. E. E. for 1920, Vol, XXXIX, Part 1, p. 167, and 
A. H. Reiber, ‘‘Printing Telegraph Systems Applied to Message 
Traffic Handling,’ Trans. A. I. KE. E. for 1922, Vol. XLI. p.39. 
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it out between New York and Washington. This 
trial proved that the system could be successfully used 
to send messages secretly and at a speed many times 
faster than by methods previously in use.’ 

Each message is automatically enciphered at the 
sending station and deciphered in the same manner 
at the receiving station. The method of ciphering will 
be described later in this paper and is such that under 
certain conditions of use, the messages are rendered 
entirely secret, and are impossible to analyze without 
the key, even if it is assumed that the enemy can 
capture a machine, learn its method of operation in all 
details, and intercept a large number of messages. 
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Fig. 1—Crexer Printing TELEGRAPH MACHINE 


FLEXIBILITY OF SYSTEM 


This method of ciphering can be used with machines 
of various types. The electrically-driven machine 
shown in Fig. 1 was developed during the war particu- 
larly for the Signal Corps, U. S. Army. In order to 
save time in production, standard printing telegraph 
parts were used wherever possible with the result that 
this machine has the appearance of a ‘“‘start-stop” 
printing telegraph set with some additional units 
mounted on a shelf at the right end of the table. This 
type of cipher set is particularly suitable for handling 
large amounts of traffic at high speed. 


3. Note: See page 140, ‘Report of the Chief Signal Officer 
to the Secretary of War” for the year ending June 30, 1919. 
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If something smaller in size and portable is required, 
the machine shown in Fig. 2 may be used. This 
machine is light and strictly portable as no electric 
current is required for its operation. It is slower than 
the large machine and requires a knowledge of the 
standard “Baudot” printer code (see Fig. 8) on the 
part of the operator, but its messages are equally 
secret. 

These machines are considered suitable for general 
use by government departments, business concerns, 


Fie. 


2—PorTABLE CipHER MACHINE 


etc., for handling confidential messages rapidly and 
secretly. The method of using them can be varied to 
suit conditions and so as to make unauthorized de- 
cipherment as difficult as may be necessary up to the 
point where it becomes impossible even for an expert 
- eryptanalyst. 

If an appreciable demand exists for machines of 
special sizes or having particular operating features for 
special uses, these can be built to employ the same 
secrecy principle. For example, the functions of 
ciphering and transmitting over a telegraph circuit can 
be combined in one machine, if desired, so that, at the 
sending station, messages can be simultaneously en- 
ciphered and transmitted over the telegraph circuit, 
and so that, at the receiving station, messages can be 


RUIYW TGCZG PIETY RJGUA ELKEJ EZIAO 
ISCFE LCXHF CONEC XELVY DXJBT WFEJM 
HLGDL DDPYD TPGVQ EZAYI LXSZX 


Fig. 3—Sampxie CippHer Messace In Printep Form 


received, deciphered automatically and printed directly 
in plain text; thus avoiding the slight delay caused 
by separately enciphering and deciphering each mes- 
sage. This method is particularly suitable for cases 
where the cipher equipment can be directly connected 
to a telegraph line or to a radio transmitter and 
receiver and can be operated by the same per- 
sonnel, 


If the cipher messages are to be turned over to a 


telegraph or cable company to transmit, they should - 


be in written or printed form. For this purpose, the 
cipher machine can be arranged to print the cipher 
messages in groups of five letters each, spaced to form 
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“words.” Fig. 3 is a copy of such a message shown 
exactly as it was prepared by the cipher set. Such 
messages can be printed by the machine directly on 
the telegram blank with the address and signature in 
plain English, and if desired, a carbon copy can be 
made at the same time for record purposes. 


PREVENTING ACCESS TO MESSAGES 


There appear to be two general methods for securing 
secrecy in connection with communications, namely, 
(1) by preventing or at least attempting to prevent 
access to the messages or to the lines of communica- 
tion and, in the case of telegraphic communications by 
rendering the lines incapable of being tapped, and (2) 
by the use of codes and ciphers with key systems known 
only to the proper parties. 

As regards wire tapping, sensitive alarm devices 
arranged to operate on small changes in the electrical 
constants of the line circuit are unsuccessful as a 
means of preventing unauthorized parties from ob- 
taining access to the circuit. The electrical condition 
of a long telegraph circuit is continually changing as a 
result of variation in temperature and other weather 
conditions. This fact limits the useful sensitivity 
of any such alarm devices, whereas by using vacuum 
tube amplifiers, a record of the signals passing over a 
circuit can be obtained without appreciably disturbing 
the line circuit and even without actual contact with 
the wire. 

Telegraph systems have been invented that will oper- 
ate successfully on very small line currents, and which 
use coils and condensers to suppress the harmonics in 
the signal impulses, or in other words to avoid sudden 
changes in current value. The currents induced in 
neighboring circuits by such a system would be small, 
so that it would be rather difficult, if ordinary methods 
are used, to obtain a record of the signals by their in- 
ductive effect. This can be readily done, however, 
if modern vacuum tube amplifying equipment is used. 
It is also obvious that a record can be easily obtained 
if the wire is tapped. 


Many attempts have been made to obtain secrecy 
during the actual transmission of telegraph messages 
by making them unintelligible. In one system of this 
sort, successive signal impulses are sent alternately 
over two line wires by means of a rotary switch which 
puts the sending key in connection first with one wire 
and then with the other at each movement of the key. 
At the receiving end, the impulses are combined 
through one relay. With this system, the messages 
may be readily copied if both wires are tapped, and it 
is quite possible to decipher the messages even if only 
one wire is tapped. 

Proposals have also been made to use complex 
devices or methods, or so to mutilate the normal im- 
pulses that they become unintelligible to anyone tap- 
ping the line circuit or intercepting the signals if sent 
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by radio. Any secrecy system of this general class 
can be readily “broken” by anyone having a knowledge 
of the methods used and the ability to assemble and 
operate the necessary apparatus. 


TAPPING DUPLEX AND MULTIPLEX CIRCUITS 


It has also been considered that a full duplex cir- 
cuit or a multiplex printer circuit, in which messages 
are being transmitted simultaneously in opposite 
directions, could not be tapped and that circuits of 
this character insured secrecy to the communications 
thus being handled. This is not true, however, and 
means have been invented by which a message origi- 
nating at one station of an ordinary duplex circuit can 
be tapped at any part of the circuit, even though a 
second message is also going over the same circuit 
simultaneously in the opposite direction. This means 
that a multiplex printer circuit, in which as many as 
eight messages, four in each direction, are handled 
simultaneously, may be tapped and a person who is 
familiar with the system can readily analyze the multi- 
plex impulses to distinguish between adjacent channels 
and the letters of each message in each channel. 

An arrangement for tapping a duplex circuit is 
shown in Fig. 4. A single sensitive polar relay may 
be used to receive the signals from either end of the 
circuit, or by using two such relays, the signals in 
both directions may be read simultaneously. Each 
relay may control a sounder or a suitable recording 
device. One winding of each relay is connected in 
series with the line, the other winding being connected 
in a circuit from line to ground through an “artificial 
line’’ composed of adjustable resistances and con- 
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TAPPING STATION 


densers. The line winding of each relay should have 
relatively few turns and should be of low resistance, 
the other winding having a large number of turns. 
Each artificial line should be adjusted to be substan- 
tially equivalent to the impedance of the corresponding 
section of line including that of the terminal station 
equipment multiplied by the ratio of turns of the relay 
windings. 

Signals transmitted from the west station will pass 
through the line windings of both relays at the tapping 
station,.a small part of the signal currents also going 
through the lower windings and artificial lines to 
ground. The signal currents pass through both wind- 
ings of the west relay in series, the magnetic effects of 


the two windings aiding each other, so that the arma- 
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ture of this relay will follow the signals. The same 
signals pass through both windings of the east relay 
in parallel, the magnetic effects opposing and balancing 
so that this relay does not respond to signals from the 
west station. 

In a similar manner, signals from the east terminal 
station will energize the east relay but not the west 
relay at the intermediate station, so that by using suit- 
able recording devices associated with each relay, a 
copy of signals in both directions may be obtained. 


TAPPING A MULTIPLEX CIRCUIT 


This method may be used to tap a multiplex printer 
circuit, in which case a tape record of the form shown 
in Fig. 5 will be obtained. If this is taken from a 
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Fig. 5—Tapr Recorp or MuutipLex Printer SIGNALS 
“double-duplex”’ circuit alternate letters must be read 
as indicated, to get the message from either channel. 
Every third or every fourth letter must be chosen if 
the circuit is operated by the “‘triple-duplex” or “quad- 
ruple-duplex’”” method. The individual letters are 
in the ordinary five-unit printer code, the polarities 
of alternate signals being reversed. To decipher such 
a tape, it should be divided into units of five dot 
lengths each. The correct starting point can be found 
in not more than five trials and can be recognized by 
the fact that the letters of each message then form 
sensible combinations. 


CODES AND CIPHERS 


Secrecy in connection with telegraphic communica- 
tions is usually obtained at the present time by means 
of codes and ciphers, the term “code” being applied 
in cryptography to the method in which entire words 
or phrases of a message are replaced by arbitrary 
groups of letters or numbers usually printed in a code 
book, identical copies being kept by those using the 
code, “cipher” referring usually to a system in which 
the individual letters of a message undergo a change 
either in arrangement or nature. 

It is obvious that the combinations of letters in a 
cipher message will not form pronounceable groups or 
genuine words except occasionally by accident, but 
“code’”’ systems can be arranged to use pronounceable 
artificial “words” or actual dictionary words, if desired. 
This is usually done, as such “code words” are handled 
by the telegraph and cable companies at a cheaper rate 
than the unpronounceable so called cipher ‘“‘words.”’ 

Each of these two general systems has advantages 
and disadvantages which cause them to be used for 
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certain classes of work, depending upon the conditions. 
The code system has the outstanding advantage, es- 
pecially for commercial work, of enabling messages to 
be shortened so that the tolls are reduced, and it 
is chiefly for this reason that commercial codes are 
used. Code is not very accurate, as a mistake in a 
single code group or even a single letter may change 
the meaning of an entire message, or necessitate its 
repetition. If secrecy is required, it is necessary to use 
carefully guarded private code books, the maintenance 
of secrecy and accuracy during the printing and dis- 
tribution of which may cause great trouble. Such 
books must be carefully used to maintain secrecy, and 
must be immediately replaced, sometimes at great 
expense and inconvenience if they should become 
compromised. 

Ciphers, in general, are slower than codes unless 
machines are used, but then they may be very much 
faster. They are more accurate, and depending on 
the system used, cipher messages may be more or less 
secret than code messages. 

There are two general classes of ciphers, known re- 
spectively as transposition ciphers and substitution 
ciphers. In the first class, as the name suggests, the 
letters of the original message are rearranged, according 
to a definite system, and in the second class, substitu- 
tions for the original letters are made according to 
some prearranged key. In one, the relative positions 
of the letters are changed and in the other, the letters 
themselves. 


TRANSPOSITION CIPHERS 


A transposition cipher may be distinguished from a 
substitution cipher by a study of the frequency of 
occurrence of the letters of the message by comparison 
with a frequency table of the language of the original 
message. Studies which we have made of the fre- 
quency of the different letters of the English language 
as they occur in telegrams sent over our private wires, 
indicate that they are used about as shown in Fig. 6. 
It is apparent that some letters are used very fre- 
quently, the vowels a, e, i, 0, u, forming approximately 
40 per cent of the total, e being the most commonly 
used letter of all. This chart is similar to those used 
by cipher experts. 

In a transposition cipher the letters must be re- 
arranged according to a definite system known to the 
receiving correspondent. Those who make a study of 
ciphers tell us that such systems are usually easy to 
discover, particularly if a considerable number of 
messages are intercepted including two or more of 
exactly the same length. Transposition ciphers are 
not suitable for use with machines. 


SUBSTITUTION CIPHERS 
In substitution ciphers the order of the letters 
remains unchanged, but for each letter is substituted 


4. See ‘“‘Manual for the Solution of Military Ciphers’’ by 
Lt. Col. Parker Hitt. 
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its equivalent in one or more cipher alphabets. For 
example, using the table below, for each letter in the 
plain text alphabet we may substitute its equivalent 
in the cipher alphabet. To decipher, this process 
is reversed. 
Plain Textt-A BCDEFGHIJKLMNOPQRS 
TU WW: XY. 
-FQRUKAHGZSEMLYPOBCJ 
VD TOWN 


Cipher 


FREQUENCY OF OCCURRENCE OF LETTERS 
Based on a count of 14,681 letters in private wire telegrams 


$200 [ aa 
| iS Pes 


Number of times each letter occurs per 10,000 letters 


a 
ABCDEFGHIYVKLMNOPQRSTUVWXY2Z 


Fre. 6 


If a chart is prepared from a frequency count of the 
letters in such a cipher message, it will have the general 
appearance of Fig. 6 but the crests will correspond to 
different letters. Messages of this type are readily 
deciphered by an expert even when a “mixed” alphabet 
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is used, such as that illustrated above in which the 
letters of the cipher alphabet are not in the usual alpha- 
betic order. 

By using more than one alphabet, the cipher may be 
made more difficult to ‘“‘break.”” The method may 


MY 


-means.of the keyboard perforator. 


Feb. 1926 


be described by referring to the ‘cipher square” shown 
in Fig. 7. In this table, the top alphabet represents 
the plain text, while below it are shown 26 cipher 
alphabets, each designated by a “key”’ letter given in 
the left-hand column. Some form of key, usually 
a word, is used, the letters of this key word designating 
the alphabets and the order in which they are to be 
used. A different cipher alphabet is used ina repeating 
manner, with each successive letter of the message. 

This type of cipher may be distinguished by the fact 
that the frequency chart is rather flat, the frequency of 
occurrence of all letters being roughly the same. 
Each cipher alphabet is used repeatedly at regular in- 
tervals. By first finding this interval and then study- 
ing each alphabet separately, messages of this type 
can be deciphered readily by an expert. 


RUNNING KEY CIPHERS 


If the key used with this type of cipher is made 
very long, so that it never repeats and if any portion 
of this key is never used for more than one message, 
the operation of “breaking” the cipher becomes very 
much more difficult. If, now, instead of using English 
words or sentences, we employ a key composed of 
letters selected absolutely at random, a cipher system 
is produced which is absolutely unbreakable. ~ 

This method, if carried out manually, is slow and 
laborious and liable to errors. If errors occur, such as 
the omission of one or more letters, the messages are 
difficult for the recipient to decipher. Certain difficul- 
ties would also be involved in preparing, copying and 
guarding the long random keys. The difficulties with 
this system are such as to make it unsuitable for genera 
use, unless mechanical methods are used. 


CIPHER PRINTING TELEGRAPH SYSTEM 


By using machine methods, this type of cipher may 
be made practicable for use. Fig. 1 is an illustration 
of the cipher machine previously referred to, and which 
operates on this principle. As previously mentioned, 
this machine was developed during the recent war and 
adopted by the Signal Corps, U. 8. Army. 

Certain parts of this machine are the same as those 
used for ordinary printing telegraphs, such as those 
described in recent papers before ‘the Institute. For 
this reason, it will not be necessary to describe in de- 
tail the parts which are commonly used in such systems, 
such as the keyboard perforator, the transmitters, and 
printer. 


CIPHER MACHINE—METHOD OF OPERATION 


The messages are first punched in a paper tape by 
The code used is 
shown in Fig. 8. This is the well-known five-unit 
printing telegraph code. Each letter is represented 
by a small feed hole and one or more larger holes 
which may be punched in five different positions across 
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the tape. Since in each of these five positions a hole 
May or may not be punched, there are (2)5 or 382 
possible different combinations in this code of which 
26 are used to designate letters, the other 6 representing 
the so-called “stunts,” which are the ‘“‘space,”’ “carriage 
return,’ “line feed,” “figure shift,’ “letter shift,” 
and the “‘blank”’ or “‘idle’”’ signal. 

The cipher “‘key’’ may take the form of another tape 
of similar form having characters punched in it at 
random and with every tenth character numbered, 
so that the tape may be set to any designated starting 
position. The key tapes are prepared in advance, the 
original key being perforated by hand, as by working 


CARR. RETURN 


w 4 a Me 
3ege5 7 Bae 18 a) E26 
eaieu oie UCM S RH FG B_W. Sie YOZ 

1] @ e e e e e e e eo ee eee 
We rate) iticceresvepeeis ois's\s Gosnaeson Ieibieletalersoe eieielerecsierayernictare CAG odtonsemoonovocdeaocmntands0an 
3 e ee eee ee e e e e ee $ e 
ene aE Roa ld eis 56 HG.on 
flrs X) ( $ ) fe) 1 f 
AINO KV OL JP QX 


the keyboard at random, additional copies being made 
automatically by the machine. 

The message tape is passed through a unit known as 
a transmitter, where the holes in the tape serve to 
control the positions of five contact levers, each of 
which makes contact with either of two bus-bars. The 
key tape controls the contacts of a second tape trans- 
mitter. The contacts of the two transmitters are 
connected to a set of five magnets or relays as shown in 
Fig. 9. Each magnet will be energized if the corre- 
spondingly numbered contacts of the two transmitters 
are against opposite bus-bars, but not if they are mak- 


Tape Transmitters 


Selecting Relays or Magnets 


ing contact with similar bus-bars. In the diagram, 
contacts 1 and 2 of the message transmitter are against 
the left or positive bus-bar, this setting representing 
the letter A. Contacts 1, 4 and 5 of the key trans- 
mitter are against the positive bus-bar, representing 
the letter B in the printer code. This will energize 
magnets 2, 4 and 5, which combination represents the 
letter G. 

All of the possible combinations resulting from 
various characters in the two tapes might be shown in 
a cipher square similar to that of Fig. 7 except that it 
would have 82 characters on a side instead of 26. 

The characters of the cipher messages formed in this 
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way may be recorded as perforations in a third tape. 
For this purpose a “machine perforator” is used. 
This device is similar in many respects to a keyboard 
perforator and is shown in Fig. 10. The tape, from a 
reel on the top of the machine, passes through the 
punch block at the front left corner of the machine. 
Here it passes under a die plate and over a group 
of six punches, which may be forced up through the 
tape by the action of an electromagnetic hammer. 
Five of these punches are too short to be acted on 
directly by the hammer and are pushed through the 
tape only when an individual ‘“‘selecting finger” is in- 
terposed between the punch and hammer. The five 
selecting fingers are actuated by five magnets which 
may be controlled by the relays shown in Fig. 9. A 
ratchet-operated, star-wheel feeds the tape forward 
after each character has been punched. 

The cipher message tape prepared in this way is un- 
intelligible in form and may be sent to the receiving 
station by messenger or by mail, or if desired, it may 
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be transmitted by wire or radio and reproduced by 
another machine perforator at the receiving point. 
The cipher tape is there run through the message trans- 
mitter, where its characters combine with those of a 
duplicate key tape to reproduce the original message, 
which will be printed out in page form and in “plain 
text.” 


LENGTH OF K&Y TAPE 


With the system as described above, the key tape 
must be at least as long as the sum of all the message 
tapes used with it, as the messages will lose their secrecy 
to some extent if the key tape is used repeatedly. The 
use of a short repeating key may give sufficient secrecy 
for some uses, however. 

A roll of tape eight inches in diameter contains about 
900 feet of tape and would serve to encipher about 
18,000 words counting five printed characters and a 
space per word, without repeating the key. If sent at 
an average speed of 45 words per minute this number 
of words would require 400 minutes or nearly 7 hours 
to transmit. 
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In order to reduce the amount of key tape required 
for handling large amounts of traffic, the ‘‘double key”’ 
system was devised. In this system two key tapes 
are used, the ends of each tape being glued together to 
form a loop preferably about seven feet in circumfer- 
ence. The tapes should differ in length by one charac- 
ter or by some number which is not a factor of the 
number of characters in either tape. A separate trans- 
mitter is used for each tape, and the characters of the 
two key tapes are combined, by a method similar to 
that shown in Fig. 9, with those of the message tape 
to form the cipher message. 

The result is the same as though the two key tapes 
were first combined to produce a long single non- 
repeating key, which was later combined with the 
message tape. This long, single key is not, strictly 
speaking, a purely random key throughout its length 
as it is made up of combinations of the two original 
and comparatively short key tapes. The characters 
in this key do not repeat in the same sequence at 
comparatively short regular intervals, however, as 
would be the case if only one key tape loop were used. 

The number of characters in this equivalent sing’e 
key is equal to the product of the number of characters 
in the two tape loops, and may easily exceed 600,000 
before any part of the key begins to repeat. If 
proper care is taken to use the system so as to avoid 
giving information to the enemy regarding the lengths 
of the two key tape loops or their initial settings and to 
avoid the possibility of ever re-using any part of the re- 
sultant single key, this system is extremely difficult to 
break even by an expert cryptanalyst having a large 
number of messages and full knowledge of the con- 
struction of the machine and its method of operation. 

Captain W. F. Friedman, Cryptanalyst of the Signal 
Corps, U.S. Army, has recently invented some modi- 
fications® of this system intended to eliminate the loss 
in secrecy that results from using the two more con- 
venient comparatively short repeating key tapes in- 
stead of the single long non-repeating key tape. These 
modifications consist of changing at intervals the 
order of connection of the five contacts of one or more 
of the tape transmitters or of adding a third key tape 
and transmitter so arranged that the extra key tape 
does not step ahead in unison with the other two key 
tapes, but starts and stops at irregular intervals. 
Either of these methods, properly used, makes un- 
authorized decipherment practically impossible and 
at the same time does not unduly complicate the 
machine or its method of operation. 

With the double key tape system, the handling of 
large volumes of traffic is greatly simplified. The 
tapes should be numbered so that the deciphering 
operator can set them at the correct starting point for 
each message, and rules should be adopted so that 


both key tapes will never be set twice at the same 


5. See Patents 1,522,775 of Jan. 13, 1925 and 1,516,180 of 
Nov. 18, 1924. 
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starting point. Information regarding the proper 
settings for the key tapes for deciphering each message 
must be sent to the deciphering operator. These set- 
tings may be prearranged or they may be selected 
arbitrarily by the sending operator. In the latter 
case the numbers representing the key tape settings 
should be prefixed to the message. These ‘“‘key indica- 
tors” should preferably be enciphered by running 
them through the machine together with a special key 
tape which is used only for this purpose. 


SPEED OF OPERATION 


This type of machine was operated by the Signal 
Corps over its private wire telegraph circuits. In 
service tests made by the United States Army, each 
outgoing message was checked by running it again 
through the machine to decipher and print it, and the 
deciphered copy was then compared with the original 
message, so that each message tape was run through 
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twice. A certain amount of time was lost, due to 
setting and resetting the key tapes, checking, etc., for 
each message, but an average enciphering speed of 
10-15 words per minute was readily maintained. We 
understand this to be many times faster than those 
manual methods for enciphering or coding which are 
used where a high degree of secrecy is required. In- 
coming messages were deciphered at the rate of 30-40 
words per minute. 


OPERATION BY RADIO 


This cipher system was demonstrated before the 
delegates to the Preliminary International Communica- 
tions Conference in October, 1920. During this demon- 
stration, cipher messages were sent over a circuit con- 
taining a radio link, as illustrated in Fig. 11. The radio 
equipment was the same as that employed a year pre- 
vious in tests on the operation of multiplex and start- 
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stop printing telegraphs by radio and is described else- 
where.® 

A considerable number of cipher messages was trans- 
mitted over this radio circuit during this demonstra- 
tion, these messages being automatically enciphered 
before and deciphered after transmission, so that 
they were absolutely secret, even though transmitted 
by radio. No interference from atmospherics or from 
other radio stations was noticed, all messages being 
received without error. 


In conclusion, we wish to express our appreciation 
of the assistance given us by the officers of the Signal 
Corps and the General Staff of the United States Army 
in making tests and trials of cipher printing telegraph 
systems; and we wish particularly to acknowledge 
our indebtedness to Lt.-Col. J. O Mauborgne, of the 
Signal Corps for his advice in connection with this 
development and for his assistance in arranging to 
have tests made to determine its secrecy and demon- 
strations and service trials to determine its practicabil- 
ity for Army use. We also wish to express our appreci- 
ation of the services rendered by the Cipher Depart- 
ment of the Riverbank Laboratories, Geneva, Illinois, 
and by Col. George Fabyan, the head of these labora- 
tories, in making tests of the secrecy of messages en- 
ciphered in various ways with these machines. 


Discussion 


L. F. Morehouse: This work on the development of arrange- 
ments for secretly transmitting telegrams was done during the 
War under the direction of Mr. Gherardi. The problem was to 
see if a simple and effective means that would be entirely secret 
could be devised for handling telegraph business. The method 
used should be such that an enemy could not decipher the mes- 
sages even if he could capture the mechanism used, thoroughly 
understand its operation, and obtain contact with the line 
circuits. 

A large number of systems were studied. Of the many 
suggestions made, the most promising were set up and tested 
out in the laboratory. Various schemes for breaking up the 
dots and dashes were proposed, but in the last analysis all were 
found to be unsatisfactory. We found in studying this problem 
that many methods had been devised. Where mechanical 
devices were used, they involved, sooner or later, a repetition of 
the key. If there is such a repetition, the messages can be 
deciphered and the real secrecy has disappeared. 


Printing telegraph methods were found to be more promising. - 
The key in the form of a paper tape or resulting from the combi- 
nation of two such tapes ean be made as long as desired without 
repetitions with the result that the cipher becomes impossible to 
break. For ordinary business purposes, however, a simpler 
cipher using a key that might repeat at infrequent intervals would 
be entirely practical and sufficiently secret. 


P. W. Evans: None of the present military codes or ciphers 
offers complete satisfaction in its security, speed or simplicity. 
The Signal Corps of the Army will appreciate any assistance or 
suggestions which may be offered on this important phase of 
our national defense problem. 


6. ‘‘Printing Telegraph by Radio” by R. A. Heising, Journal. 
of the Franklin Institute, January 1922, pp. 97-101. 


Refraction of Short Radio Waves 
in the Upper Atmosphere 


BY WILLIAM G. BAKER! 
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Synopsis.—The paper shows that the striking phenomena of 
short-wave radio transmission (7. e., below 60 meters) can be quanti- 
tatively accounted for on a simple electron refraction theory vn which 
the effect of the earth’s magnetic field and electron collisions may be 
neglected as a first approximation. The distribution and number 
of electrons per unit volume in the wpper atmosphere required on 
this theory to account for the meager experimental data appear 
to be in general accord with the values required in the explanation 
of the diurnal variations of the earth’s magnetic field, aurorae and 
long-wave radio transmission. 

The paths taken by the waves from an antenna to distant points on 
the surface of the earth are calculated. The path calculations give a 
definite picture of the now familiar skip distance effects. Ideal 
signal intensity curves (i. e., neglecting absorption and scattering) 
are given, which show how the energy sent out by a transmitter is 
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distributed over the surface of the earth. A focussing of energy just 
beyond the skip distance, and again just inside the point where 
the ray tangent to the ground at the transmitter comes back to earth, 
is clearly shown. The reflection of waves at the surface of the 
earth is also considered. 

The results of these calculations make it possible to estimate the 
most suitable wave lengths for night and day communication between 
any two points on the earth’s surface. It is also pointed out that 
there will be a minimum wave length, in the vicinity of 10 meters, 
below which long distance communication becomes impossible. It is 
shown that from the point of view of long distance communication low 
angle radiation is most effective. The ray paths and energy flux 
density in the wave front of the sky waves are independent of the 
plane of polarization of the transmitter. The effects of polarization 
on the reception problem are not discussed. 


I. INTRODUCTION 


HORT-wave (7. e., 60 to 15 meters) transmission 

experiments during the past two years have 

definitely brought to light many peculiarities which 
were entirely unexpected as extrapolations from our 
many years of long-wave experience. Until recently 
any announcement of long-distance short-wave trans- 
mission was put down as an unexplained freak by the 
average radio man, and dismissed from hismind. As 
the number of such reports increased, we could no longer 
be content to dismiss them as freaks and were forced to 
abandon our preconceived notions as to what normal 
short-wave transmission should be, and extend our 
theory in such a way as to give these remarkable results 
a definite place in the new scheme of things. 

In Fig. 1 we have attempted to summarize the avail- 
able data on short-wave transmission characteristics. 
Most of the data are from the valuable papers by 
Taylor? and Taylor and Hulburt* with a few check points 
kindly supplied by Young.’ We have also obtained 
considerable help, in drawing the smooth curves 
through the few scattered points, from the valuable 
work published by many amateurs.° The curves 
assume that 5 kw. are being supplied to an average 
antenna and that the practical limit of reception is 
reached at 10 microvolts per meter. The curves further 


; 1. W. and E. Hall Fellow of the University of Sydney, New 

South Wales, Australia. Research Laboratory, General Electric 
Co., Schenectady, N. Y. 

2. Research Laboratory, General Electric Co., Schenectady, 
NEYs 

3. A. Hoyt Taylor, Inst. Radio Eng., Vol. 18, p. 677, 1925. 

4. A. Hoyt Taylor and E. O. Hulburt, Q. S. 7., p. 12, Oct. 
1925. 

5. C.J. Young, Unpublished Reports on Short-Wave Trans- 
mission Tests by the General Electric Co. at Schenectady, N. Y. 

6. See for example Q. S. T., 1924 and 1925. 

Presented at the Midwinter Convention of the A. I. E. E., 
at New York, N. Y., February 8-11, 1926. 


assume full daylight or night conditions at both the 
transmitter and receiver in order to eliminate sunset and 
sunrise effects as well as peculiarities which arise when 
one station is in darkness and the other in daylight. 
This, of course, limits the diagram to practically north 
and south transmission; nevertheless, it may be used to 
estimate the general trend for other conditions. 
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Mainuy FRoM Data By A. H. Taytor ror 5 Kw. In ANTENNA 
AND Limit oF Reception, 10 Microvo.its per Meter. Norta 
AND SoutTH TRANSMISSION 


As a typical example of the peculiarities of short- 
wave transmission, let us describe the experience ob- 
tained with a 5-kw., 30-meter transmitter. Here the 
signal rapidly decreases as we leave the transmitter and 
reaches the lower useful limit of 10 microvolts per 
meter at about 70 miles. This short range is what 
might be called the expected value as viewed from our 
long-wave experience and is represented in Fig. 1 by 
passing to the right of the line marked Limit of Ground 
Wave. If we now continue to greater distances the 
signal remains out until we reach approximately 450 
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miles where the day signal unexpectedly becomes strong 
again. This is represented in the figure by crossing to 
the right of the curve marked Minimum Range of Day 
Sky Wave. Continuing to greater distances we find the 
signal gradually falling off in intensity, reaching the 
useful limit of 10 microvolts per meter in the vicinity of 
4500 miles by day. This is represented in Fig. 1 by 
passing to the right of the curve marked Maximum Day 
Range. Onasummer night the signal does not reappear 
after the 70-mile extinction until we are approximately 
2000 miles from the transmitter, after which the 
signal falls off gradually to a very low value at 7500 miles. 

The present explanation of the above peculiar 
phenomena is as follows: Assume, for simplicity, that 
energy is radiated equally in all directions by the trans- 
mitter. As we go away from the source, the signal 
strength will decrease in the usual manner due to spread- 
ing and energy absorption by the ground, with the 
result that the 30-meter signal practically vanishes in 
the vicinity of 70 miles. In other words, the ground 
wave component of the 30-meter signal behaves as we 
should expect from our long-wave experience, 7. é., 
is rapidly attenuated. The unexpected thing happens 
when we go out to 450 miles and find that the signal by 
day has reappeared. This reappearance of signal is 
accounted for by electronic refraction of a portion of the 
energy which is radiated towards the sky. A reflection 
theory of this effect has been proposed by Reinartz.’ 
More recently a refraction theory has been de- 
veloped by Taylor and Hulburt.t The calculations 
in the present paper are based on the electron 
theory of optical dispersion in metallic media as 
developed by Lorentz,’ Drude,’ etc. Weare also greatly 
indebted to Eccles,” Larmor," Appleton” and Nichols 
and Schelleng'’? who have worked out many important 
conclusions which follow from an application of the 
optical theory to various phases of the radio transmis- 
sion problem. 

The present calculations show that by making certain 
reasonable assumptions as to the number and distribu- 
tion of the free electrons in the upper atmosphere the 
main characteristics of the relatively meager experi- 
mental results can be accounted for. 


The calculated paths for rays going out from the 
transmitter at different angles to the horizontal show 
the following general characteristics: A ray starting out 
at a low angle will be only slightly refracted and come 
to earth again at a great distance from the transmitter. 
For higher angles the rays will return to earth progres- 


7. John L. Reinartz, Q. S. T., p- 9, April 1925. 
g. H. A. Lorentz, The Theory of Electrons, Teubner, 1909. 
9. Paul Drude, The Theory of Optics (Engl. Trans. by Mann 
and Millikan) Longmans, 1917. 
10. W.H. Eccles, Proc. Roy. Soc., Lond., Vol. 87, p. 79, 1912. 
11. Joseph Larmor, Phil. Mag., Vol. 48, p. 1025, 1924. 
12. E.V. Appleton, Proc. Phy. Soc., Lond., Vol. 37, Part 2, p. 
16D, 1925. | 
13. W. H. Nichols and J. C. Schelleng, The Bell System 
Technical Journal, Vol. IV, p. 215, 1925. 
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sively nearer the transmitter. Finally a critical angle 
is reached for which the refracted ray comes down at the 
nearest distance to the transmitter. For higher angles 
the points of return recede from the transmitter until 
finally a second critical angle is reached where the ray 
does not return to earth, but instead goes out into 
space and is lost. 

The distance from the transmitter to the nearest 
point at which the refracted sky wave returns to earth 
has been called the ‘“‘skip distance.’ For a given 
wave length the skip distance is a minimum in the 
middle of the day and a maximum on a winter night, 
the summer night value being somewhat less than the 
winter night skip. This variation is_ theoretically 
accounted for by a change in the height, thickness and 
maximum value of the electron density in the upper 
atmosphere. 

The experimental summary given in Fig. 1 shows that 
the skip distance for a given time of day or night 
decreases with increasing wave length. This observa- 
tion is in agreement with the increase in refraction on 
the longer wave lengths. If we neglect the effect of 
collisions between the electrons and gas molecules which 
prevent the refractive index from going to zero, we 
obtain a sharp upper limit in wave length above which 
skip distances fall to zero. For the ionization values 
assumed in the paper, this occurs for a wave length of 
60 meters on a winter night as shown in the calculated 
skip distance curves of Fig. 16. 

If the effect of collision frequencies were taken into 
account, this sharp upper limit would disappear and we 
would obtain skip distances on wave lengths greater 
than 60 meters for the assumed winter night ionization 
values. The effect of the earth’s magnetic field will 
also require consideration in the vicinity of the upper 
limiting wave length. The experimental determination 
of skip distances on the longer wave lengths will be 
difficult owing to the masking effect of a relatively 
strong ground wave. 

On the present theory we may expect severe fading 
near the transmitter under certain circumstances. 
For example, consider the case of 60-meter transmission 
on a winter night. Here a refracted or sky wave will 
fall inside of the ground wave limit and at a certain 
distance may be approximately equal in magnitude to 
the ground wave value. Under these conditions 
severe interference effects between the two waves will 
result. If the ground absorption is high this effect 
may be found quite close to the transmitter. Over 
salt water the effect should occur at a greater distance. 

On shorter waves where the skip distance is well 
beyond the ground wave limit, severe fading is expected 
in the region just beyond the skip distance, where the 
two sky waves of approximately equal intensity overlap. 

Appleton'and a little later Nichols and Schelleng™in- 
dependently pointed out that the earth’s magnetic 
field should produce some very interesting effects on 
radio transmission, especially in the vicinity of 214 
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meters and above. It is interesting to note, in this 
connection, that Fig. 1 shows a marked absorption in 
the 214 meter region. A very interesting study of 
transmission phenomena in the broadcast wave length 
band has recently been reported by Bown, Martin and 
Potter. The present paper is confined to the propa- 
gation phenomena on the short-wave side of 214 meters 
where the effective electron restoring force due to the 
earth’s magnetic field will cease to be important com- 
pared with the electron inertia force, and may, there- 
fore, be neglected as a first approximation. 


II. REFRACTIVE INDEX OF A MEDIUM CONTAINING 
FREE ELECTRONS 


When an electromagnetic wave passes through 
an.electron atmosphere it sets the electrons in motion, 
with the result that the apparent or phase velocity of 
the wave is increased above that in free space. Follow- 
ing Larmor", let the electric field intensity of the wave 
be given by 

E=E, sin wt (1) 


The force exerted on the electron of charge e ise E 
and since for a free electron no elastic restoring or dis- 
sipative forces exist, the total applied force is con- 
sumed in accelerating the electron mass m, giving 


dv B,. ; 
Wes o sin w 


(2) 

Integrating equation (2) and putting the constant of 
integration equal to zero, since we are not concerned 
with the random velocities, we obtain 


cos wt (3) 
where v = electron velocity due to electric field. 

If there are N of these electrons per cu. em. moving 
with the velocity v they will constitute a current 7, per 
square cm. equal to Nev. We thus have from (3) 


Ne En 
m 


cos wt 


y= (4) 
In addition to this current we have the ordinary con- 
denser charging current flowing across the unit cube. 
The electric intensity or potential gradient in the wave 
is H and, therefore, the potential difference between 
two planes one cm. apart is EH’ times one cm. The 
capacity of our imaginary condenser which has two 
plates of one sq. cm. area and one cm. apart is 
C = 1/4 = since the dielectric constant is unity. The 
charging current for this unit condenser is 


dE 
dt: 


: 1 
eae (5) 


14. Ralph Bown, De Loss K. Martin and Ralph K. Potter, 
The Bell Syst. Tech. Jour., Vol. V, No. 1, p. 143, 1926. 
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Transactions A. I. KE. E. 


Differentiating equation (1) with respect to t we have 
dE 
a (6) 


Substituting this relation in (5) we obtain for the 
charging current density 


q 1 
meee te 
The total current, 2, is obviously the sum of the two 
currents 2, and 2. 


= wl, cos wt 


(7) 


w Hi, COs wt 


: 1 1 Aa Neé 
ta eeA Se a Mm 0 
By substituting equation (6) in (8) the total current 
density becomes 
dE 


1 

4 Le dt 
It will be observed that this becomes the ordinary 

expression for the charging current of our unit condenser 

if we let the bracketed quantity stand for the effective 

dielectric constant of the material between the plates. 

In other words, the effective dielectric constant of an 

electron atmosphere becomes 


4AnrNe 
Mm ov 


wEH,coswt (8) 


(9) 


t= 
Mm w? 


4nrnNe 


k=1- (10) 
The quantities in the above expression are all in c. g. s. 
electrostatic units. 

N = number of electrons per cu. cm. 

e = electroncharge = 4.77 < 10 -"e.s. u. 

m = 8.97 < 10 -* grams 

o= Zaft 

f = frequency in cycles per second 
dog 2 ym 23.2 10) SIS Ge Sal) 

We see from equation (10) that the effect of electrons 
in reducing the apparent dielectric constant of space is, 
for a given frequency, proportional to the total number 
N present per cu. cm., to the square of the charge 
and therefore independent of the sign of the charges, 
and inversely proportional to their mass. The 
lightest gas ion is that of hydrogen having a mass of 
approximately 1800 times that of an electron. It is 
evident, therefore, that for anything like equal numbers 
the effect of gas ions on the effective dielectric constant 
can be neglected. 

A comparison of the signs of equations (4) and (7) 
shows that the electron current is opposite in phase to 
the condenser charging current. In other words, the 
inertia due to the to-and-fro motion of the electrons is 
equivalent to shunting the capacity of each unit cube of 
space by an inductance equal to m/N e?. 

The velocity of an electromagnetic wave in a medium 
is inversely proportional to the square root of the 
permeability times the dielectric constant of the 


medium. For our case the permeability is unity and 
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the effective dielectric constant that given by equation 
(10). We may, therefore, write for the velocity 


¢ 
Vik 

where c = 3 X 10" cm. per sec. velocity of light. 
The refractive index yu of a medium is defined as the 


ratio of the velocity of light in a vacuum to that in the 
medium. 


Ie 


cm. per sec. (11) 


ph =e/C" (12) 
From (10), (11) and (12) we obtain 
N Bes 

ane ia Yetta 13 

w= x ae (13) 


as the refractive index of our electron atmosphere. 

This expression for the refractive index depends upon 
the assumptions that the average time between the 
collision of an electron with molecules is sufficiently 
great to allow the full effect of the accelerating action of 
the electric field to be realized. When an electron 
collides with a massive particle, the directed velocity 
given to it by the wave is turned at random and cannot 
be returned to the wave. Thus the effect of a col- 
lision between an electron and a molecule is to convert 
the energy given to the electron by the wave into ran- 
dom motion or heat energy. The effect of a collision 
between two electrons does not withdraw energy from 
the wave, because a collision between two particles, of 
equal charge and mass, results in such an interchange of 
velocities that the total charge movement is unchanged 
by the collision. 

Suppose, for example, that on the average an electron 
makes ten collisions with molecules during one cycle of 
the wave then it is evident that the wave would scarcely 
have begun to accelerate the electron before a collision 
would interfere with the process. It seems clear that 
where a great number of collisions occur per cycle of 
the wave the amount of energy which goes into electron 
acceleration during the short interval between col- 
lisions is relatively small, and consequently the energy 
abstracted from the wave is small. It is also evident 
that under these conditions the effect of the electrons 
in reducing the refractive index from unity is slight. 

From a qualitative point of view, we can see that the 


maximum energy dissipation will occur when there | 


are about four electron collisions per cycle of the wave 
since the full acceleration is obtained in a quarter cycle. 
Calculation shows that actually the maximum effect 
occurs for 1/2 7 collisions per cycle. This may readily 
be understood since the greater number of collisions 
will more than make up for the slightly lower velocity 
acquired by the electrons during the shorter interval 
of time. With fewer collisions per cycle, the energy 
loss will rapidly decrease and the full effect of the elec- 
trons oni the refractive index will result. 

A rigorous solution of the problem taking into ac- 
count the average frequency of collision between an 
electron and a molecule is given in Appendix I. 
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III. GENERAL EQUATION FOR THE PATH oF A Ray 
IN A MEDIUM OF VARYING REFRACTIVE INDEX 


The distribution of ionization in the upper atmos- 
phere will, in general, increase with height, reaching a 
maximum, and will then decrease again to a small value 
at very great heights. We have seen that the apparent 
refractive index of the medium is reduced by the 
presence of the free electrons which are present in an 
ionized gas. This means that the energy, which is 
radiated up into this region from our antenna, will be 
bent around, and return to earth at some distant point, 
instead of vanishing into space. We picture the energy 
leaving the antenna as consisting of an infinite number 
of rays just as is commonly done when dealing with 
problems in light. We can then follow the paths of the 
various rays, which leave the antenna in different 
directions, up through the medium and back to earth 
again. In this way we obtain a complete picture of 
what happens. 

In Fig. 2 we have drawn two rays at a distance dn 
apart. Let the wave front be along A B at a time f£ 
and along CD at a time i+ dt. It then takes the 


wave the same time to go from B to D as from A to C. 
The distance from B to D is v dt and the distance 
from A to C is (v+dv) dt, where v and (v + dv) 
are respectively the velocities along the lines B D and 
AiG 
If O B is the radius of curvature of the ray B D and 
is equal to R, we must have 
AC/AO =BD/BO (14) 
since each is equal to the angle BOD in radians. 
Thus 


Q@tdvdt wv dt 
Radwi), oR 35) 
From{this we obtain 
| otdv R+dn 
GAEL wD (6) 
and upon’subtracting one from each side 
dv/jv=dn/k (17) 
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It follows that 


i 1 dv 18) 

Pipeavs dn ( 
But we have from the definition of the refractive index 
that » = c/u where c is the velocity of light. On 
substituting this relation in (18) we obtain” 


aoe, Lge 
R 


on. dn 2) 


If we know the value of » everywhere this equation 
enables the path to be calculated. The calculations 
are much simplified, however, by making the following 
transformations. 

Let z denote the height above the ground, and let 
us assume that the electron density is a function of z 
only. In this case uw is a function of z alone since the 
collision frequency ” can also be considered as being 
a function of z. We may write 


d Cade 


dn dz dn By 


To evaluate dz/dn, observe that we must take an 
element dn of the normal to the ray path drawn in- 
wards, and find the corresponding change dz in z. 
Reference to Fig. 3 will bring out the construction. 
Since the inward normal has a downward component, 
it is evident that z will decrease and, therefore, d z will 
be negative. It follows from Fig. 3 that 


dz/dn =— cos (21) 


where ¢ is the acute angle between dz anddn. But 
the angle ¢ is also the angle between the tangent to 
the path and the horizontal so that 


dz/dxz = tan @¢ = sin ¢/cos (22) 
Furthermore 
sin @ = d2z/V (dx)? + (dz)? (23) 
Combining (22) and (23) we find 
cos @ = 1//V1+ (d Bie) = (24) 


15. Wemust be careful in which direction we draw the normal 
to perform the differentiation d u/dn. If the refractive index 
at A is less than that at B, so that the velocity at A is greater 
than that at B, the path going through A will bend over towards 
B. As drawn it is a convention that the radius of curvature 
shall be considered negative. Hence d u/d n must be considered 
positive, and we must differentiate along the inward drawn 
normal to the path. 


Transactions A. I. E. E. 


Substituting (24) in (21) gives 


dz/dn = —1/V1+4+ (d2/d x)? (4) 
We now put (25) in (20) and obtain 
d 
aI aire d 2 7 20) 
n z 
\ er ( dx ) 
Substituting (26) in (19) we have 
if jE GAs 27) 


iL 
R= pads x dz \2 

It remains to express the value of 1/A in terms of 
zand x. 

The required relation for the curvature in rectangular 
coordinates is given in any standard book on the 
calculus'® as 
d? z 
d x 

2 3/2 


( dz 
omer ( ce ) | 
On equating the two expressions (27) and (28) for the 
curvature we obtain: 


il 
SR iee Se 


d? z 
Lied 2 
Sateen ACS dx (29) 
M @ dz ) 
Int 


This is the required differential equation for the 
path of a ray since we have assumed that u is a func- 
tion of zonly. It is convenient to obtain a first integral 
of this equation before expressing mu as a function of 2. 


dz 
To do this we multiply (29) by 2 ao d x and reduce to 


2a( raion 


Ne M 
Le =~ ) 
The two sides of the equation may now be integrated 
directly to 


(30) 


dz\ 
we | 1+ (42) ) = 2boen +0, (31) 


Taking the anti logarithms we have 


Tees (ae) 

SNe. FPS peias: C2 (32) 
In order to determine the value of C2, observe that just 
before the ray enters the ionized. medium we have 
uw = 1, while the left hand side is the square of the 
secant of the angle between the ray and the horizontal. 


16. For example, Granville, Differential and Integral Cal- 
culus, p. 161. 


ae 
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This can readily be seen by reference to Fig. 4 as follows: 
dz/dx = tang 
1+ (dz/dz)? = 1+ tan?B = sec?p 
Therefore when uw = 1, C. = sec? g. Substituting this 
value of C, in equation (32) and putting 1/cos? 6 for 
sec? 8 we obtain 


cos Bd z 
V2 — cos? B 


This is the general differential equation for the ray 
paths, applicable to any distribution of ionization, which 


d x 


(33) 


Lower Boundary of 
fonized Medium 


allows us to express the resulting refractive index pu 
as a function of the height z alone. In order to plot 
the path of a ray we require the value of the horizontal 
distance x for any given value of the vertical height Z. 
This required relation between x and Z is obtained by 


performing the integration indicated below: 
s=Z 


cosBdz 
r= it ——S (34) 
s=0 cos’ B 

Here @ is a constant for any given ray as will be seen 
from Fig. 4. 

The above expression for the path of a ray is for a 
plane earth. The corresponding equation in polar 
coordinates which takes into account the curvature of 
the medium is given in Appendix II. 

Before we can actually perform the integration 
indicated in (34) we must express uw as a function of z 
and substitute it into the equation. In the following 
section we shall review the present status of our 
knowledge concerning the constitution and probable 
state of ionization in the upper atmosphere, in order to 
select a reasonable, and at the same time analytically 
manageable, assumption as to the variation of refrac- 
tive index with height above the earth. 

IV. CONSTITUTION AND DISTRIBUTION OF IONIZATION 
IN THE UPPER ATMOSPHERE 


A. Constitution. The earth’s atmosphere is com- 
posed of two concentric spherical shells. ‘The inner one 
is called the troposphere, and is distinguished by the 
existence of a temperature gradient, which decreases 
from the ground upwards, the mean gradient being in 
the neighborhood of 6 deg. cent. per kilometer. In 
this region, masses of air are continually being raised or 
lowered, and thus moved to places where the pressure is 
different. ; 

In the absence of heat exchanges by conduction and 
radiation, the resulting temperature distribution would 
be that of an atmosphere in adiabatic equilibrium. 
In other words, the temperature distribution would be 
such that the adiabatic heating or cooling to which a 


mass of gas is subject when moved from one level to 
another would automatically bring its temperature to 
that of its surroundings. Actually, however, the heat 
exchanges by radiation and conduction reduce the 
observed gradient to approximately one-half of the 
adiabatic gradient. The height of the troposphere in 
different places may vary from 10 to 15 kilometers. 

The outer shell is called the stratosphere and is 
distinguished by the absence of a temperature gradient 
and consequently any large scale mass motion. It is 
sometimes referred to as the isothermal layer. The 
boundary between the two layers is, of course, not 
sharp, and the thickness of the transition layer, in which 
the mass motion practically dies out, is not at present 
precisely known. We will assume, however, for the 
present discussion that convection ceases at a height 
of 20 kilometers. 

In Fig. 5 we have reproduced the proportional compo- 
sition of the atmosphere, by mass, as calculated by 
Chapman and Milne.” This is based on the assump- 
tions that convection ceases at 20 kilometers, and that 
no hydrogen is present. The temperature of the 


stratosphere is taken at — 54 deg. cent. In Table I the 


pressure, number of molecules, approximate molecular 
mean free path, and the average collision frequency 
between an electron and gas molecule, are given for 
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TABLE I 
Electron 
Pressure Number of Molecular Collision 
Height in Dynes per molecules JAY AG LENS 1 frequency 
kilometers sq. cm. percu.cm. | cm, per sec. 
(0) 1 Ole ol OCm| wo 17 LOL a One 10m 9.5 X10! 
1, 1.92 x 10° 6.5 ¥ 10% | 4. x 10° pil Seno 
20 5.53 X 104 hao) 4 aI ike. SO 875.6 108 
40 27558 10° 8.6 < 104) 3. x 102 BEY SSO 
60 1.24 * 10? | 4.2.x« 10% 5 Se 1) = tae 108 
80 6.27 Pa ee 1.0 Fase C0) 
100 0.363 ec OLe 20. 4.3 X 10° 
150 1 490X010 7 5 Ole 102 500. Th Se aIOe 
200 DO2e x Ores Salons 1000. 8.5 X 108 
300 6.99 X 1074] 2.4 x 101° Lomas 8.5 X 10? 
400 105) X 10 +36. x 10° Geoe104 Te Seine 
600 2.59 X10 %| 8.8 x 10" Se ho? 2.8 
800 TOT x 10R® eet 108 9 x10" 0.95 
1000 2.92 x 107°] 9.9 x 104 3) 10° Des aeel Oa 


17. S.Chapman and E. A. Milne: Quarterly Jour. of the Roy 
Meteorological Soc., Vol. 46, p. 857, 1920. This is a very com- 
plete discussion of the present status of our knowledge of the 
upper atmosphere. 
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different heights. The approximate values of the 
molecular free paths were calculated by Chapman and 
Milne'* from the relation 

1 
/ 27 Mo? 


Lie cm. (35) 
where 
M = number of molecules per cu. cm. 

o = mean molecular diameter assumed 3 X 10 ~§cm. 
Thus no account is taken of the fact that the air is a 
mixture. The approximate values of the electron free 
paths are obtained from the relation 


1 
ee 


/ 


Maro? spar calles 
m 


cm. (36) 


where 
M = number of molecules per cu. em. assumed large 
compared with the number of electrons. 


o+oa’ 


5 = average of molecule and electron 


diameters 
m’ = mass of electron 
m = mass of molecule 
For our purposes we may neglect the mass and 
diameter of the electron in comparison to those for the 
molecule so that the electron free path is 


Set 
aM o? 
Comparison with (35) shows that the electron free path 


is4 ~/ 2 times the molecular free path. 
The average electron collision frequency is 


i (37) 


"; piel; (38) 
where ¢ is the average electron velocity as given by 
C= x eae em. per sec. (39) 
™m 


in which 

k = 1.37 X 10-* universal gas constant 
T = electron temperature deg. K. 
m’ = 9 X 10-* the electron mass in grams. 

In making the calculations we have assumed an elec- 
tron temperature of 6000 deg. K., 7. e., the electrons 
have not had sufficient time since entering the 
stratosphere to acquire the mean temperature of 
219 deg. K. This gives 


c = 4.85 x 107 cm. per sec. (40) 
and consequently 
4.8 < 10’ 8.6 x 10° 4 
Vv | ean ae gf en ech eee ar a ree 
4/21 l an) 


Inspection of the values in Table I shows that for 
a wave length of 60 meters we will obtain the maximum 
absorption at approximately 70 kilometers since at this 
point y = w. Consequently if we assume that the 
lower boundary of the ionized medium is considerably 
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above 70 kilometers, the radio waves will not be sub- 
jected to large absorption. 

Recent work by Lindemann and Dobson" based on 
the observation of falling meteors leads them to a higher 
estimate of the density above 60 kilometers than that 
corresponding to a temperature of 219 deg. K. for the 
isothermal layer. Their calculations indicate a value 
in the neighborhood of 300 deg. K. They have also 
suggested reasons why we may expect this higher 
temperature. It has occurred to the writers that the 
heating effect of the eddy currents induced in the 
ionized upper atmosphere required in the explanation 
of the diurnal variations of the earth’s magnetic field, 
may be a contributing factor. 

The effect of a higher temperature and consequently 
higher densities at a given height in the isothermal 
layer will be to increase the height at which the electron 
collisions cease to be important and will require us, 
therefore, to put the refracting medium at a greater 
height if we wish to avoid high absorption of the radio 
waves. 

B. Ionization. The theories of the aurorae,’ di- 
urnal and semi-diurnal variations in the earth’s mag- 
netic field as well as magnetic storms” are based on the 
existance of ionization in the upper atmosphere. 
Again in the early days of radio, Kennelly* and in- 
dependently Heaviside,” suggested the need of a con- 
ducting layer to account for the observed long distance 
transmission. Recently Watson”? has shown that an 
equation of the Austin-Cohen type can be obtained 
theoretically if a conducting upper atmosphere is 
assumed. 

The present views appear to favor the hypothesis 
that the ionization in the upper atmosphere is main- 
tained principally by the action of high velocity elec- 
trons which reach the earth’s atmosphere from the sun. 
When they approach the earth, the magnetic field will 
concentrate them at the poles and bend them around 
the earth into the dark hemisphere. On this view, the 
maximum ionization intensity will be expected in the 
polar regions and on the sunlit hemisphere. Ray- 
leigh™* has shown definitely that the green auroral line 
is always present in the night sky and in this way 
proved the existence of strong ionization on the dark 


side of the earth. 


18. F. A. Lindemann and G. M. B. Dobson, Proc. Roy. Soc. 
Lond., Vol. 102, p. 411, 1923. 

19. For a summary of theories and references see W. J. 
Humphrey’s Physies of the Air, p. 422, Lippincott, 1920. 

20. See excellent summary by S. Chapman in Glazebrook, 
Dictionary of applied Physics. Vol. II, p. 543, MacMillan, 1922. 
ie A. K. Kennelly: Electrical World and Engineer, March 15, 

22. Oliver Heaviside: Encyclopedia Britannica, tenth edition, 
Vol. 33, Dee. 1902. 
ee G. N. Watson: Proc. Roy. Soc. Lond., Vol. 95, p. 562, 
er Lord Rayleigh, Proc. Roy. Soc. Lond., Vol. 109, p. 428, 
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Chapman and Milne! have calculated the distribu- 
tion of ionization which would result from the absorp- 
tion of high velocity electrons in the earth’s atmosphere. 
We have reproduced their curve in Fig. 6. From this 
we see that from the ground to nearly 40 kilometers 
height the relative ionization remains practically zero. 
It then begins to increase slowly at first, and then more 
and more rapidly with the height. As we approach the 
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maximum, the rate of increase decreases again, and after 
passing the maximum at 54 kilometers, it falls off 
more gradually to a small value at 90 kilometers. Our 
present interest is mainly in the general shape of the 
curve, since for a different absorption coefficient the 
absolute values calculated would be changed, but the 
general shape characteristics would remain the same. 

In calculating the refraction of radio rays which rise 
into an ionized medium of this type and are refracted 
back to earth, we are only concerned with the shape of 
the curve from the ground to the maximum since any 
rays which rise above the maximum will turn out into 
space and be lost. With this in mind, it will be evident 
that a good approximation for our purposes may be had 
by writing 

(z—b) am 


N = Nosin* > (Bb) 


(42) 
where ; 
b = height of the lower boundary of the ionized 
medium above the earth. 
height of the maximum ionization above the 


B= 
earth. 
N, = maximum number of electrons per cu. cm. 
N = number of electrons per cu. cm. at height z 


_ above the ground. 
Here z is restricted to values between b and B. By 


varying the values No, 6 and B we can represent a thick 
or thin, high or low medium with any desired value of | 


maximum ionization. The general shape of the curve 


is shown in Bigeit 


V. CALCULATION OF THE PATH OF A Ray IN A MEDIUM 
IN WHICH THE ELECTRON DENSITY IS A SINE 
SQUARE FUNCTION OF THE HEIGHT 


4. Case of Flat Earth. We have seen in the pre- 


vious section that for short waves the effect of col- 
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lisions between electrons and molecules on the refrac- 
tive index of the ionized upper atmosphere can be 
neglected. We therefore substitute the expression for 
N given in equation (42) in equation (13) and obtain 
the following expression for the square of the refractive 
index as a function of the height z above the earth: 


No eer (z—b) a 


Pet ER b) cy 


47ré 


where o = 
m 


Oo =,0.2. 10" c.g. s, (6.8. u.) for electrons. 
This expression is only assumed to hold in the ionized 


aight at which 
Sonization reaches 


its maximun No. 


HTGSa 7. 


Part of the medium from z= b to z=B. Below 
2 — b we assume that the refractive index remains 
equal to unity down to the surface of the ground, 2. e., 
z= 0. Aspreviously pointed out, we are not concerned 
with the behavior of the refractive index after passing 
its minimum value at z = B. Above z = B we merely 
assume that the refractive index returns gradually 
to unity at a great height. 


Height at which Jonization 
reaches its Maximum. 


Height at which Ionization 
ts assumed to begin. 


Re xe) 


X= cot 
WiGey ns 


Substituting the value for u? given above by (43) in 
equation (34) we obtain 


x ii cos Bd z 
ads a i+ ey i RR on: 
w? 2 (B— b) 


(44) 
as the horizontal distance (x — X) traveled by the ray 
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in the ionized medium, while rising a distance (Z — 6) 
in the ionized medium. Inspection of Fig. 8 will make 
this clear. 

The trick involved in the integration of this equation 
consists in finding substitutions which will transform 
it into a known form. In what follows it is shown that 
it can be reduced to an elliptic integral. 

First of all let us put 


u= 7m (z— b)/2 (B— b) (45) 
and consequently 
du = 7d2z/2(B-— b) (46) 
also 
1 — cos’? 8 = sin? Bg 
in equation (44) and obtain 
pe ee) 
aie: 2(B—b)cosBdu 
(7— X) = (47) 
ae re ‘ sin? B — uals sin? wu 
w? 


We will now divide numerator and denominator by 
sin 6, and get 


m(Z —b) 


om 2(B=5) 


@=xy+ 


2(B— b) cotBdu 


mal i= as 


w sin? 6B 
It can be shown by the following argument that the 
expression go No/w?sin?6 under the radical sign is 
greater than unity. Going back to equation (32) 
we have 


(48) 


z 
ll 
(=) 


sin? w 


1 + (dz/d x)? = p?/cos? B (49) 
and if the ray becomes horizontal and returns to earth, 
we must have dz/dxz = 0 at the summit, and conse- 
quently 
; LY = cos? B (50) 
Subtracting each side of equation (50) from unity we 
have 


ae asi 6 (51) 
at the summit of the path. 
But we have from equation (13) 
1— w=o0N/w? (52) 


and Ny is greater than N. Hence from equations 
(51) and (52) we have o N./w greater than or equal 
to sin’ 8 so that the expression o Ny/w® sin? 8 is greater 
than or equal to unity. We may, therefore, put it 
equal to one over the square of the sine of some angle a 
since the cosecant square of an angle is always equal 


to or greater than one. Hence 
at) 
2(B —6) 
2 (B— b) cotBdu 
(@— X) = (53) 
en is “f 1 sin u 
sin? a 


A further substitution will be required since the 
coefficient of sin? wis greater than one. If we put 


sin u = sina sin w (54) 
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we have 
cosudu = sinacoswdw (55) 
and the integral (53) becomes 
(x— X) = 
_ (Z= 
w =sin { sin B=) f 
oe Bin oe 2 (B— b) cot Bsinacoswdw 
J (56) 
T COS U COS W 
w=0 
Let us now define on angle @ such that 
. w(Z—b) 
sin asin @ = sin Rey (57) 
and substitute it in (56); we obtain 
w=h : 
* 2(B— b) cotBsnadw 
@—xy=-f (58) 
0 T COS U 


Squaring equation (54) and subtracting each side 
from unity we have 


1— sin? wu = 1— sin’ a sin? w (59) 
and hence 
cos? u = 1— sin? a@ sin? w (60) 
Substituting equation (60) in (58) we obtain 
w= . 
2(B— b)cotBsinadw . 

@- X= f a 61) 

eaG wT 1/ 1— sin? a sin? w 


If we now put the value of sin a from the relation 


w? sin? B/o No = sin? a (62) 
in the numerator of (61) we obtain 
2(B—b)weosp’ 7 dw 
(omy Mor ees 
tr /oaNo wo Vl — sin? a sin? w 
(63) 


The integral in the above equation is called the 
elliptic integral of the first kind. For brevity it is 
customary to write 


w=¢ 


d w 


v-0 V1— sin? a sin? w 


= F (sina, ¢) (64) 

It is also customary to put k = sina and write it 
F(k, ). The numerical value of the integral for any 
value of a@ and ¢ has been calculated and recorded in | 


tables of elliptic integrals.2* _ For example, we find from 
the tables that 


w= 


F (sin a, ?) = if 


w=0 


d w 


1/1 — sin? a sin? w 


= 0.4498 (65) 


when o = 25 deg. and a = 75 deg. 
The numerical values of ¢ and a@ for any value 


25. For example, see A Short Table of Integrals, by B. O. 
Pierce, p. 118. A more complete table will be found in Jahnke 
und Emde, Funktionentafeln, p. 53-68. 
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z = Z on a given ray may be obtained from (62)and 
(57), as follows: 


a = sin { wsin B/V/o No} (66) 
| /o Ni Si pes) 
UANy SI er eae one 
@ = sin testa | (67) 
® sin B 


The corresponding numerical value of F (sin a, ¢) 
is looked up in the tables and the numerical values ofthe 
horizontal component (x — X), traveled by the ray 
in the ionized medium while rising a distance (Z — b) 
in the ionized medium as 


2 (B=) w cos B 
r+ /aNo 
On the assumption of a flat earth, inspection of Fig. 8 
shows that we must add the horizontal projection of the 
straight part of the path 
x. =. bcot ps (69) 
to equation (68) to obtain the total horizontal distance 
x to the point (xz, Z) on the ray path. The complete 
expression for the case of a flat earth then becomes 
2 (B— 6b) wcosB 
T~/aNo 
If we wish to know where the ray will return to earth 
we must take twice the value of x corresponding to the 
summit of the path since the path is clearly symmetrical. 


At the summit of the path we have by equations (51) 
and (52) 


(1 — XxX) = F (sina, d) (68) 


x = bcotgp+ F (sin a, ) (70) 


sin? 6 = o N/«o? am) 
But 
. (Z-—b)4 
N = Nosin?® aay (72) 
from which 
BP: a No (Z—b) a7 
sin? 6 = Les sin? coe hy (73) 


Substituting the. value of sin 8 from (73) in equation 
(67) for @ we obtain 


7 
@ = sin 1 = 90 deg. = og (74) 
at the summit of the path. ' ; 
Substituting this value of ¢@ in equation (63) we 
obtain 


C=" 2) i w= 


2 (B— b) wcosB dw (75) 


tr J/oaNo gris 4/ 1— sin? @ sin? w 
as the equation for the horizontal component 
(2, — X) traveled by the ray in the ionized medium 
while rising to the summit of the path in the ionized 
medium. Or, in other words, while rising a distance 
(Z, — 6) in the ionized medium. In the above x, 18 
the horizontal distance from the transmitter to the 


ls 
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foot of the perpendicular which passes through the 
summit of the path and Z, is the height of the summit 
of the path above the ground. 

The integral in equation (75) is called the Complete 
Elliptic Integral of the First Kind. For brevity it is 


customary to write it 
a /2 


dw 


* 4/1 — sin? a sin? w 


=) Ke(Ginva)K 76) 


It is also customary to put k = sina and write it 
FO(K). 

Numerical values of this integral for any value of a 
will be found in the tables of elliptic integrals.” 

We may now write the expression for the total hori- 
zontal distance between transmitter and the point at 
which a given ray will return to ground for the Case 
of a Flat Earth as follows. 


2X, =-2 0 cot p 
4 (B— b) weosB : ‘ 
——— = —_ Gina) kilometers (a7) 
T / (on No 
In which 
| | 
a = sin- 4 sin B ;¢ in degrees 
( VaNo ] 
b = height above the ground at which ionization is 


assumed to begin; measured in kilometers. 
angle between ray and horizontal at the lower 
boundary of the medium in degrees. 


B = heightabove the ground at which the ionization is 
assumed to reach its maximum value, in kilo- 
meters. 

w = 2 m7 f and f = frequency of the radiation in 
cycles per second. 


o=47e/m = 3.2 x 10°c. g.s. (€. 8. U.) 
where e is the charge and m the mass of an 
electron. 

N, = number of electrons per cu. em. at the height B of 
maximum ionization. 

K (sin a) = K (k) = complete elliptic integral of the 
first kind to be looked up in tables. For 
example, when a=10 deg., K(sin a) = 1.5828. 

B. Approximate Allowance Made for the Effect of the 

Curvature of the Earth on the Ray Paths. When con- 

sidering long distance transmission, the effect of the 

earth’s curvature cannot be entirely neglected. The 
analytical difficulties, however, become considerably 
increased when we attempt to take into account the 

curvature of the ionized medium and use equation (15) 

of Appendix II instead of equation (34). Happily the 

most important effect produced by the earth’s curva- 
ture is to increase the angle B at which a ray of given 
initial inclination to the horizontal 0, strikes the lower 
boundary of the ionized medium. This effect can be 
readily taken into account as follows: 
Let r,) be the radius of the earth and let r: be the 
radius from the center of the earth to the lower bound- 
ary of the ionized medium. Then from Fig. 9 the 
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angle O A B is equal to (90 deg. + 6) while the angle 
OBA is equal to (90 deg. — B). It follows that the 
angle A O B is equal to (8 — @) since the sum of the 
angles of a triangle is equal to 180 deg. From the sine 
rule for triangles we have 


o/sin (90 deg. — B) = ri/sin (90 deg. + 6) (78) 
from which 
COS, 6 = (7i/7o) COS 6 (79) 
and sincer; = (7) + 6) wecan write (79) 
cos 6 = cos 6/(1 + 6/10) (80) 


From equation (80) we can calculate the value of 6 for 
any assigned value of initial angle @ and height of 
medium 6. Knowing 6 we can calculate (6 — 0) and 
the distance A C measured along the surface of the 
earth since the arc length 


27 To 


360 8 — 


where (6 — @) isin degrees. 

The method of approximating the portion of the path 
in the ionized medium for the case of a curved earth 
will be understood by reference to Fig. 10 in which 
the effects of curvature are greatly exaggerated for 
the sake of clearness. Assume a ray starting out 
from the transmitter at A which makes an angle @ with 
the horizon. Thisray is assumed to take a straight 
path through the lower atmosphere and meet the 
lower boundary of the ionized medium, vertically 
over the point marked C. The angle between the ray 
and the tangent plane at the point of intersection being 
B. The value of 6 for any value of @ is obtained from 
equation (80). 


BO = oD) (81) 


The distance over the surface of the earth AC is 
obtained from equation (81). We now calculate the 
path which a ray with this value of 8 would take in a 
Flat Medium by equation (68). This path is illustrated 
by the full line curve. The value of (x — X) from 0 to 
2 is indicated as (x— X)s. Similarly the ordinate 
of the path at the point 2 is indicated as (Z— b)». 
The distance 0 to 6 is 2 (x, — X) as given by equation 
(75). The distances 0’ 1’, 0’ 2’, ete., equal to 0 1, 0 2, 
etc., are then laid off on the surface of the earth as 
shown. ‘Thus the arc length 0’ 6’ is equal to the dis- 
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tance 06 or range of the ray on the assumption of a 
flat earth. Radii are then drawn from the center of 
the earth through the points 1’, 2’, 3’, 4’, 5’, and 6’ and 
continued above the lower boundary of the ionized 
medium. Distances equal to the ordinates at 1, 2, 3, 
etc., of the full line curve are then measured off on the 
corresponding radii 1’, 2’, 8’, etc., from the concentric 
circle representing the lower boundary of the ionized 
medium. These distances become the ordinates of the 
dotted curve which represents the approximate path of 
the ray in the ionized medium. At FH the dotted ray 


——. 


emerges from the ionized medium and is assumed to 
take a straight path, E' to D, back to the surface of the 
earth, the acute angle between the tangent plane at H 
and the ray being . 

It will be observed that the above method of con- 
structing the approximate path for a curved medium 
from the caleulated path for a flat medium increases 
the length of the transformed path. This effect is in 
the right direction since in the actual problem the 
medium would be bending around with the ray and 
consequently retain the ray in the medium for a greater 
distance. 

On the above assumptions the total range of a ray for 
the case of a curved earth, 7. e., the are length A D in 
Fig. 10 is given by 


T To 


4 
Range = 360 (8 =. 6) 


4 w(B— b)cosB 


— K (si 
Seg Gi (sin @) 


(82) 


ro = 6300 kilometers, the approximate radius of the 
earth 

angle between ray and horizontal at the trans- 
mitter in degrees. 


> 
I 


cos 0 


8 = cos“! eS is 


the ray and the tangent to the lower boundary of the 
ionized medium at the point where the ray of initial 
angle 0, enters the medium; measured in degrees. 


= acute angle between 
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The other factors are as given for the case of a flat 
earth under equation (77). 


VI. TypicaAL PATH CALCULATIONS 


In order to make clear the method used in calculating 
ray paths, we give an example which is representative 
of summer day conditions. The values used for the 
constants appearing in the formulas were selected with 
the idea of fitting the experimental data concerning 
skip distances given in Fig. 1. For summer day con- 
ditions we assume the maximum electron density to 
be Ny) = 6 X 10® per cu. em., the lower edge of the 
ionized medium at a height 6 = 200 km., and the 
distance from this lower edge to the height of maximum 
intensity, (B— b) = 80 km. Putting these values 
in the equation (42), we have 


[ 9 (¢— 200) 


N = 6 X 105 sin? 3 


(83) 
We shall calculate the paths for a wave length of 21 
meters. On referring to the formula (68) developed 
in Section V we find that if (z — X) denotes the distance 
to the right of the point where the ray enters the 
ionized medium, 


( xX) 2.12°x.104 (Bb ae 54 
xr— SS SS —_— 
ay ) cospF (sina, d) (84) 
and is therefore in this case given by 
(c — X) = 104.25 cos 6 F (sin a, ¢) (85) 


The angle @ is determined from the equation (66) which 
becomes 


; 10° ’ 
sii Qa = ———= sin 8 (86) 
SBA /No 
and in this case reduces to 
j Aca 1 87 
sina = a1. Sin B (87) 


The angle 6 is determined by the equation (80), which is 


cos B. = cos 6 (88) 


To 
Tot b 
in which r, = 6300 km. = earth’s radius 

and 6 = height of lower edge of medium. 
| The angle @ is the angle made by the ray with the 
horizontal at the transmitting station, 6 is the angle at 
which the ray cuts the ionized medium, and a is an 
angle which is required in the calculation of the path. 
The elliptic integral F' (sin a, ¢) is given in the tables* 
for various values of ~and ¢. The angle ¢, called the 
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amplitude of the integral, is determined from equation 
(57) which becomes (see also equation 45) 
Sie 200)e) 

8 | =sinw (89) 


sin ¢ sin aw = sin 


and consequently varies along the path. 

At the summit of the path ¢ becomes a right angle, 
and F (sin a, @) becomes K (sin a). 

The path is symmetrical about a radius, (i. e., 
vertical) drawn through its summit. 

The distance X appearing in the expression is the 
horizontal distance to where the ray enters the ionized 
medium, and is given by 110 (8 — @), where (8 — @) is 
expressed in degrees. 

All distances are expressed in kilometers. 

The calculations are set out in the accompanying 
tables. 

Table II gives the values of 6, (8 — 0) and X, for 


TABLE II* 
Line |Quantity | 1 2 3 4 5 6 7 8 
I es 0 5 10 15 20 23 25 25.7 
II B° 14.25/15.04] 17.3 | 20.7 | 24.5 | 26.9 | 28.55] 29.2 
III | (@ —@)° | 14.25| 10.04) 7.3 15-76 4.5 3.9 | 3.55] 3.5 
IV | X, km. | 1568 | 1104 803 627 495 429 390 385 


*The values of 8 for different values of @ were unfortunately read 
from a curve instead of being directly calculated from equation (88). 
The parts of the paths in the ionized medium are calculated correctly 
for the values of 8 used, but some small errors made in reading the curve 
(8 vs. 6) mean that the paths are for slightly different values of 6. These 
errors do not amount to more than a small fraction of a degree in 6, and 
therefore do not appreciably affect the results. In the same way small 
inaccuracies exist in the signal intensity calculations of Tables XI and XII. 


various values of 6. These values depend only on b. 

Table III gives the calculations of a and 104.25 cos £, 
by means of sin 8, sina and cosf. These quantities 
are constant for a given ray path. 

Table IV gives the calculations for the points corre- 
sponding to @ = 18 deg., 36 deg., 54 deg., 72deg., and 90 
deg. The quantities determined for each point are 
zand (1 — X). 

Table V gives some additional points for the curve 
with @ = 25.7 deg. This curve goes to infinity, and 
is the ray path which separates the rays which return 
to earth from those which go out into space. 

Table VI gives the values of the co-ordinate x for 
the points calculated. The downward curve is filled 
in by symmetry, the corresponding points being tabu- 
lated against supplementary values of ¢. The paths 
obtained from the calculations in the above tables are 
plotted in Fig. 11. 

It is of some interest to consider the paths of those 


TABLE III 


Quantity , 
3 g° 0 5 10 
IL sin 8 0.246 0.2595 oO. 
Tit sin @ 0.503 0.531 0.60 
LW a 30.2 32.1 37.4 
AE 7 (C686; 0.9692 0.9657 0.95 
100.5 99.4 


VI 104.25 cos. 6 km. 101 


7 8 
15 20 23 25 25.7 
0.3535 0.4147 0.4524 0.478 0.4879 
0.724 0.849 0.927 0.979 1 
46.4 58.1 68 78.2 90° 
0.9354 0.9100 0.8918 0.8784 0.8729 
97.4 94.7 93 91.5 91 


Transactions A. I. E. EH. 


314 BAKER AND RICE: REFRACTION OF SHORT RADIO WAVES 
TABLE IV 

Line Quantity ¢ 1 2 3 4 5 6 7 8 
I 8 0° 5° 10° 15° 20° 23° 25° 25..7° 
rat sin ¢ sin a 18° 0.1565 0.164 0.188 0.2235 0.2625 0.2865| 0.308 0.309 
UI U 9° 9.44° 10.84° 12.9° 15.2° 16.6° 17.93° 180 
IV Zz 208 208.4: 209.6 211.5 21359 214.8 215.9 216 
V F (sin a, ¢) 0.3154 0.3156 0.3161 0.3169 0.318 0.3187 0.3192 0.3195 
VI (~w — X) 31.8 ay oo 31.5 30.9 30.2 29.6 29.2 29.1 
VIL sin ¢ sin a 36° 0.296 0.312 0.358 0.4255 0.499 0.5445 0.575 0.5878 
VIII U ines? 18.2° 21° PAT 4” 29.9° 33° oes 36° 
IX 4 215.4 Pile) 72 218.7 224 226.6 229.3 231.2 232 
ne F (sin a, ¢) 0.6384 0.6397 0.6433 0.6502 0.6596 0.6666 0.6719 0.6743 
Sa penx) 64.5 64.3 63.9 63.4 62.5 62 61.5 61.3 
xu sin ¢ sin a 54° 0.407 0.43 0.492 0.585 0.687 0.75 0.792 0.809 
XIII U 24° Py ay o53~ 29555 Saige 43 .4° 48.6° 212 54° 
XIV z 221.4 Doak 226.3 231.8 238.6 243.2 246.4 248 
XV F (sin a, ¢) 0.9746 0.9769 0.9946 ib arQuly 1.054 1,086 Sila 1.124 
XVI (@ = <X) 98.5 97.5 94 98.5 100 101 101.5 102 
XVII sin ¢ sin @ 72° 0.478 0.505 0.578 0.689 0.807 0.881 0.93 0.9511 
XVII U 28.6° 30.3° 35.3° 43.6° 53.8° 61.8° 68.4° 722 
XIX z 225.4 226.9 231.2 238.8 247.8 254.9 260.8 272 
xx F (sin a, ¢) 1.326 1.336 1.365 1.418 1.546 1.648 1.769 1.843 
pox @ =x (370 W136 136 138 146.5 154 162 167 
XXII % 90° 228.4 228.5 233.3 241.3 25157, 260.4 269.5 280 
xD K(sin a) 1.687 1.704 1.757 1.875 2.117 2.419 2.995 0 
XXIV (x — X) i 170.5 171.5 174.5 183 200. 225 274 00 
The values of z and (x — X) are in kilometers. 

rays which do not return to earth. We can only aan 

calculate these paths as far as the height of maximum the expression sis becomes less than unity. We 


electron density, because we have made no assumptions 
concerning the electron distribution at greater heights. 
For this purpose we require a different formula, since 


proved this expression to be greater than unity for all 
rays that return to earth, but in the case of rays going 


3 Oo No 
TABLE V into space we can prove that we must have ot ate scee 
When 6 = 25.7° a =90°and ¢ =U 
Line | Quantity 1 2 3 4 5 6 
: iar z Z f a ¢ T Tepe TTT Sanwa et TH SER SSS SSE e eee Re esse senses are 
¢ or U 75 78 81 84. 87 89 = ESSE =e HH rH 
Ir z 267 |269.3 |272 |274.7 [277.3 |279.1 a : BSS Ee Seeneeeeneneraner st a 
Ul| Fina, 4) | 2.028) 2.253] 2.542| 2.949] 3.642] 4.741 [fom DS mie eee 
IV (c —X) |184.5 |205 231.5 |268.5 |331.5 |432 perme eee ee “SNS a 
Vv s7o0. _\s90 _‘(\e17_—«diésa. svi —_|8i7 ietouerenserees Sdozozereeseesquerectace See a ees Ce 
if | if T 
ry | eat op oH Gooeanee 
TABLE VI aanemeuael serieert CHER 
| ist ami 1) a) 4 
Line A Values of x in k. m. faeae Wuyte Nien ConbiTions, 
cat t pe eee. - 
I = r) O24) GRE oe |) Teh SPs BRR) es eiie7e E aa (Bots 430,Ku 3 : 
IL 0 x |1568/1104| 803} 627] 495| 429] 390] 385 eee se rene: H 
III 18 ~ 14600] 1136] 835| 658] 525| 459| 419] 414 
IV 36 1633|1168| 867| 690] 558] 491] 460] 475 Ht ; 
Vv 54 1666| 1202| 897] 725] 595| 530| 492] 487 
vI 72 1705 | 1238| 939| 765| 642| 583] 552] 553 
VII 90 1739|1276| 978| 810] 695| 654] 664] « 
VIII 108 1773 | 1314] 1017| 855| 748| 725| 776 
TEX 126 1812] 1350] 1059| 895| 795| 778] 836 
x 144 1845 | 1384] 1089| 930] 832| 817] 868 
XI 162 1878| 1416| 1121] 962] 865] 849] 909 H nal 
XII 180 1910 | 1448] 1153| 993| 895| 879] 938 an 
XIII | Ground 3478 | 2552| 1956| 1620] 1390| 1308] 1328 HCH aaa 


equation (68) breaks down when 8 exceeds the limiting 
value for return of the ray to earth. 


If we go back a fewsteps in the derivation of the 
path formula to equation (48), we find | 


U 


uU 


2(B— b) cotBdu 


w? sin? B 


The fact is that we have now so great a value of B that 


less than unity, by a somewhat similar argument to 


that used previously. 


so 


that 


sin? a’ 


sin a’ = 


a No 
w? sin? B 


We may then put 


3AV No | 


10° sin gp 


(91) 


(92) 


Cus 


ie a eek ila 
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The above integral then becomes an elliptic integral, 
and its value is 


2(B— b) 
(C= cot’ p F(.sin al; Ui (93) 
In the case considered, we have 
= eee mel 
SWUM 2! 43 sin B (94) 
. 160 
(c— X) = —, cot BF (sin ae UN) (95) 


In table VII are given calculations of paths which 
do not return to ground. 

The curves given in Figs. 11 and 12 which correspond 
to the ionization conditions assumed for winter nights, 


TABLE VII 

Line Quantity @ or U Zz 1 2 
1 6 40° 70° 
tT 8B 42.07 70.65 
III (8 — @) 2.07 0.6 
IV x 200 227 143 
Vv sin 8 0.6700 0.9435 
VI sin a’ OF7S 0.519 
Vil a’ 46.9 31.3 
Vill cot 8 1.1076 0.3512 

160 
IX | wee. cots 56.3 17.9 
x F (sin a’, U) 30° 226.7 0.5365 0.5299 
xI (x — X) =30.-2 9.4 
LT x 257 152 
XIII | F (sin a’, U) 60° PASS AA) iL oalsyil 1.096 
XIV (a — X) 64.9 19.6 
XV x 292 163 
XVI | 4 (sin a’) 90° 280 1.883 1.705 
XVI (x — X) 106 30.5 
XVIII me 333 174 


were calculated in a similar manner, for a wave length 
of 25 meters. The assumed constants are as shown 
in the figure. 

It is seen from an inspection of these curves that we 
have a skip distance in both cases. As we increase 6 
from zero, the distance to the point where the ray 
returns to ground: decreases at first, and afterwards 
increases, having passed through a minimum. 

It is evidently not necessary to calculate the complete 
paths in order to determine the skip distances. For we 
are only interested in the points where the different rays 
reach the ground, and these are twice the distances to 
the summits of the various paths. We must, however, 
calculate the total range for several values of 6, and if 
we plot a curve giving the relation between this range 
and the angle 6, we shall be able to determine the skip 
distance by reading the minimum from the curve. 


These curves are given in Figs. 23 and 26 for the cases 


already calculated. We.can, in this manner, make a 
special study of the skip distances apart from the paths. 

We must admit the possiblity of a wave being re- 
flected at the earth’s surface when it comes down. 


We shall assume that the reflection is specular, that is 


to say, the reflected ray is in the plane of the incident 
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ray, and the angle of incidence is equal to the angle of 
reflection. Clearly in this case the second path 
described will be a repetition of the first, provided that 
the reflection occurs at a horizontal plane, for example, 
at sea. 

In Fig. 12 we show an example of some of these 


Fig. 12—REFr.LEcTION oF TANGENT AND Skip Distance Rays 
FOR WINTER NIGHT CONDITIONS 


multiple paths, corresponding to the winter night curves 
given above in Fig, 11. 


VII. DISCUSSION OF SKIP DISTANCE CALCULATIONS 


We have shown in the preceding section that under 
the conditions assumed we obtain a skip distance. 
Some experimental data are available concerning these, 
so that the parameters N,, b and (B — b), appearing 
in the path equations, can be chosen to fit the observed 
values for skip distances. 

As a preliminary, it is necessary to find the effect of 
each of the three parameters. This is done by holding 
two constant, varying the third, and calculating the 
skip distances for various wave-lengths. 

The effect of varying No, the maximum electron 
density, can easily be calculated. We have the funda- 
mental equation 


(96) 


: ; A wr e& 
in which o = Ps ie 3.2 x 10° for electrons. In 
the above expression collisions are entirely neglected. 

Suppose now that we multiply N by 4, and w by 2, — 
or, what is the same thing, halve the wave length X. 
On putting the new values in the above equation we 
obtain the same value for v2. But if we multiply No 
by 4, we multiply the value of N at every point by 4 
also. Hence if we obtain a skip distance S for a wave 
length \ with maximum electron density N» we shall 
obtain the same skip distances for a wave length 
d/2 with maximum electron density 4 Np. 

In general, if we multiply No by n? and divide \ 
by n, we shall not alter y2 at any point, and therefore 
we cannot alter the skip distance. 

For convenience we show the relation between wave- 
length and skip distance by plotting log (skip distance) 
as abscissa and log (wave length) as ordinate. On such 
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a plot, if we multiply No by 4, we must slide the curve 
down so that every point will have for its ordinate log 
d/2 instead of log \. But log \/2 = log \ — log 2, 
hence we have moved every point of the curve through 
the same vertical distance, log 2, and the shape is 
unaltered. This rule applies also to any path at a 
given angle 0. 

A family of curves for various values of Ny is given 
eligwLe, 

For the other parameters empirical results only can 
be obtained. 

When we vary (B— b), keeping N» and 6 constant, 
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the result appears to be to move the curve towards the 
right by a constant amount all along the curve. Suc- 
cessive equal increments of (B — 6) appear to produce 
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Fig. 14—Hrrect or Tuickness or Mepium on Sxip Distancr 


slightly diminishing displacements of the curve on the 
logarithmic plot. The shape is again unaltered. It 
must be noticed that at a certain wave length the skip 
distance tends to zero and the curve becomes asym- 
_ ptotic in the logarithmic plot. A displacement to the 

_ right can obviously have no effect on this asymptote. 
The limiting wave length is that which makes the value 
of uw? at the maximum ionization equal to zero, hence 
we have o Ny = w’ from equation (96). A family of 
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curves for various values of (B — 6) is given in Fig. 14. 

When we vary 0, keeping Ny and (B — 6) constant, 
there appears to be practically no effect for wave lengths 
near that which makes the skip distance zero. The 
effect becomes larger as we move away from this wave- 
length, so that a family of curves for various values of b 
is spread out into a fan shape at the lower wave lengths. 
The effect of successive equal increments of b becomes 
less and less. A family of these curves is given in 
Fig. 15. 

An interesting point is shown by all these curves. As 
we decrease the wave length, the maximum permissible 
value of B, in order that the ray may return, will 
decrease. It may happen that the ray tangent to the 
earth cuts the ionized medium at an angle greater than 
the critical angle for return. In this case no ray would 
be able to return at all. 

When the ray tangent to the earth cuts the ionized 
medium at the critical angle, it is readily shown that 
the skip distance is infinite, since the ray at the critical 
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angle goes off to infinity. The curves have, therefore, 
a horizontal asymptote, at the wave length for which the 
ray tangent to the earth cuts the medium at the 
critical angle. 

When we vary (B — 6) we do not affect the critical 
angle, which depends only on Ny. The angle at which 
the ray tangent to the earth cuts the medium depends 
only on b. It is therefore evident that when we vary 
(B — b), we do not alter the lower asymptotic wave 
length, but a variation of either N> or b will evidently 
change its value. 

The critical angle is always given by 


o Ny = wo’ sin? B (97) 


To 
and cos 6 = cos 6, so that the ray tangent 
To + b 
to the earth will have cos B = ( ) dh 
| ch aaah sea ys and hence, 
sin? B S. b? + 2r bo ~ 
am pee. +b? - (98) 
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Substituting (98) in (97) we find that the greatest 
value of w for which aray can return to earth is given by 


N 0 acto) 
oO y (ro as b)2 (99) 
or 
fal at N 
w = (ro + b) {J 100 
Sa N Orb +0" Nt 


which evidently depends on both N, and 0. 
Calculations show that there is a sudden bend in the 

curve very close to the lower asymptotic wave length. 
Knowing the effect of varying each of the parameters, 

it is fairly easy to choose values to fit curves drawn to 
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indicate the results of experimental observations. 
In this way we find that the assumed experimental 
values given in Fig. 1 and redrawn in Fig. 16, require: 

For summer days N, = 6 X 10° electrons per cu. cm., 
b = 200 km., (B— 6) = 80 km. For summer nights 
N, = 4.83 X 10* electrons per cu. cm., with b = 500 
km. and (B— b) = 480 km. For winter nights the 
curve is nearly parallel to that for summer nights, so 
we take N, = 3.08 X 10° electrons per cu. em., 6 = 500 
km., (B— b) = 430 km., and let the change in No 
take up the whole of the difference in the curves. The 
data concerning skip distances, especially at night, are 
as yet very meager so that our assumed values may be 
far from accurate. As further data are obtained 
the curves may be moved in any desired direction by 
changing N, or (B -— b), and we may change their 
shape by changing b. 


VIII. CALCULATION OF THE POWER RECEIVED AT THE 
SURFACE OF THE EARTH FROM A DISTANT SHORT 
Wave TRANSMITTER, NEGLECTING ENERGY 

ABSORPTION 
In the present discussion we will confine our attention 
to the power which comes down to the earth from the 
sky due to refraction in the upper atmosphere. The 
ground wave, which is only of importance near the 
transmitter, can be considered in the usual manner. 
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We shall also neglect energy absorption in the sky 
wave path. We shall further assume that the energy 
radiated by the transmitter at an angle @ above the 
horizontal is the same in all directions, 7. e., the radia- 
tion curve is symmetrical about the vertical axis. 

Suppose that a ray starting out from the transmitter 
at an angle @ above the horizontal comes down to 
earth again at a distance x (0). We write this distance 
as x (@) to keep before us the fact that this distance is a 
function of the initial angle 6 at which the ray leaves the 
transmitter. An adjacent ray starting at the angle 
(6 + d 6) will come down at a distance x (@ + d 8) 
d x (6) 


ie ; The 


[ 
which may also be written x (8) + 16 
f 


power emitted by the transmitter between the angles 0 
and (@ + d 6) is a function of the distribution curve 
of the antenna, which is here assumed to be a function 
of 6 only. We will therefore write the power emitted 
by the transmitter through this zone as p (@) d 0. 

This power must come down distributed over the 
area lying between the two circles on the earth’s surface 


dx (0) } 


16 onl from 


at distances x (6) and (0) + 
the transmitting station. This of course assumes that 
these distances are equal in all directions. 

If vr, be the radius of the earth, the angle A O B in 
Fig. 17 will be x (0)/ro radians. The radius r of the 
zone will then be ry times the sine of x (8) /r) and hence 
the area will be 

2 (0) dx (0) 


27 rosin 10 d 0 (101) 
Dividing the power sent out from the transmitter 
between the angles 6 and (@ + d @) by the area of the 
zone on the earth’s surface over which it is spread we 


obtain 


p (8) 
w = (102) 
2°. To d #46) sim ees co 
dé Yo 


for the power per unit area at the distance x (@) from 
the transmitter. 

For the Case of a Flat Earth the angle @ is equal to 8 
and we therefore write 


p (8) 
w= 


d x (B) 
2m x (B) dé 
for the power received per unit area at a distance x (8) 
from the transmitting station. In this equation 
x (8) = 2, as given in equation (77). 

It is customary to represent the field intensity of the 
wave radiated by an antenna in different directions by 
a polar diagram, in which the lengths of the radii drawn 
in various directions are made proportional to the field 


(103) 
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intensities emitted in the directions indicated by the 
radii. 

Polar diagrams are also frequently drawn in which the 
lengths of the radii are made proportional to the power 
intensities emitted by the source in the different direc- 
tions. The radii for a power intensity curve of a given 
source are then proportional to the squares of the radii 
for the corresponding field intensity curve. 

If I be the amount of radiant power which falls on 
unit surface at unit distance from the antenna system 
in the direction 6, the source is said to have a power 
intensity I for the given direction. In other words the 
source radiates I watts per unit solid angle in the 
direction 6. Then the amount of power which will 
fall on unit surface at a distance r from the antenna 
system in the direction 6 will be I/r?, since for a source 
of given intensity J the radiation density in a given 
direction falls off inversely as the square of the distance. 

The power radiated by the antenna through the zone 
lying between @ and (6 +d 6) which we have called 
p (0) d @, will be equal to the area of the zone times the 


ax/(e) 
ae" 


amount of radiation falling on the zone per unit area. 
From Fig. 18 this is seen to be 


2m cosnnd Ue Lie p40) a. (104) 
where d @ is in radians, 
or 
p (0) =2 7 I cos 0 (105) 


The total power radiated by the antenna, assuming 
that it all goes out through the hemisphere above the 
surface of the earth, will be obtained by integrating 
(104) over the surface of the hemisphere. 

This gives 

a/2 


Pe feccm1.cos 6 0.0 (106) 
1) 


For a simple vertical antenna in which the height is 
a small fraction of a quarter wave length we have the 
usual expression”® 


26. Curves of this kind were first given by A. Blondel, 
French Association for the Advancement of Science at Angers in 
1903. See J. A. Fleming, Principles of Elect. Wave Tel. and Tel., 
Fourth Kdition, 1919, p. 362. The directive curves for vertical 
antennas excited in various harmonics were first given by Balth. 
van der Pol, Jr., in Proc. Phy. Soc. Lond., Vol. 29, p. 269, 1917. 
Further reference may be made to Stuart Ballantine, J. R. E., 
Vol. 12, No. 6, p. 823, 1924, and Balth. van der Pol, Jr., 7. R. E., 
Vol. 13, No. 2, p. 251, 1925. 
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= 1, cos? 6 (107) 
where 
I) = horizontal source intensity in watts per unit 
solid angle. : 
Substituting (107) in (106) and performing the 
integration we have 


P 4a 

wee 3 Ihe 
If we put the value of J, in terms of P in equation 

(107) and substitute the resulting value of J in (105) 

we obtain 


(108) 


yp (6) = =P cos? 6 (109) 
This may be used in equation (102) when calculating 
the received power from a short vertical antenna. 

If the power per unit area radiated by the antenna 
system is equal for all values of 6, 2. e., if the system 
constituted a point source of radiation, we would have 


l= (110) 
and from (106) 
P = 2rd 5 (111) 
Therefore 
p (0) = P cos 0 (112) 


for use in equation (102) on the assumption of a point 
source radiator. Actually of course none of our simple 
antenna systems radiate equally in all directions, 
nevertheless, an assumption of this kind is interesting 
when we wish to study the limitations imposed on short 
wave transmission by the properties and configuration 
of the medium, irrespective of the directive properties 
of our antenna system. When this ideal case has been 
studied, and the directions of useful radiation determined 
for the particular problem in hand, the most suitable 
type of antenna directive curve can be chosen readily. 

Before we can calculate the radiation density at 
different distances from the transmitter from equation 


(102) we require the value of dx(@)/d 6. This is 
obtained by differentiating equation (82) which ex- 
presses the range x (6) of a ray as a function of the 
initial angle 6 at which the ray left the transmitter. 
For the Case of a Curved Earth we have from equation 
(82) after expressing the angles in radians 

4 w(B-—b) 


—— cos8K (sina) (113) 
0 


0) =2r, — 6 
t (0) = 279 (8 Na Dag 


veh’ ben 
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in which 8, the acute angle at which the ray enters the 
ionized medium, is given by 

cos 0 } 
| (1+b/r,) 


and sin a, which is called the modulus of the elliptic 
integral, K (sin a), is given by 


cos 6 = « (114) 


} 


pee 
Vo No 
The differentiation of equation (113) involves a good 
many steps and is therefore set aside in Appendix ITI. 


The final value obtained in equation (17) of Appendix 
III gives for the Case of a Curved Earth, 


sina = sin 8 


(115) 


dx (0) tan 6 4(B—b) sina 
dé =2r (4 -1)+ ry tan 6 tan 0x 
E (sin a) K (sin a) 
tan? Bcos?a __ sin? B alts) 


The new expression E (sin a) in the above equation 
denotes the complete elliptic integral of the second 
kind and its value for any value of @ will be found in 
Tables.¥ 

For the Case of a Flat Earth we require the value of 
dx (g)/d6 from equation” (77) for use in the power 


density equation (103). This gives 
dx (6B) _ 26 4(B—b) . 
62. sin? 6 see 
E (sin a) K (sin a) 
tan? Bcossa sin? B 
(117) 


We have now completed all of the expressions re- 
quired by equation (102) for the calculation of the 
power per unit area which a ray leaving the antenna at 


Two Direct Rays———_—_——_ 


Fic. 19 


an angle @ yields when it again reaches the earth, 
neglecting absorption in the medium. 

For example let us assume that we have a short 
vertical antenna which radiates a total power of P 
watts into space, and desire to know the number of 
watts per square kilometer w received at a distance x 
kilometers from the transmitter, for the case ofacurved 


earth. : 
We first have to calculate ranges of the rays leaving 


27: For convenience we have put 2% = « (8) in this equation. 
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the transmitter at various values of the angle 6 from 
equation (82). We have seen from the sample ray 
paths calculated in section VI and given in Figs. 11 
and 12 and further illustrated in Figs. 19 and 20 that 
for the case of a flat earth there are in general two direct 
rays with two corresponding values of @ which traverse 
different paths but strike the earth beyond the skip 
distance at the same distance x from the transmitter. 
For the case of a curved earth illustrated in Fig. 20 
we again have no sky rays until the skip distance has 
been passed. Beyond this thereis a region of two direct 
rays, until wereach the point where the limiting ray, 


/ va ~ SS 
7s ee SS Limiting Ray 
ee > \ 7a 
= =~ Ne angent at 


\Fansmitter. 


Kress 20 


which starts tangent to the earth’s surface at the trans- 
mitter, comes to earth. Outside of this region we again 
find only one direct ray. We shall postpone the dis- 
cussion of reflected rays for the moment, and confine 
our attention to the direct rays. 

Except near the skip distance we can usually neglect 
the ray which has the largest value of initial angle 0, 
since the power density which it produces at x is 
relatively small. Where both rays are important we 
add the two values of w to obtain the resultant power 
density at the point. This assumes that the relative 
phases of the two rays are distributed at random when 
they arrive at the ground. 

If everything were constant in the medium traversed 
by the rays, there would of course be a definite phase 
relation between the two rays at the ground which 
would be a function of the time of propagation of the 
two rays over their respective paths and the wave 
length. The phenomena of fading indicate irregulari- 
ties in the refracting medium, which means that at one 
instant of time the amplitudes of the two rays may add 
directly in phase and a moment later the phases will 
shift so that they will oppose each other. Under these 
conditions the resultant power density at the point, 
taken over a considerable length of time, is equal to the 
sum of the power densities of the two rays. 

We shall now assume that we have determined the 
initial angles of the two rays which strike the ground 
at the required distance x from the transmitter, and 
that we are so far from the skip distance that 
we can neglect the power density contributed by the 
ray having the larger initial angle. Equation (102) 
then states that 


320 
6 
WwW = pi” watts persq.km. (118) 
5 Cita Gee ere 6) 
To 79 Sin Ps 


The value of p (@) for our case of a short vertical 
antenna radiating P watts into space is given by 
equation (109) as 


3 
PAO = 9 P cos? 6 watts (119) 


where @ is the initial angle which we have calculated for 
the important ray striking the ground at the distance 
x from the transmitter. 


dx (0) 
d @ 


We next calculate the value of from equation 


(116). Here 7) = 6300 kilometers, the approximate 
radius of the earth; 6 is our calculated initial angle; p 
is calculated from equation (80) in which 6 equals the 
height of the lower boundary of the ionized medium 
above the earth in kilometers. The angle a is given in 
equation (66) as 


sina = sin 120 
ae B (120) 
this may be written as 
’ 27 C ‘ 
sina = ——>—s1n 8B (121) 
oN /o No 
in which 
c = velocity of light in meters per sec. 

and 

\ = wave length in meters 

o =47e/m = 3.2 X 10°c.g.s. (e.s. u.) for elec- 
trons ; 

N, = maximum number of electrons per cu. cm. 
which occurs at the height B above the 
ground. 

Hence 
i se in B 122 
SUC cestrer SIT 


The value of (B— b) is the thickness of the ionized 
medium from the lower boundary to the maximum in 
kilometers. The values of the complete elliptic inte- 
grals of the first and second kinds, K (sina) and 
E (sin a), respectively, are found in tables of elliptic 
integrals for any value of a. 


The final quantity required is the sine of the angle 


x (0) 


; Here x (@) is the range of the ray which strikes 
theJground at the distance x kilometers from the trans- 
mitter, and ro is the radius of the earth in kilometers. 
This gives the angle in radians, and for looking up 
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the sine we require the angle in degrees, which is 


180 «(6) 
1 Yoew 
We have thus obtained the power density in watts 
per square kilometer of the earth’s surface falling 
at the distance x from the transmitter. To find the 
power density on a surface normal to the ray we have 
to divide by sin 0, since the ray comes down at the angle 
6 to the horizontal 
Let wo = w/sin 0 (123) 
We can calculate the received electric field intensity 
in microvolts per meter by means of Poynting’s 
Theorem which states that the energy flux den- 
sity wo, in ergs per second per square cm. of 


¢ 

an electromagnetic wave is equal to res times the prod- 
uct of the electric field intensity EH in c. g. s. (e. Ss. U.) 
and the magnetic field intensity H in c. g.s. (e. m. u.) 
for the case of an isotropic medium of unit permeability 
and dielectric constant, that is 


Cc 


ee (124) 


where 

c= 3 X 10" cm. per sec. the velocity of light. 
For an electromagnetic wave in space we have 
Ki inc. gs. (08: us) = A inc. g.6.(emcu.) 

This can be seen easily by comparing the expressions 
for the energy per unit volume stored in the electro- 
static and magnetic fields, and remembering that both 
forms carry equal amounts of energy. We may there- 
fore write 


c 
Wis Ape E? ergs per sq. cm. per sec. 


where EF is in ¢. g. s. (e. Ss. u.) 

If we wish to translate our values of energy flux 
density, which are given in watts per square kilometer, 
into microvolts per meter we have 

le.g.s. (e.s. u.) = 300 volts 
1 erg per sec. = 10~’ watts 


° 


Wo = renee watts per sq. cm. 


where E£ is in volts per em. 

Expressing E in microvolts per meter we have 
BE=194 X10 Vw | 

where w, is still in watts per sq. cm. 


If we express the power in watts per square kilometer 
we have 


E = 19.4 X 10° / wo microvolts per meter (125) 


Since in our equations the power is expressed in 
watts per square kilometer of earth surface we have 


E = 19.4 X 10° \/ w/sin 6 microvolts per meter (126/ 
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This is the total value of potential gradient and lies 
in the wave front. If it lies in a vertical plane, the 
resultant field obtained by combining with the reflected 


ray, assuming perfect metallic reflection at the surface 
of the earth, will be 


2 E cos 6 (127) 


If the plane containing the direction of the ray and the 


7 Reflected 


—S—o) ++} 


=—— 2«(6+a8) ——_}+__1, x(6 +a) oe 
Hs | 
\ @x(B) 4 22% (6) 
aie C ae, 7 
ies 2H 


vector E makes an angle y with the vertical, the 
resultant field at the earth’s surface will be 


2 E cos @ cos y = 38.8 X 10° cos 6 cos y V/w/sin 6 (128) 

In the above calculations we have determined the 
energy flux density received at the surface of the earth 
when a ray of given initial angle first strikes the ground. 
Obviously a portion of this incident energy will be 
reflected toward the sky and return to earth again at 
twice the initial distance from the transmitter. If we 
assume that the irregularities of the earth’s surface, at 
the point of incidence, are small compared with the 
wave length, the angle of reflection will be equal to the 
angle of incidence and the path taken by the reflected 
ray will be a repetition of the first. The direct and 
reflected rays are illustrated in Fig. 21 for the Case of a 
Flat Earth. Here the power emitted by the transmitter 
between the angles 6 and (6 + d&) first strikes the 


earth in the ring between x (8) and x (6 + d@), and the 


reflected portion next strikes the earth in ‘the ring 
between 22 (8) and 2%(8+d8). This process of 
successive reflections will go on until all of the energy 
which was originally radiated from the antenna through 
the zone d 8 is dissipated by absorption, scattering due 
to ground irregularities, etc. The power density 
received in the second zone from the power radiated by 
the antenna between the angles 6 and (8 + d 8) will be 


1p (8) dB 


We = (129) 
Qa X22 (8) x2 ae 
or 
“1 p (8) 
he eae TEC) eed 
Oe 


with similar expressions for the third, fourth, etc., zones. 


BAKER AND RICE: REFRACTION OF SHORT RADIO WAVES 


321 


Here 7 is the fraction of the energy which is assumed to 
be specularly reflected. 

Similarly for the Case of a Curved Earth we have for 
the second zone from Fig. 22 


fi np (@)dé a3 
iss ; ) 
Dir ein tg 3 
Re d@ 
np (0) 
W2 = : ¥ (132) 
4° 70 sin 2x (8) dx (8) 
To d@ 


The quantities in the above expressions are the same as 
those already used in calculating the power density 
received in the first zone except that in (132) we have 
to look up the sine of the angle 2 x (6)/r) instead of 
x (@)/ro. Thus the labor involved in taking account 
of repeated reflections is not serious. 

To calculate the energy flux density at a point 
distant x from the transmitter we must take first that 
which comes by the direct ray, then that which has 
been reflected from rays at «/2, 7/8, «/4, etc. Absorp- 
tion in the atmosphere will tend to reduce the intensity 
of the direct and subsequently reflected rays, also the 
reflection efficiency factor 7 will be reintroduced for 
every reflection so that we may expect that most of the 
energy will come from paths with few reflections. It 
may of course happen that some or all of the multiple 
reflected rays will be absent at the distance x under 
consideration: For example we cannot have a ray 
coming down after two sky paths at less than twice the 
skip distance, etc. 


IX. 


To make clear the method of calculating the energy 


INTENSITY CALCULATIONS 


flux density at distant points, we give an example 
worked out in full. The case chosen is that for which 
the path calculations were given. The constants are 
N, = 6 X 10° electrons per cc. = maximum density; 

= height of lower edge of medium above ground 
= 200 kilometers; (B — b) = distance from lower edge 
to maximum = 80 km. The wave length chosen is 21 
meters. If we consider only the end point of the path, 
and denote the distance x for this point by x (@), we 


can draw a curve giving the relation between « (8) and 
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the initial angle 6. This curve is given in Fig. 23. 

If we wish to calculate the energy flux density at a 
distance x from the transmitting station, we must find 
the corresponding value of 6 from this curve, since the 
formulas used give the energy flux density for rays 
starting out at the angle 0. 

The energy flux per square kilometer per second is 
given by equation (102) which is 


| 


| a 
EECCA Ec 
11 T\ summer pay mas 
| IE No = 6% 10° 
+ frisinl b= 200 km 


@-b)= 80m. 


| 
| 
a 
eae 


Lo A= 21 METERS 


1/600 


1200 


RANGE (0) IN KILOMETERS 


800|- aes 


INITIAL ANGLE 6 IN DEGREES 
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p (0) 
w= (133) 
peapagcnsiee, sin t (8) 
d (@) To 


for a point source p (0) = P cos 6, where P is the 


; Sag CO 
power radiated into the sky. The quantity Sr AN 


is the change of x (0) per radian change in 0. In 
order to get more convenient units we put 
T 
w= 3 134) 
dz(6). { « (8) | ( 
Oar say 110 
, : ax (8) 

where 6@ is expressed in degrees, and ca po denotes the 
change in x (8) per degree change in (@). The angle 
a (6) (x8) 


radians is also changed to its equivalent, T10 


To 
Fig. 23—VAaRIATION oF RANGE witTH INITIAL ANGLE 
TABLE VIII 
Line Quantity 1 2 3 4 5 6 (¢ 
I 9 0° 5° 10° 15° 20° 23° 25° 
Il - B 14.25° 15.04° reas te 20.7° 24.5° 26.9° PAs 
Til a 30.2° SPI le 37 .4° 46.4° 58.1° 68° (Ske 
IV sin 8 0.246 0.2595 0.2974 0.3535 0.4147 0.4524 0.478 
V sin @ 0.503 0.531 0.608 0.724 0.849 0.927 0.979 
VI x (8) 3478 2552 1956 1620 1390 1308 1328 
Vil K (sin a) 1.687 1.704 We PASTE 1.875 ae We WW 3 2.419 2.995 
TABLE 1X 
Line Quantity i 2 3 4 5 6 7 
I 0 O° om Lo* 15° 20° 23° 25" 
II tan 6 0 0.0875 0.1763 0.2679 0.3640 0.4245 0.4663 
III tan B 0.254 0.2685 0.3115 0.3779 0.4557 0.5073 0.5441 
IV cos @ 0.8643 0.8471 0.7944 0.6896 0.5284 0.3746 0.2045 
Vv E (sin @) 1.688 1.453 1.414 1.338 1.229 1.36. 1.052 
TABLE X 
Line Quantity 1 2 3 4 5 6 7 
I te) 0° Be 10° 16° 20° Zoe 25" 
tan 6 : 
II oy) 0 0.326 0.566 0.709 0.799 0.837 0.857 
Tit a — 1) —l —0.674 —0.434 —.291 —0.201 —0.163 -—0.143 
IV sina xI (8) 0.1731 0.3445 613 0.688 0.775 0.839 
Bo-—b : 
Vv 45 X<OLVi 0 0.308 0.612 0.912 L223 1.379 1.49 
Hee es B 0.0721 0.0971 1428 0.208 0.2575 0.296 
ae Lehre en 0.717 0.63 0.475 0.2795 0.1402 0.0417 
V 0.0517 0.0612 0.0679 0.0581 0.0361 0.01236 
ee E (sin Cie + VIII 23, 23.1 19.7 21.12 31.45 85.2 
Sin’ g 0.0674 0.0884 0.1136 0.172 2 
: : ; 7 ; 0.205 0.2285 
xI K (sin a) + 1X 2573: 19.87 16.5 12.29 11.79 13.2 
XII IX — XI 2.8 3.23 3.2 8.83 19.66 LORal 
eons 220 X III —220 —148,.2 —95.5 —64. —44.2 —35.9 —31.5 
XT SV) 0 0.86 1.98 2.92 10.8 QoL 107.5 
= dx (6:: ; r 
d 6° —220 —147.5 —93.5 -61.1 —33.4 - 8.8 +76 


ce TN ES ee 
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dx (6) . A curve is given in Fig. 24 showing the relation 
degrees. The value of ——— is given by 


dé dx (6) 
between a (gy and (0). 
d x (@) tan 6 
Fee S are al ) In the actual intensity calculation we are not con- 
(B — b) sin @ tan (6) FE (sin a) K (sin a) cerned with the sign of ae but only with its 
45 tan B tan? B cos? a sin? B 


magnitude. This can be seen from the way that the 
kilometers per degree (135) expression is derived. We now have 


which is obtained from the formula (116) by multiplying 


TT 
by 180 and putting in the value 6300 for ro, the earth’s 


radius. 


In Table VIII are given the values of quantities : 
already determined in the path calculations, viz., See peraiin eas 
B, a, sin B, sin a, x (0), and K (sina). +H 

In Table IX are given the values of tan 6, tan 8, 
cos a, and F (sin a), as read from appropriate tables. 


ncn Maran 
8 
(oleae 
ans 
este ee 
} = 
ae os 
OeTRRE TT 
e 


Sianac Sree 
T 
it 
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Distance X (a.m Kinorserens ———— > 


In Table X are given the calculations to determine F ‘ A 
1G. 25—CALCULATED INTENSITY OF SIGNAL 
dx (6) 
d(@) ° pra 
180 ° P cos 0 
WwW = Sars 
ae (0) ve | adds) all (136) 
0 | 110 
pois E HH eeze & cos 6 (137) 
Dos coke Ae ean a 
d 6° 


110 


on putting P = 1000 watts and ro) = 6300 km. 
fe caene The electric field strength is given by 
neo COE EEE E=194X10?/w/sin 6 (138) 
mer anen aa sane in which EF is in microvolts per meter and w is in watts 
per square kilometer. 
In Table XI are given the calculations to determine 
E and w from the above formulas. 
The values of E’ for various values of x (@) are given 
in the form of a curve in Fig. 25. 


BEE 


16 20 24 
ANGLE IN DEGREES —— 


5 zt} 
° 4 8 lz 2a 


Fie. 24—RatTe of CHANGE OF RANGE wITH RESPECT TO 
INITIAL ANGLE 


TABLE XI* 
Line Quantity 1 2 53 4 5 6 i 
3 I 6 0° 5° 10° 15° 20° ee 25° 
II San 31.6° ano 17.48% Tee 12862 11.9° 12.07° 
110 
III ak ad 0.524 0.3939 0.3957 0.2538 0.2181 0.2062 0.2091 
110 
d x (6) 
115.1 58. 28.6 15.5 7.3 1.81 15.9 
Iv a-6° a} deg. 
Vv cos 6 1 0.9962 .9848 0.9659 0.9397 0.9205 0.9063 
VI Vay 0.00868 0.01717 .0344 0.0623 0.1288 0.509 0.057 
VII 108 XVI +2228 =10° w 3.79 7.69 15.4 27.9 57.7 228. 25.6 
: VIII 10° Vv w + VVII 1.946 pT 3.92 5.28 7.6 15.1 5.06 
. ips¢ joa oo 182.4 182.4 PP Ale) 252.3 469.5- 151.4 
Vv sin 6 ; 
vperm ; 
x : on 3478 25625 1. 1956 1620 1390 1308 1328 _ 


*See foot note to Table II. — 
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The calculations were also made for a wave length of 
25 meters under winter night conditions, and the results 
are given in Figs. 25, 26 and 27. Fig. 26 gives the 
relation between x (0) and 6; Fig. 27 gives the value of 


d x (0) ae : 
me oe for different values of 6, while in Fig. 25 are 
Hie ietsstetele | 
> BH 
* otter 
gm 
Se teaeeaaLs 
Yet T 
t |e SIE ele 
8 ja cal a Jas PS al — WAVE LENVETH 25 METRES o 
y ial No = HAXIMUH ELECTRON DENSITY = $.08x/0° PER CC | 
© sede 5 LEAT OAs OROM LOWER EOBETO MAX= #30Krn| | 
z ai +4 WINTER NIGHT CONDITIONS (BI 
u ei al os 
Qu Tajritss a 7 = = se aE 
B mC EEE EEE SEE EEE EERE EEE CECE 
3 BEER REECE EEE EEE EEE EEE EEE 
¥ w a J cal ob 6 7 6 8 70 ZA 
INITIAL ANGLE O IN OBEBREES = 
Fic. 26—Rance or Rays with DirrerEent INITIAL ANGLES 


plotted the signal strength values against the distance 
¢ (0). 

To show the effect of multiple reflections, we have 
calculated the signal strength of rays coming down a 


{ 
Pathe 

Wave LencTH 25 METRES ‘i rT gil 

a No= Maxstirt ELECTRON DENSIT ¥=3.08 X/0*7eR6.C\—} eco +4 


3 =Akiaur ofLowsr Eoee = 500 Km } 
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Fig. 27—CHANGE or RANGE PER DeGreb CHANGE OF INITIAL 


ANGLE 


second time after being reflected once at the earth’s 
surface. If the direct ray comes down at x (@), the 
reflected ray comes down at 2 (0), and the value of 
d x (0) 


aes will also be doubled. 


The ratio of the two values of w is 
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d{2m(8)} gn { 20 (8) 
Wi dé pw tl0 (139) 
aioe de® 2) 
d0 110 


in which w, refers to the direct ray and w, to the 
reflected ray. This simplifies to 


ze (140) 
WW. = ‘ 
4 cos x (8) 
110 
so that the value of FE will be 
E ee 
2 = ——— (141) 
24] cos x (8) 
110 


The calculations for the intensity of the received 
signal after reflection are given in Table XII. When 
there are several rays coming down at a point, the most 
probable signal strength would be given by the square 
root of the sum of the squares of the separate values, 
since the energies may be assumed to be additive. 
Actually there may be fluctuation all the way from the 
sum to the difference-of the intensities of the rays, so 
it seems best to leave the curves in the form of .the 
separate signal strengths due to the different rays. 
We can also see in this way where severe fading is 
likely to occur. The signal strengths for the direct 
and once reflected rays are plotted in Fig. 25. 


X. SUMMARY AND CONCLUSIONS 


We have seen that the striking phenomena of short 
wave radio transmission (7. e., below 60 meters) can 
be quantitatively accounted for on a simple electron 
refraction theory in which the effects of the earth’s 
magnetic field and collisions of electrons with molecules 
may be neglected as a first approximation. The distri- 
bution and number of electrons per unit volume in 
the upper atmosphere required on this theory to account 
for the meager experimental data appear to be in general 
accord with the values required in the explanation of 
the diurnal variations of the earth’s magnetic field, 
aurorae and long wave radio transmission”*. 


: TABLE XII* 
Line Quantity 1 2 3 4 5 6 if 8 
i td (0) 3478 2552 1956 1620 1390 1308 1328 1400 
Il E (x) 7) 182.4 182.4 22152 252.3 469.5 151.4 80 
x 

Til Tio Sil 232 17.8 14.7 12.6 11.9 12.07 12°72 
IV = 

COs Ti9 0.8517 0.9191 0.9521 0.9673 0.9759 0.9785 0.9779 0.9754 
Vv v IV 0.923 0.957 0.976 f 0.984 0.988 0.989 0.989 0.9875 
VI E (22) oo 95.2 93.5 113 128. "237 76.5 - Al 
VII 2 x (0) 6956 5104 3912 3240 2780 2616 2800 | 


*See foot note to Table II. 


2656 


28. H.J. Round, T. L. Hekersley, K. Tremellenand F.C. Lunnon. Journal. Inst. Elec. Engg, Vol. 63, No. 346, p. 933,Oct. 1925. 


Feb. 1926 


Thus the large increase in the skip distance on a given 
wave length at night compared with that by day is a 
natural consequence of the greater ionization produced 
on the sunlit hemisphere by the streamers issuing from 
the sun. The ideal field intensity calculations given 
in Fig. 25 show that we may make an ample allowance 
for scattering and absorption and still account for the 
strong signals observed at great distances. The high 
field intensities indicated in the ideal curves of Fig. 25 
at the skip distance and where the tangent ray strikes 
the earth are due to the focussing effect discussed in 
Appendix IV. The intensities at the two foci will, of 
course, be limited by the finite size of the source as well 
as by absorption and scattering. 

Let us now discuss the problem of maintaining night 
and day communication between two points 5000 kilo- 
meters apart from the point of view of the present 
theory. For full winter night conditions (7. e., night 
at both transmitter and receiver) Fig. 16 indicates that 
the selection of a 30-meter wave length would put the 
receiver right at the skip distance. Such a wave 
length selection would result in the arrival of two 
intense sky waves and consequently severe fading. 
Inspection of the field intensity calculations of Fig. 
25 shows that the field intensit produced by the 
ray leaving the transmitter at the higher initial angle 
dies out very rapidly compared with that produced by 
the ray having the lower initial angle. Therefore, if we 
pick a somewhat longer wave length than 30 meters we 
will receive a reasonably strong signal from one ray 
only and consequently be less likely to find severe and 
rapid fading effects. We therefore would probably 
choose a wave length in the vicinity of 32 meters for 
winter night operavion. 

An alternative would be to select a wave length 
in the vicinity of 55 meters, with the idea of taking 
advantage of the focussing which occurs just inside 
of the distance at which the ray leaving the transmitter 
tangent to the ground comes back to earth. For full 
day conditions this wave length would be weak since 
5000 kilometers is too far from the dayskip distance. If 
we applied the above reasoning in selecting the best 
value for full day operation from Fig. 16 we would 
probably be led to select a wave length in the vicinity of 
11 meters. This, however, would bring us down very 
close to the lower wave length. limit which would 
mean a very weak signal. The reason for the weak 
signal near the low wave length limit will be readily 
appreciated when we remember that under these 
conditions we are working close to the value at which 
a ray leaving the transmitter tangent to the earth’s 
surface strikes the lower boundary of the ionized 
medium at the second critical angle. Under these 
conditions there is only a small fraction of the emitted 
radiation which returns to earth. 

It would be better, therefore, to select a wave length 
in the vicinity of 15 meters and operate on the ray which 
is reflected from 2500 kilometers to 5000 kilometers. 
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Under these conditions we would, of course, face the 
possibility of considerable fading due to interference 
between the weak direct ray and the reflected ray. 
Another method would be to use a still longer wave 
length, for example around 25 meters, and depend upon 
the reflection of the energy falling at 2500 km. which is 
already beginning to pile up towards the focus at 3500 
km. 

In this connection it is interesting to note that the 
reflected 25-meter signal should be much stronger at 
6400 km. than at 5000 km. since the focus is in the 
vicinity of 3200 km. In other words, it is apparently 
easier to get a good day signal at 6400 km. than at 5000 
km. This point of view indicates that in short wave 
transmission problems, there will be certain favored 
distances. Another point of interest is that a 28-meter 
wave length should give good day and night communi- 
cation between two points about 6400 km. apart due to 
the direct ray by night and the reflection from the 
tangent ray focus by day. 

The numerical values deduced for this example are, of 
course, very uncertain since the ionization constants for 
the upper atmosphere which are required before a set 
of radio transmission characteristics like Fig. 16 can 
be calculated were figured backward from the very 
meager radio data. In other words, it is probably fair 
to say at the present time that short wave radio trans- 
mission experiments are the most direct method we 
have of estimating the ionization conditions in the upper 
atmosphere. We should not lose sight of the fact that 
the skip distances ete., which depend upon the ioniza- 
tion conditions in the upper atmosphere are probably 
not constant but will vary from year to year following 
the 11-year sun spot period, the last minimum of which 
occurred in*™1922. 

When both the transmitter and receiver are not in 
the sunlit or darkened hemisphere the ray paths will no 
longer be symmetrical about the middle point, and due 
allowance will have to be made for the variation of 
ionization conditions between the two stations. Sunset 
and sunrise effects will also require special treatment. 
It is also probable that transmission to or from the polar 
regions will require special study of this kind, due 
to the high concentration of ionization over the polar 
regions as compared with that over the middle belt of 
the earth. We can conclude in a general way that 
transmission from the sunlit into the darkened hemi- 


- sphere will result in longer skip distances than would 


result if daylight extended over the whole path. For 
example, a ray entering the ionized medium from the 
sunlit side will at first meet the normal day refraction, 
which starts bending the ray back towards the earth 
and, as it moves into the darkened hemisphere, the 
bending by refraction will become less and less until 
normal night conditions exist. Thus the ray will strike 
the ground at a greater distance from the transmitter 
than it would have, if full day conditions extended over 
the entire path. Here the general conditions for 
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reciprocity” are satisfied, so that if a ray were started 
back along the same path it would retrace the entire 
path back to the starting point. 

Inspection of the day curve of Fig. 16 shows that 
it will be impossible to maintain communication be- 
tween two distant stations on less than a 10-meter wave 
length. This limitation is due to the fact that the 
tangent ray will strike the lower boundary of the 
ionized medium at an angle greater than the second 
critical angle and will therefore not return to the earth, 
but be refracted out into empty space. 


The precise value of this minimum wave length is, 
of course, not 10.6 meters, as indicated in Fig. 16, 
because of the meager data upon which the figure is 
based. There is a similar limit for full winter night 
conditions given as 22.5 meters in Fig. 16. Near sunset 
or sunrise, however, we can use a wave length less than 
’ the above full winter night limiting value, when trans- 
mitting from the dark into the light hemisphere, since 
the refraction is increasing in the direction of travel of 
the ray and may be sufficient to bend the ray back to 
earth. 


It is now interesting to see what type of antenna 
directive curve will be most effective for long distance 
communication from the point of view of the present 
theory. We have seen that all of the energy which 
strikes the lower boundary of the ionized medium 
above the second critical angle is refracted out into 
space and is lost. The initial angle at the transmitter 
which corresponds to this condition is obtained from 
equations (80) and (97) as 


O: reos i Glob rp a7 ee tr Ng feste. 2} 
which may be written for convenience as 
6 = cos {(1 + 6/6300) V1—9 X 10° N, 2} 


The summer day and winter night conditions on 
long wave lengths yield the largest useful values of the 
initial angle. For our assumed ionization condition 
we obtain 0 = 67.8 deg. for 40 meters on a summer day 
and 6 = 64.5 deg. for 55 meters on a winter night. 
For shorter wave lengths the critical values for the 
initial angles will be much less as will be seen from Figs. 
23 and 26. Here @ = 25.9 deg. for 21 meters on a 
summer day and @ = 11.2 deg. for 25 meters on a 
winter night. Thus we may conclude that on these 
short wave lengths all of the useful radiation is emitted 
between the horizontal and approximately 70 deg., and 
the greatest distances are reached by the low-angle 
radiation. We therefore conclude that for long-distance 
work, on short waves, maximum efficiency is obtained 
by low-angle radiation. This also means that nearby 
obstructions which cut off the low angle radiation will 
be detrimental to long distance working. It is therefore 

29. Cases where two-way communication on the same wave 
length will not hold, due to the effect of the earth’s magnetic 
field, or because of an electron drift velocity, have been discussed 


respectively by E. V. Appleton, Nature, p. 382, March 7, 1925, 
T. L. Eckersley, Nature, p. 466, Sept. 26, 1925. 
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desirable to place the transmitter on a hill or mountain, 
so as to obtain an unobstructed path to the horizon 
in the desired direction. Raising the antenna system 
well above the ground will also assist by reducing ground 
losses and lowering the horizon. 

For long-distance work the plane containing the elec- 
tric vector at the transmitter may make any angle 
whatever with respect to the ground without appreci- 
ably affecting the ray paths or energy flux density 
in the wave front. 

In any case the earth’s magnetic field will produce 
enough rotation of the plane of polarization to make the 
angle of polarization of the received ray at the surface 
of the ground purely a question of chance. The best 
type and orientation of receiving system (loop or 
antenna) will depend upon the direction and polariza- 
tion of the arriving wave as well as upon the con- 
ductivity of the ground and height of the receiving 
system above the earth. Some interesting work on 
determining the direction of arrival of signal waves has 
recently been done by Appleton and Barnett*®. 

The best polarization of the transmitter can therefore 
be considered from the point of view of ground losses, 
mechanical construction and such questions as nearby 
interference, due to the ground wave, etc. 

It should be pointed out in closing that electron 
collisions and the effect of the earth’s magnetic field will 
modify the shape of the skip distance curves in the 
vicinity of the upper asymptotic wave length. Here 
absorption and double refraction (7.-e., splitting of a ray 
into two components having different velocities of 
propagation) will require consideration in a complete 
theory of short wave transmission. 

The above theory is based on continuous wave theory 
and will not apply directly to very highly damped waves. 
In highly damped spark transmission we are dealing with 
a wide band of frequencies and therefore skip distance 
effects, etc., will be considerably blurred. Here 
methods similar to those used by Eckersley?! in his 
very interesting explanation of the familiar “trolley 
car noise’ often heard by radio men, would have to be 
applied. 

The relatively small effect of molecular refraction, 
due to density and temperature gradients in the lower 
atmosphere, discussed by Fleming” and Larmor," 
has been neglected. 

It should also be kept in mind that only an approxi- 
mate allowance has been made for the effect of the 
curvature of the ionized medium on the ray paths. 
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Appendix I 
EFFECT OF ELECTRON COLLISIONS WITH MOLECULES 
ON THE REFRACTIVE INDEX OF AN IONIZED MEDIUM 
Let N = number of electrons per ec. c. 
vy = collision frequency between an electron 
and molecule (per sec.) 
v = average instantaneous velocity in the direc- 
tion of the electric field. 
The equation of motion is 


dv . 
dt ™m (1) 


e = electron charge 
FE = instantaneous value of electric field intensity in 
the wave 
m = electron mass 
If we multiply (1) by N e, we obtain the rate of change 
of current density in the absence of collisions 
Ny dv di N@kE 
ee et. tm (2) 
The total number of collisions which occur per c¢. ¢. 
in the time interval d t will be 
Nvdt (3) 
and in the absence of an accelerating field these col- 
lisions would cause the current density to decrease in 
the interval d t by the amount 


di=—Nvdtev (4) 


or 
di 
dt 


The net rate of change of current considering the 
effect of collisions will then be the sum of (2) and (5), 
that is 

di Nei 


ats a —Nvev (6) 


But the total charge movement or current density is 
always 

4+=Nev (7) 
Substituting (7) in the second term on the right hand 
side of (6) we obtain 


— = —— -1)p (8) 


m di mv 
“Ne dt Neé (9) 
If we put 
La=mjN 2... Ce Ges: (E.S U.) (10) 
Re=mv/Ne : @..G184(E..8.0s (11) 


in (9) we have 
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=—Nvev ey 


Bae age cata (12) 


which is the familiar equation for a voltage impressed 
on an inductance and resistance in series.** Thus equa- 
tions (10) and (11) give the effective inductance and 
resistance of a unit cube of space due to the presence of 
the electrons and molecules. 

Let us now imagine an infinitely long square section 
of one sq. cm. area cut out of space through which a 
plane electromagnetic wave is being propagated. 


The length is taken in the direction of propagation and 
the sides of the square are taken parallel to the electric 
intensity H, and magnetic intensity H, respectively. 
The resulting slab or beam is pictured in Fig. 1. Here 
the electric intensity produces a potential difference 
between the top and bottom surfaces of the beam and 
we are therefore concerned with the capacity between 
these two faces per unit length of the beam. This will 


be = c.g. s. (e.S.u.) assuming unit dielectric con- 
stant. 

If an imaginary current 7, per cm. of width, flowed 
from right to left on the top of the slab and an equal 
and opposite current flowed along the bottom of the 
slab, we would obtain a magnetic field H in the direction 
shown which would be equal to 4 72, if 7 is inc. g.Ss. 
(e.m.u.). The flux from a cm.-length of slab would be 
4 7 i lines and therefore the inductance per unit length 
of slab will be 4 7 in c. g. s. (e. m.u.) since the induc- 
tance is defined as the flux linkage per unit current. 
The inductance per unit length in c. g.s. (e. s. u.) will 


then be where c is the velocity of light in cm. 


ey 
per second. 

We have already seen that the effect of the electron 
current is to shunt each cu. em. of space by a resistance 
and inductance in series of the values given in equations 
(11) and (10). Hence we may represent the equivalent 
circuit of our wave beam in an ionized medium as a 
transmission line of the form shown in Fig. 2. The 


33. The above simple deduction proposed by E. W. Kellogg 
replaces a rather intricate proof by the authors. 
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constants per unit length in ¢.g.s. (e.s.u.) are as 


follows: 
Series Inductance Ly) = 4 7/c? (13) 
Shunt Capacity C, =1/47 (14) 
Shunt Ind if eee 15 
unt Inductance L. = 37 (15) 
. mv 
Shunt Resistance R, = —> (16) 
CN. 
The propagation constant of such a line is* 
: | Series Impedance 
Pai p= eee Uy 
SERS \ Shunt Impedance ae 
= / Series Impedance < Shunt Admittance (18) 
For our line we have 
peppy) 0 Zs( : tj w Co) 
Weg Oils 
(19) 


We shall substitute the following expressions for 
convenience 


a = Cond 
g Ree he ovo onductance (21) 
LD, @ 
( Sees = Susceptance (22) 
b=. Cg. = Susceptance (23) 
Then 
Be te la) (Oj Ouct Nau.) a 2d) 
Squaring (24) we have 
e+ 2708p 8 =j2rg4 2b =a b, (25) 
Equating the real and imaginary parts we have 
Oe BiB) 
(26) 


j2aB=jug ] 

Equating the absolute value of these vectors we have 

V(e = BP + Bap? = Var b— b+ ag (27) 
from which 


34. See for example J. A. Fleming, The Propagation of Electric 
Currents in Tel. and Tel. Conductors, D. Van Nostrand (Cor, sor 
K.S. Johnson, Transmission Circuits for Telephonic Communica. 
tion, D. Van Nostrand Co. 
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OP Ae BPs a MERA) KG nO alntareags (28) 
Adding (26) and (28) we obtain 
a= 4/5 x/ (6 — 6.)? + 9? + (b— be.) 
(29) 
- 5 { vG=HFe-@-» | 
(30) 


Subtracting we have 


|_2 liom erae, y2 2 te 
p= | VOB FE 6-1) | 
(31) 


VG FF + O.-d } 


VFI 
(32) 


a is called the attenuation constant per unit distance and 
is the reciprocal of the distance in which the amplitude 
of the wave will decrease to 1/e of its value. is called 
the wave length constant and is the phase change, 
measured in radians, in the wave per unit distance of 
travel. In other words, a wave length on the trans- 


mission line is 27 units long. If the frequency of the 


wave is f, the phase velocity or apparent velocity of 
propagation c’ will be 


wf 
B 


= w/B (33) 


Hence the refractive index of optical theory for the 
ionized medium through which the light beam was 
drawn is 


(34) 


From equations (20), (21), (22), (23), and (13), (14), 
(15), (16) we have 


2 8 = Lie CO Cm ie (35) 
at gOaaN v 
OS nt oe oe 
hs IN as 
GTS AR SS ay) 
Add [63) 
Dime ape (38) 


i. a ee 
: oe: 
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Substituting these values in (30) and (32) we 
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w 7 5 
obtain aw = =a [ete 47 e¢N | + iff 47 eN vp |- 47eN 
cV/2 V/ m (2 + ow) m w (vy? + a?) [t= mM (vp? am (v2 - ww?) Gey 
a (39) 
® | 4 2N 2 4 2N 
ae ss [ ae ete | [ Te v pe et ae? N 
cV/2 N Vv m (v2 + w?) Mm w (vp? + w?) : “m (2 + w?) (40) 
From equation (34) we obtain for the refractive 
: 1 ie A N 2 
sade Ail cmt Te ] &: oS i py? 4re’N 
ih V2 V[1- m (v2 + w) Fa «*) : a? [eee ay) 
If we assume that v is small compared with w, we may of 1 7G »y C2 
neglect the second term under the inner radical sign a= ( 1+43 G) = 3—+ (52) 
2¢ 2 Ric 4¢ 


of equation (40) and obtain the approximation 


ea, nn tre NS. 
p Cc \ 1 m (v2 + w?) (42) 
and by equation (34) 
j 47reéN 
SNA goer) os 


For the same conditions an approximation for a may 
be obtained as follows, 
Let 

G=47eN/m (+ ow?) (44) 
Then 


oa 


‘(1 Zafes (45) 


—— 


| 
<le 
bo] 
eee 
< 
i 
G 
ary 


Ce) | — (1—G) (46) 


@ 
eV 2 ae) ea, 
(47) 
| vG 2 | 
@ 1 @ 
ere = —(1—G) (48 
rae a {143 er fas) 
G 
i STR Ns ace G ah 
Using equation (43) we may write it 
27reNv 


= ee 50 
~ cum (vy? + w?) (50) 
The value given by Nichols and Schelleng,” page 229, 
for the absorption coefficient yields the following value 
of a, in our notation, 


27eNvyu 
em (v2 + w?) 


When up is nearly equal ‘to unity both expressions will 
give substantially the same result. 

A further approximation may be obtained from equa- 
tion (49) by expanding the denominator in a binomial 
series and taking the first term only. — This gives 


(51) 


a= 


If now G is small compared with unity we can neglect 
its square and write the simpler formula 


yG 27eNv 
Ona ea 


Cae em (v? + w?) (33) 


Appendix II 
GENERAL EQUATION FOR THE PATH OF A RAY IN A 
MEDIUM OF VARYING REFRACTIVE INDEX IN 
POLAR COORDINATES 
Transforming equation (27) into the polar coordi- 
nates r and 6 we write, 
4-4 Gta 
Woe 


in which the sign has been reversed because of the 
difference in the respective conventions concerning 
the sign of the curvature when using rectangular and 
polar coordinates. For rectangular coordinates a 
positive curvature is such that the convexity is towards 
the X-axis while in polar coordinates a positive curva- 
ture has its concavity towards the origin. The general 
expression for the radius of curvature in polar coordi- 
nates is given in text books of the calculus*®, as 


ari \? OF 
snes cof (aay) sie 6 
me $< dr 2\ 3/5 
Beall fr) 
Equating expressions (1) and (2) we have 
dr N2 GES 
fe od Cr oA enter a a ee ee a 
adr \ ie fin wake 
n+ ( ) 


Multiplying both sides by _ i d 6 we obtain 


ike 


35. See for example Granville: Differential and Integral 


Calculus, Ginn and Co., p. 162. 
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For purposes of integration we split up the left-hand 
side as follows: 
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Sy or a7 | 
x [274 28 iG cameo ees 

7 - 

Priers 

aoe iat RS ae dr = | 

Lalas G, | eteegerdin 

. TES AE Me 
n4(S2) 


(5) 
On dividing the numerator and denominator of the 
last term on the left-hand side by r? we have 


dr 
x[ 273 ao eda rir Jao 
aL G VY 
rt ot") 
2 dr \3 2 en abr 
73 (ia) ¢8 Ie STS OR a 
1 ON? Me 
Hee (sy) (6) 
We may now integrate and obtain 
‘sell baal MORE 1ydry 
ge +(75) -log|1+—, (ary ]=C-t08 
(7) 


which reduces to 
2 


il 1 dr 
aes | = C— log u (8) 


or 


log 


mee (9) 
ue dé 

The denominator on the left-hand side of this ex- 
pression is the square of the cosecant of the angle 
which the ray path makes with theradius vector. At 
the lower boundary of the ionized medium, 7. e., 
r = 11, we have uw = 1 and the angle between the ray 


Li 


yo = C— log wu 


; ‘ T 
and the radius vector is ( oc B ) : 
Hence 
C= log (72 cos? 8) (10) 
= log (r; cos B) (11) 
Substituting this value in (9) we obtain 
me — 14° COS? 8 
= 12) 
d r 2 ip ( 
i eae) 
Inverting and transposing we have 
2 
eet Te COS 6} 
(35 dé = 72 cos? B oe) 
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so that the equation for the path in polar coordinates 
becomes 


r,cosBdr 
= 14 
dg fv/ Ty? — 7 COS’ B Ol 
and 
r2 d 
Tr, COSBar (15) 


Suen] Wath” =i COsas 


Appendix III 
DIFFERENTIATION OF THE RANGE EQUATION WITH 
RESPECT TO 6 FOR THE CASE OF A CURVED EARTH 
The equation for the range of a ray for the case of a 
curved earth is given in equation (113) as 


Seep 


4 w (B-— b) 3 
x (0) = 27 (B— 8) Teg eas SEE cos 6 K (sin @) (1) 
in which 
cos B = ee = A cos 0 (2) 
(1+——) 
To 
; w Saha ee 4 
sina = ee sin = Csing (3) 
Differentiating (2) we have 
—sngpdgB=—AsnOdé 
so that 
a.p* > 4 sind 
ig Pm TP ale (4) 
Differentiating (3) we obtain 
Ces cos 6 
pee cos a (5) 
Multiplying (4) by (5) we have 
eA Niet Ae sin 0 (6) 
COU" ~ 20. Coen oie cos a tan B 


The differentiation of K (sin a) is given by Whittaker 
and Watson, Modern Analysis, 3rd edition p. 521 in the 
form 


RCA See | E (k) 

FP 4 | ES £0) | @) 
in which k =sina 
from which 
dK (sna) _ cosa E (sin a) : 

da Sine fo ania 

E (sin ’ 
= cota see — K (sin a) (8) 


In the above the new expression E (sin a) denotes the 
complete elliptic integral of the second kind and its 
values will be found in Tables**. 

For convenience we shall simplify equation (1) by 
writing 


36. For example, Jahnke and Emde, Funktionentafeln, p. 68, 
B. O. Pierce, Short Table of Integrals, p. 118. 


an 
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Ae D=27, (9) as the final expression for the rate of change of the 

Sea range with respect to the initial angle 0. 

(69) — 
Le oa SEG (10) Appendix IV 

On bppiene Aippeuhentobtain FOCUSING EFFECTS AT THE SKIP DISTANCE AND INSIDE 

F x G @i Gin or OF THE TANGENT RAY 

sin a a ; 
el) c. 1 ) + FcosBp Aes 18 It will be observed from Fig. 25 that there is a focus- 
ing of the rays in the vicinity of the skip distance, and 
, . dB also where the ray which starts out tangent to the 
—F —— 

sin 6 K (sin @) dé (11) ground returns to the earth’s surface. The reason for 


On substituting the values found in (4), (8) and (6) 
we have 


dx (6 A sin 6 

Te) = D( Aes - 1) + Feoss cot « x 

| E (sin a) | 

J Te. . sin 6 

| cos? @ Eo(sin' 2) | A” cos a tan B | 

— Fsing K (sina) A S24 
(12) 

We may simplify to 
aa (0) A sin 6 cos? 6 sin 0 

ee (na 1) + PAC an 


E (sin a) 


; 
oe —FAsin 6K (sma) (13) 


— K (sin a) 


Substituting the value of C given by equation (3) we 
readily obtain 


Cathy A sin 6 : 
a6 = (=sag 1) +PAsné 
] 
[ cots 2 (sn ©) _ K Gin @) — K (sin a) | 
. (14) 
A sin 6 . 
=D(=gag- 1) +FAsing 
IE 510) eer (sin @) 
tan? B cos? @ sin? 8 
(15) 


Putting back the values of A, D, and F we obtain 


ae (0)... tan@ .\, 4(B—-b) _#& 
d =2 rif Cae ry is Nees 
E(sina) _ K (sin a) 
tan? B cos’? a sin? B 
(16) 


w 
Putting in the value of See from (3) we have 


tan 0 = 
ue 1) 
= tan 0 E(sina) _ K (sina) 
(B—b)sin & feng tan B tan? 8 cos’ a sin? B 
(17) 


the focusing effect at the skip distance may be readily 
seen from the following consideration. As we increase 
the angle @ from zero to larger values, the range of the 
rays decreases rapidly at first and then more slowly 
until the minimum range (7. e., skip distance) is reached 
for a certain value of 6. For higher values of 6, the 
range increases rapidly until the second critical angle is 
reached. Near the skip distance the rate of change of 
the range with respect to @ is very small and conse- 
quently the energy emitted between the angles @ and 
(@ + d@) must come down in a small zone, which 


means a high energy flux density. This effect is shown 
in Fig. 26 between the angles 6 = 7° and @ = 9°. 

The focusing effect where the tangent ray returns to 
earth will be made apparent from the following geo- 
metrical explanation. The tops of the ray paths are 
curved while below the ionized medium the paths are 
straight. If we produce the straight portions of any 
path they will meet above the summit of the path, and 
the result is as if sharp reflection had occurred at this 
point instead of a gradual bending at lower heights. 
Referring to Fig. 14, let O A B D be the actual path of 
a ray starting out tangent to the earth. Produce O A 
and DB to meet in H. Then H is the point at which 
sharp reflection may be imagined to occur. The 
ajdacent ray, O E F G, has the very small initial angle 
d @ with its sharp reflection point at K. 

The arc length, A B, may be shown to be equal to the 
arc length, E F, as follows. The difference between 
AB and EF measured along the circle HAF B is 
equal to r,d 6/r) times the second term on the right 
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hand side of equation (116), and as the appropriate 
value of @ is zero, the difference vanishes. 
Hence 


arceA b= are Hk (1) 
and 
ZACB=ZEGE (2) 
We also have 
af 
LOCH=ZO0CA+Z4ACB (3) 
and 1 
ZAG CGO Cee at ON (4) 


Taking the difference we have 
LIEOH =2. 0 CA=20' CE (5) 
But the angle O C A is equal to the entrance angle, 8, as 
may be readily seen by reference to Fig. 9 or 10. 
We may, therefore, write (5) as 


ZLKCH=p-—ZOCE (6) 
The angle O C E is equal to 
(e’ — d 8) (7) 


where 8’ is the entrance angle for the ray OE FG 
and is, therefore, given by 

/ ap d 0 8 
where £ is the value for 6 =0. From equation (4) of 
Appendix III we find that for 6 = 0,d 6/d 0 = 0,so that 


Bp’ =6 (9) 
Substituting (9) in (7) we have 


ZOCE = ¢@-d 6) (10) 
Putting (10) in (6) we have 
L KOCH =a 0 (11) 


By construction the reflecting surface at H is perpen- 
dicular to H C and that at K is perpendicular to K C. 
From equation (11) we see that the mirror at K is 
turned through an angle d @ with respect to H. If the 
mirror at K remained parallel to that at H as shown in 
Fig. 1B, a ray-O K inclined at an angled 6 toO H would 
continue to diverge from H D along K G as illustrated. 
On the other hand, if the mirror is turned through an 
angle d @ the reflected ray will be turned through twice 
the angle d 0, and therefore convert the divergence d 6 
into a convergence d 6. Hence the ray K Gwill inter- 
sect the ray H D and therefore give a focusing effect. 

The problem may be further analyzed as follows: 
Suppose that K G meets H D at D’. Let HO meet 
KCinLand KGin M. Then in the triangles O K L 
and C HL we have the angles at 0 and C equal, also 
the angles at L equal, and consequently 

shee Oly SGN VS Cad gt by (12) 

and 
LO. G="7 0 Hp’ (13) 
In the triangles O K M and D’ H M we have the angles 
at K and H equal and the angles at M equal, whence it 

follows that 

LOD HS oh OF}F (14) 
It is a well-known property of circles that the angle 
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subtended by a given chord at any point on the circle, 
and on the same side of the chord, is constant. The 
converse is obviously true. Hence it follows that the 
five points K, H, D’, C and O lie on one circle. Again, 
since the angles K D C and H O C are right angles, the 
points H,O,C and D lie on one circle. It follows 
that K, H,O,C, Dand D’ lie on one circle. The straight 
line H D meets this circle in H, D and D’ which can 
only be true if D’ is the same point as D. 

Thus D is a focus for rays leaving O at sufficiently 
small initial angles. 

The point D may be regarded as the mirror image of 
O in anearly spherical mirror with center at C and going 
through H. This image is, of course, real; that is, the 
rays would go through the point D if not intercepted 
by the earth. On the other hand, the mirror image O’ 
in Fig. 1B is virtual. In this case the rays would di- 
verge by the angle d 0, appearing to come from the 
point O’. The focussing effect is due, therefore, to the 
curvature of the imaginary reflecting surface H K. 


Discussion 


A. E. Kennelly: The paper is very timely and interesting 
because so much attention has been drawn in recent months, 
not to say years, to the marvelous properties of very short waves. 
The paper makes a definite and very reasonable attempt to 
explain some of those properties. The direct wave dies out at 
a relatively short distance from the sending station and then 
nothing more is heard of it or received from it until it has 
traveled a relatively great distance. That phenomenon repeats 
itself at least once. 

Here we are between certain rival theories of refraction and 
reflection, from effects produced in the upper atmosphere at a 
distance at which we can only guess. It is very remarkable 
that we know so little. We are necessarily ill-informed concerning 
the conditions that exist in the atmosphere at a distance of, let 
us say, fifty kilometers above our heads, while fifty kilometers 
along the ground we can cover in an automobile in an hour or less. 

The wonderful thing is that we are able already to form 
opinions, such as are expressed in the paper, as to what does take 
place in that region above our heads which is so near and yet so 
far. The promise is very brilliant that we shall be able to learn 
from radio observations, in the not far-distant future, the elec- 
trical properties of the atmosphere at distances from ten to 100 
or more kilometers above the earth, and it will be very surprising 
if the information thereby gained does not have a marked in- 
fluence upon weather forecasts at least in the region up to twenty 
or thirty kilometers above the surface. 

Personally, I think it is early yet to form hard and fast 
opinions or to make very definite conclusions as to just what 
these phenomena are. We know that there must be refraction. 
We know that there must be rotary polarization and we also 
know that there must be reflection. Probably all.three of these 
things occur simultaneously. I think we must therefore retain 
an open mind for the present—until more information can be 
secured by observation. 

W. B. Kouwenhoven: The author’s conclusions are similar 
to those of Dr. J. Zenneek who published a paper on this subject 
in “Elektrotechnik und Maschinenbauw’’, Vol. 48, p. 593 and 612, 
1925. Dr. Zenneck concludes from observations that radio 
waves enter the upper atmosphere and that these waves may 
come back to earth at some distant point because of refraction. 

Radio transmission takes place by means of ground waves and 
by means of waves that pass through the upper atmosphere. 
In the case of short waves the ground radiation is rapidly ab- 
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sorbed as pointed out by the authors, while the absorption is 
much less for long-wave transmission. 


The electric field produced by a radio wave in the upper atmos- 
sphere sets the ionized particles in motion. In the case of long 
waves the mean free path of the ionized particle is short com- 
pared to the wave length, and collisions occur. The energy is 
therefore absorbed and very little if any of the wave is refracted 
back to earth. In the case of short waves the absorption is 
much less in the upper atmosphere, and the wave is refracted 
and reaches the earth again at some point distant from the 
transmitter. 


M. 1. Pupin: Mr. Einstein would probably say that you are 
wrong when you say that the wave can be propagated by a ve- 
locity greater than the velocity of light wave. What would you 
answer if he did object? 


W. G. Baker: [ think it is one of the cases of distinction be- 
tween the velocity of a group of waves and the phase velocity. 

With reference to the question of reflection versus refraction 
raised by Dr. Kennelly, I believe that most of the people who 
talk about reflection from the Kennelly-Heaviside layer use it 
as an approximation; they do not wish to bother with the com- 
plexity introduced by refraction. Actually the transition from 
the neutral to the ionized medium must be gradual, and will 
therefore not be sufficiently abrupt to produce appreciable 
refiection except on the very long wave lengths. Unless the 
ionization changes by a large amount in a distance comparable 
with the wave length of the radio wave no appreciable reflection 
ean occur, but electron refraction may easily bend the wave 
back to earth. 


Rotary polarization and other effects due to the action of the 
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earth’s magnetic field on the electron motion will require con- 
sideration in a complete theory of the propagation of radio waves 
as Dr. Kennelly has pointed out. We have evaded that phase of 
the question as well as we could by dealing only with the case of 
short waves where the earth’s magnetic field cannot have much 
effect. There is a certain resonance frequency of the electrons 
produced by the earth’s magnetic field which corresponds to a 
wave length of about 214 meters. If we are working well above 
that frequency the effect of the earth’s magnetic field on the 
motion of the electrons can be neglected without serious error. 

We wish to thank Dr. Kouwenhoven for calling our attention 
to Dr. Zenneck’s paper, and we are interested to hear that his 
conclusions concerning the propagation of short radio waves are 
similar to ours. 

Recently there has been a good deal of surmising, on the part 
of radio men, as to the height of the ionized medium. Obviously 
we cannot speak of the height of the actual medium since we do 
not know where to say it begins, where the maximum is, or where 
it ends. The effective height of the layer as judged by a sharp 
reflection theory will vary, of course, with the wave length, 
distance between transmitter and receiver, ete. On _ short 
waves we require a relatively large amount of ionization to bend 
the ray back to earth. Therefore the ray will penetrate deep 
into the ionized medium before it returns to earth. Here the 
apparent height of the layer as judged on the reflection theory 
may be very great. On longer waves a smaller ionization density 
is sufficient to bend the same ray back to earth so that the depth 
of penetration will be less and the apparent height of the medium 
will be lower than that estimated from the short-wave experi- 
ments. A further difference is brought in by the effect of the 
earth’s magnetic field. 


Methods of High Quality Recording 


and Reproducing of Music and Speech based on Telephone 
Research 
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Synopsis.—The paper deals with an analysis of the general 
requirements of recording and reproducing sound, with the nature of the 
inherent limitations where mechanical records are used, ana a detailed 
description of a solution involving, first, the use of electrical equipment 
for the purposes of recording and, second, the use of mechanical 
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equipment based on electric transmission methods for reproducing. 

Probably the most useful feature of the paper is the complete 
description of the application of electrical transmission theory to 
mechanical transmission systems. A detailed analysis ts made of 
the analogies between the electrical and the mechanical systems. 


INTRODUCTION 


HE problem with which this paper is concerned, in 
| Pe broadest sense, may be stated as that of taking 

sound from the air, storing it in some permanent 
way and reproducing it again without appreciable 
distortion. It is immaterial from the general stand- 
point whether the means used are mechanical or elec- 
trical or a combinationof the two. Thechoiceof which 
method to use will depend largely upon the commercial 
requirements accompanying the specific purpose for 
which the reproduction is being made. For instance, 
it is quite probable that the means chosen for repro- 
duction in residences would differ materially from those 
used in large ballrooms or in the presentation of 
synchronized motion pictures. 

Before considering the methods and results referred 
to in the title of this paper, it may be well to make a 
rough division of the problem. The storing or record- 
ing of sound requires, first, a mechanical system which 
will respond faithfully to the sound waves which are to 
be recorded. Then there is required some material 
in or on which this sound may be recorded and an 
intervening system which permits the sound waves to 
make the record in this material. In the usual case, 
and in that with which we are particularly concerned 
here, there is a mechanical system which will vibrate in 
response to the sound which is to be recorded and 
directly through some mechanical linkage or less 
directly through an electrical linkage, drive a cutting 
mechanism which will impress a wax record. 

The first consideration, therefore, is the character of 
the sound which is to be recorded including al! of the 
effects of reverberation and the general questions of 
studio design. Next to be considered is the manner in 
which the cutting instrument shall impress this speech 
or musical record upon the constantly rotating wax disk, 
which disk is commonly called the wax master. In 
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this connection, there will be discussed also the relative 
value of the electrical and mechanical linking of the 
cutting knife with the mechanism which receives the 
sound waves. Following the discussion of these prob- 
lems and a brief reference to the state of the prior art, 
there remains to be considered the reproduction of the 
sound which is stored in the cuts or. grooves of the 
wax record. 

In the case of reproduction, also, there is required a 
mechanical system which will respond to these cuts in 
the wax and a system which will set up in the air sound 
waves essentially identical to those picked up by the 
first mechanism of the recording system. Between 
these two systems, a mechanical linkage intervenes in 
the case under discussion, but reference is made to 
the relative advantages of this system compared with 
the use of an electrical linkage. 

First to be described is the character of the sound 
which is to be recorded and reproduced and the effects 
of reverberation and transients upon the listener’s 
sensation of this sound. 


STUDIO CHARACTERISTICS AND TRANSIENTS 


Phonographie reproduction may be termed perfect 
when the components of the reproduced sound reaching 
the ears of the actual listener have the same relative 
intensity and phase relation as the sound reaching the 
ears of an imaginary listener to the original perform- 
ance would have had. Obviously, it is very difficult, 
if not impossible, to fulfill all of these requirements with 
a single channel system, that is, with a system which 
does not have a separate path from each ear of the 
listener to the sound source. 


_The use of two ears, that is, two-channel listening, 
gives the listener a sense of direction for each of the 


various sources of sound to which at a given moment — 


he may be listening, and, therefore, he apprehends 
them in their relative distribution in space.. It has 
been found possible witn a single channel system, how- 
ever, by controlling the acoustic properties of the 
room in which the sound is being recorded, to simulate 
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to a considerable degree in the reproduced music the 
effective space relationships of the original. In this 
case, with a one-channel system, the directional effect 
is, of course, entirely absent, and the spatial relation- 
ship which is apprehended is probably due to the in- 
creased apparent reverberation of the instruments 
situated at the far end of the room as compared with 
those in the near foreground. 


In recording work, therefore, one of the important 
acoustic characteristics of a room is its time of re- 
verberation. Although it is probable that this is 
the most comprehensive single factor, experiment 
has shown that the shape of the room and the 
distribution and character of the damping surfaces 
play a part in the excellence of music in such a 
room. 

It has been shown by Sabine? that for piano music, 
studios should have a time of reverberation measured 
by his method of 1.08 seconds. Experience has in- 
dicated that this figure is also very closely correct for 
other types of music. This figure of Sabine’s assumes 
Dinaural listening. With single-channel systems, such 
as most of the present reproduction systems, whether 
for radio or the phonograph, the ability of the listener 
to separate the reverberation from the direct music 
by means of the sense of direction is completely re- 
moved and there is thrust upon his attention an appar- 
ently excessive amount of room echo. Experiment 
has shown that a time of reverberation for the record- 
ing room ranging from slightly more than 14 to slightly 
less than 34 of Sabine’s figure affords in the reproduced 
music the effect of a room with proper acoustics. 
When this effect is accomplished, the person listening 
to the reproduced music has the consciousness of the 
music being played in a continuation of the same room 
in which he is listening and also has a sense of spatial 
depth. : 

Experiment has indicated further that any transients 
set up by the recording or reproducing system con- 
stitute a second cause of apparent increased reverbera- 
tion. The data obtained thus far are insufficient 
to permit assignment of quantitative values to the im- 
portance of these two factors. 

At the present state of the art, the most important 
requirement of a recording or reproducing system 
is its frequency characteristic. This involves two 
factors—intensity versus frequency, and phase dis- 
tortion versus frequency. The effect of the second of 
these factors is not thoroughly understood but as it 
is closely related to the production of transients it has 
to be considered, as mentioned above. The system to 
be described is relatively free, however, from violent 
phase shifts within most of the range covered, but 


does have some undesirable phase-shift characteristics 


with small accompanying transients near its limiting 


cut-off frequencies. 
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On 


FREQUENCY REQUIREMENTS 


The frequency range which it would be desirable 
to cover, if it were possible, with relatively uniform in- 
tensity for the transmission of speech and all types 
of music including pipe organ is from about 16 cycles per 
second to approximately 10,000. 

It may be interesting to examine the record re- 
quirements for a band of frequencies this great. For 
the purpose of this illustration, a lateral cut record will 
be assumed although in all the factors except the time 
which the record will run, the arguments apply in a 
similar manner to the hill-and-dale cut. Since, for 
mechanical reproduction, the sound at a given pitch is 
radiated by means of a fixed radiation resistance, it is 
necessary that the record must be cut with a device 
the square of whose velocity is proportional to the 
sound power. Under these conditions, it is seen 
that for a given intensity of sound the amplitude 
is inversely proportional to the frequency of the tone, 
and that a point will be reached somewhere at the 
low end of the sound spectrum where this amplitude 
will be great enough to cut from one groove into the 
adjacent groove, or in case of vertical cut, to cut 
so deeply that with present materials the wax will 
tear instead of cut away with a clean surface. This 
means that there is an inherent maximum amplitude 
beyond which it is not commercially feasible to go. 
Similarly the minimum radiusof curvature of sine waves 
of various frequencies cut at constant velocity isinverse- 
ly proportional to the frequency, so that as higher and 
higher frequencies are reached the radius of curvature 
becomes smaller and smaller until finally it becomes 
too small for the reproducing needle to follow. There 
is, therefore, an inherent limit at the upper end. 


In order to extend these limits, it is necessary in the 
case of the low end to make the spiral coarser and in 
the case of the high end to run the record at a higher 
speed. Both of these changes tend to decrease the time 
which a record of a given size can be made to play. 
The only alternative of these methods is to cut the 
record less loud than is the present standard practise 
and make the reproducing equipment more sensitive. 
This could be done easily if it were not for the “record 
noise” or ‘“‘surface noise,” as it is commonly called. 
Since this surface noise is already loud enough in com- 
parison with the reproduced music to be somewhat 
objectionable, no appreciable gain in this direction can 
be made until the technique of record manufacture has 
been distinctly improved. 


In this connection, there is one other interesting 
point. It has been suggested that if electric repro- 
duction were used, it would be possible to cut the 
record with a characteristic other than uniform velocity 
sensitiveness and correct for the error by an electrical 
system whose characteristic is the inverse of the 
characteristic of record. If the change which is made 
in the recording characteristic tends toward cutting 
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at uniform acceleration sensitiveness, the amplitude 
varies inversely as the square of the frequency and 
hence the difficulties at the low end of the scale are 
greatly enhanced. Similarly, if the records are cut 
more nearly at constant amplitude, the radius of 
curvature of the sine waves decreases as the square of 
the frequency, hence the difficulties are placed at the 
upper end. In the process which is being described 
in this paper, these limitations have been met com- 
mercially by having a frequency characteristic of the 
uniform velocity type between the frequencies of 200 
and approximately 4000 cycles per second. Below 
200 it has been necessary to operate at approximately 
constant amplitude with a resulting loss in intensity 
which loss increases as the frequency decreases. Above 
4000 it has been necessary to operate at approximately 
constant acceleration with its consequent slight loss in 
intensity at the very high overtones. With a character- 
istic of this type, a range of frequencies from 60 cycles 
to 6000 can be recorded with reasonable success al- 
though the very low and very high range are slightly 
deficient. (See Fig. 14.) With a record having sucha 
frequency characteristic, the inherent limitations are 
divided between the two ends of the frequency band 
and where electrical reproduction methods are used, 
it is possible to employ a reproduction system whose 
frequency characteristic compensates for that of the 
record. 


It should be pointed out that an attempt to record 
notes lower than the low cut-off of theabovementioned 
apparatus would result in recording only those 
harmonics of the notes which lie above the cut-off. 
This in no way prevents the listener from hearing the 
notes, reproduced by means of the harmonics only, 
as notes with the pitches of the missing fundamentals 
although it does somewhat change the quality of the 
tone.’ If it were not for this ability of the ear to add 
the fundamental pitch of a note, of which only the 
harmonics are being reproduced, most of the older 
phonographs and loud speakers would have been totally 
useless for the reproduction of speech and music. 


MECHANICAL VERSUS ELECTRICAL RECORDING 


In attacking the recording part of the problem, 
two ways at once present themselves: first, the direct 
use of the power, of the sound being recorded, to 
operate the recording instrument; and second, the use 
of high quality electric apparatus with vacuum tube 
amplifiers in order to give more freedom to the artists 
and better control to the process. The amount of 
power available to operate the recorder directly from 
the sound in the recording room is so small: as. to 
make it extremely difficult to make records under 

natural conditions of speaking, singing, or instrumental 
playing. As the use of high quality electric apparatus 


8. Physical Criterion for Determining the Pitch of a Musical 
Tone, H. Fletcher, Phys. Rev., Vol. 23, No. 3, March, 1924. 
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with associated amplifiers has a very distinct ad- 
vantage over the acoustic method, they have been 
adopted for the recording part of the process. Fig. 1A 
shows a picture of a group of artists recording by 
means of the sound power directly, while Fig. 1B shows 
a record being made by the same artists with the electric 
process. 

It will be noticed in Fig. 14 that the artists are 


Fig. 1a—PicturRE oF AN ORCHESTRA RECORDING FOR THE 
Acoustic Process. Tuts PicruRE was FURNISHED THROUGH 
THE CouURTESY OF THE Victor TALKING MAcHINE COMPANY, 
CampEN, NEw JERSEY 


grouped very closely about the horn. In the case of 
the weaker instruments such as violins, it has been 
possible to use only two of standard construction. 
The rest of the violins are of the type known as the 
“Stroh” violin which is a device strung in the manner 
of a violin but so arranged that the bridge vibrates a 


Fig. 1p—PicturE or THE SAME ORCHESTRA SHOWN IN 
Fig. 1a, BuT RecorRDING FOR THE EvEctRic Process. Tats 
PictuRE was FURNISHED THROUGH THE COURTESY OF THE 
Victor Tatxine Macuine Company, Campen, New Jperspy 


diaphragm attached to a horn. This horn is directed 
toward the recording horn, as shown by the player in 
the foregound. - 

With such an arrangement of musicians, it is very 
difficult to arouse the spontaneous enthusiasm which 
is necessary for the production of really artistic music. 
In Fig. 1B the musicians are sitting at ease more nearly 
in their usual arrangement and all are using the instru- 
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ments which they would use were they playing at a 
concert. Furthermore, the microphone is now suffi- 
ciently far away from the orchestra to receive the 
sound in much the manner that the ears of a listener in 
the audience would receive it. In other words, it 
picks up the sound after it has been properly blended 
with the reflections from the walls of the room. It 
is in this way that the so-called ‘“‘atmosphere” or 
“room-tone’”’ has been obtained. 

In the old process, it sometimes happened that 
after the instruments had been arranged in such a 
manner that the relative loudness of the various parts 
had been balanced correctly, it was found that the 
whole selection was either too loud or too weak. 
This usually meant a complete rearrangement of the 
players. With the flexibility introduced by the use of 
electrical apparatus including amplifiers, the control 
of loudness is obtained by simple manipulation of the 
amplifier system and is in no way related to the difficul- 
ties of the relative loudness of one instrument to another. 
The only problem for the studio director in this case is 
to obtain the proper balance among the various mu- 
sical instruments and artists. The advantages derived 
from this added ease of control are also made manifest 
in that it is much easier and less tiresome for the artists 
and it is usually possible to make more records in a 
given time. 


MECHANICAL VERSUS ELECTRICAL REPRODUCING 


Where the question of reproduction is concerned, 
the same two alternatives mentioned for recording 
present themselves, namely, direct use of power de- 
rived from the record itself versus the use of electrome- 
chanical equipment with an amplifier. In this case, 
however, the situation is a little different as the power 
which can be drawn directly from the record is more 
than sufficient for home use. Since any method of 
reproducing from mechanical records by electrical 
means involves the use of a mechanical device for trans- 
forming from mechanical to electrical power and a 
second such device for transforming from electrical 
back to mechanical power, that is, sound, it is necessary 
to use two mechanical systems, one at each end of an 
electrical system. Where the power which can be 
supplied by the record is sufficient to produce the 
necessary sound intensity, as in the case of home use, 
it is in general simpler to design one single mechanical 
transmission system than it is to add the unnecessary 
complications of amplifiers, power supply and associ- 
ated circuits. In cases where music is to be reproduced 
in large auditoriums, the power which can be drawn 
from the record may be insufficient and some form of 
electric reproduction using amplifiers becomes necessary. 


BRIEF DESCRIPTION OF RECORDING SYSTEM 


The system used for recording consists of a con- 
denser transmitter, a high quality vacuum tube 
amplifier and an electromagnetic recorder. Fig. 2 
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shows the calibration of the condenser transmitter and 
the associated amplifiers. The condenser transmitter 
and amplifiers are so designed that the current delivered 
to the recorder circuit is essentially proportional to the 
sound pressure at the transmitter diaphragm. The 
electromagnetic recorder, which will be described 
later, is designed to work with this type of system. 
With the exception of this electromagnetic recorder, 
apparatus of this type has already been described in the 
literature.t In addition to this equipment which 
might be called the recording amplifier system, there 
is a volume indicator for measuring the power which 
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Fig. 2—CaALIBRATION OF THE CONDENSER TRANSMITTER AND 


ASSOCIATED AMPLIFIERS 


This curve shows merely the relativefrequency sensitiveness of the system, 
the zero Jine having been chosen arbitrarily 


is being delivered to the recorder and also an audible 
monitoring system. The audible monitoring system 
consists of an amplifier whose input impedance is high 
compared with the recorder impedance and a suitable 
loud speaking receiver. The monitoring amplifier is 
bridged directly across the recorder and operates the 
loud speaking receiver so that the operator may 
listen to the record as it is being made. 
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Fig 4.—EnectricaL HqQuiva- 
LENT oF MECHANICAL SYSTEM 
Suown IN Fia. 3 


Fic. 3—Scuematic Mes- 
CHANICAL ARRANGEMENT OF 
DIAPHRAM AND AIR CHAMBER 


In the design of the recording and reproducing 
systems each part of the system has been made as 
nearly perfect as possible. Errors of one part have not 
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been designed to compensate for inverse errors in 
another part. Although this method is the more 
difficult, its flexibility, particularly as regards the 
commercial possibilities of future improvements, justi- 
fies the extra effort.» There is, therefore, no distortion 
in the record whose purpose is to compensate for errors 
in the reproducing equipment; the only intended dis- 
tortion in the record being that required by the in- 


Fic. 5—Scurematic MrcuHanicaAL ARRANGEMENT OF NEEDLE 
ArM TRANSFORMER 


herent limitations mentioned above. See Figs. 2, 14 and 
20. 


GENERAL BASIS OF DESIGN 


An interesting feature of the development of the 
mechanical and electromechanical portions of the 
recording and reproducing system is their quantitative 
design as mechanical analogs of electric circuits. 
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Both the recording and reproducing systems are good 
examples of the use of this type of analogy. 

The economic need for the solution of many of the 
problems connected with electric wave transmission 
over long distances coupled with the consequent de- 
velopment of accurate electric measuring apparatus 
has led to a rather complete theoretical and practical 
knowledge of electrical wave transmission. The ad- 


Fie. 7—E.vecrricaL EQUIVALENT OF THE SPIDER SECTION 


vance has been so great that the knowledge of electric 
systems has surpassed our previous engineering knowl- 
edge of mechanical wave transmission systems. The 
result is, therefore, that mechanical transmission 
systems can be designed more successfully if they are 
viewed as analogs of electric circuits. 


5. Green, I. W. and Maxfield, J. P., “Public[ Address 
Systems,” Trans. A. I. E. E., Vol. 42, 1923, p. 64. 
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While there are mechanical analogs for nearly 
every form of electrical circuit imaginable, there is one 
particular class of electrical circuits whose study has 
led to ideas of the utmost value in guiding the course 
of the present development. This class of circuits con- 
sists of infinitely repeated similar sections of one or 
more lumped capacity and inductance elements in 
series and shunt and are commonly known as filters. 
The study of filters began with the work of Campbell® 
and a recognition of their importance as frequency 
selective systems in telephone repeaters, carrier systems, 
radio, signalling systems, etc., led to their intensive 
study. In the available literature is to be found a 
fairly complete statement of their properties and de- 
tails of their design.® 

It will be recalled in the case of the telephone circuit 


aa) 
Z, 


Fig. S—EuectricaL EQUIVALENT oF SIMPLE Low Pass TyPrE 
or NetworkK WHICH Occurs FREQUENTLY IN THIS WoRK 


that the introduction of inductance coils at regular 
intervals in the circuit produced a remarkable change 
in the transmission characteristic. Over a broad band 
of frequencies the attenuation was reduced and made 
fairly uniform over that range while beyond a critical 
frequency called the cut-off frequency the attenuation 
became very high. In the ideal filters with zero dissipa- 
tion the transmission characteristics are of the same 
nature but more clear cut. Structures of this type with 
infinitely repeated sections will have one or more trans- 
mission bands of zero attenuation and one or more bands 
having infinite attenuation. The impedance character- 
istics of such a structure measured from certain charac- 
teristic points will be pure resistance more or less uni- 
form in the transmission bands, and pure reactance 
in the attenuation bands. These terminations are 


6. Campbell, G. A., ‘On Loaded Lines in Telephonic Trans- 
mission,” Phil. Mag., March 1903. 

Campbell, G. A., U. 8. Patents 1,227,113; 1,227,114; -‘Phys- 
ical Theory of the Electric Wave Filter,’ Bell System Technical 
Journal, November 1922. 

Zobel, O. J., “‘Theory and Design of Uniform and Composite 
Electric Wave Filters,” Bell System Technical Journal, January 
1923. 

Peters, L. J., “Theory of Electric Wave Filters Built up of 
Coupled Circuit Elements,” Trans. A. I. .E. E., May 1923. 

Carson, J. R. and Zobel, O. J., ‘“‘Transient Oscillations in 
Electric Wave Filters,” Bell System Technical Journal, J uly 1923. 

Zobel, O. J., ‘“Transmission Characteristics of Electric Wave 
Filters,” Bell System Technical Journal, October 1924: 

Johnson, K. §., and Shea, T. E., “Mutual Inductance in Wave 
Filters with an Introduction on Filter Design,” Bell System 
Technical Journal, January 1925. 

Johnson, K. §., “Transmission Circuits for Telephonie Com- 
munication,’ D. Van Nostrand, 1925. 
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mid-series; that is, the entering element being a series 
one of half the normal series element; or mid-shunt; 
that is, the entering element being twice the impedance 
of the normal shunt element. The corresponding 
impedances are called the mid-series and mid-shunt 
characteristic or iterative impedances. 

If we retain the first few sections of such a structure 
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and terminate them with a resistance which is equal 
to the resistance impedance of the infinite line from 
which they were taken, the characteristics are sub- 
stantially unchanged. It is understood, of course, 
that this resistance equals approximately the resis- 
tance impedance of the remainder of the infinite line 
at most of the frequencies in the transmission band in 
which we are interested. 

The presence of small amounts of damping in the 
various elements also has but slight effect on the 
general characteristics. These results could in general 
be readily applied to the various telephone transmission 
problems because the source and load between which 
the filter system was inserted generally had or could 
be made to have a nearly resistance impedance equalling 
the mid-series or mid-shunt impedance of the filter 
within the transmission band. The filter and termi- 
nating impedances may then be said to be matched. 
Where adjacent sections in the filter have impedances 
similar in character but different in absolute magnitude 
they may be joined by a suitable transformer. 

Many early attempts were made to design mechan- 
ical transmission systems having a wide frequency 
range in which highly damped single or multi-resonant 
systems were employed. In these attempts both of 
the obvious methods of increasing the damping were 
used, namely, that of adding a resistance to the system 
and that of increasing the value of the compliance and 
decreasing mass in such proportion as to maintain the 
same natural frequency. The former of these methods 
reduces the sensitivity of the system at the point 
where it is most efficient, (See Fig. 9), while the second 
method increases the response at the points where the 
system is less sensitive, namely, away from its reso- 


nance point. Fig. 9 shows four curves—first, a'singly 


resonant system, Curve A; second, the same system 
with friction added, Curve B; third, the same system 
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without the added friction but with an increase in 
compliance and a decrease in mass such that the 
natural period remains the same, Curve C; and fourth, 
a band pass type of circuit whose resistance impedance 
is the same as that of the system shown in Curve A. 
(See Curve D.) 


The results of filter theory have shown how these 
resonances should be coordinated so that when a 
proper resistance termination is used high efficiency 
and equal sensitivity are obtained over a definite band 
of frequencies by elimination of response to all fre- 
quencies outside the band. With the electrical case of 
a repeated filter, each section considered by itself 
resonates at the same frequency but when combined 
into a short-circuited filter of n sections, there will be 
nnatural frequencies. However, when such a system is 
terminated with a resistance which equals the nominal 
characteristic impedance in the transmission band, 
uniform response in the terminating resistance is ob- 
tained over the entire band. 


DETAILED ANALYSIS OF MECHANICAL AND ELECTRICAL 
ANALOGS’ 


Before going on with a detailed treatment of the 
electrical analogues of the mechanical structures used 
in the problem of phonographic reproduction, a list 
of the corresponding quantities used in the two systems 
will be given, together with the symbols employed. 


Mechanical Electrical 
Force = F (dynes) Voltage = £ (volts) 
Velocity =v (em./sec.) Current = 7% (amperes) 
Displacement = s (cm.) Charge = q (coulombs) 
Impedance =z (dynesec./em. Impedance = Z (ohms) 
or mechanical ohms) 

Resistance =r (dyne sec./em.) Resistance = & (ohms) 
Reactance = a (dyne sec./em.) Reactance _= X (ohms) 
Mass =m (gms) Inductance = L (henries) 
Compliance = c (em./dyne)* Capacity = C (farads) 


e 


Rubber Line 
z a 


Fig. 10—Tuis Ficure SHows AN ELECTROMAGNETIC 
RecorDER COMPLETE EXCEPT FOR THE Borrom oF THE CASE 


In addition to the above certain other quantities 
such as angular displacement, pressure and impedance 


7. The authors wish to express their appreciation to Mr. E. L. » 
Norton for his courtesy in working out the mathematics of the 
mechanical and electrical analogs which are shown in this paper. 

8. H. W. Nichols, ‘“‘Theory of Variable Dynamical Elec- 
trical Systems,”’ Phys. Rev. Vol. 10, 1917. 
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per unit area, and a few others which have no direct 
electrical analog will be used. These quantities, 
however, are either standard in the literature or may 
always be reduced to those given above. 

Ag illustrations of the general methods employed 
certain important portions of the reproducer will be 
considered in detail. Considering first the electrical 
analog of the air chamber® between the diaphragm 
and horn, we make use of the following list of Symbols 
(see Figs. 3, 4, 15 and 16). 

m; = Effective mass of diaphragm in grams 

A, = Equivalent area of diaphragm in cms’ 

cs = Compliance of edge of diaphragm 

A, = Area of throat of horn ; 

z, = Impedance of horn—Vector ratio of applied 

force at the throat of the horn to the re- 
sultant linear velocity of the air 


s, = Displacement of diaphragm 

v, = Velocity of diaphragm 

S. = Displacement of air in throat of horn 

V2 = Velocity of air in throat of horn 

P, and Vy, = Initial pressure and volume of air- 
chamber 

F = Force applied to diaphragm 

» = Small change of pressure in air-chamber. 


For a small change p in the pressure within the air- 
chamber we have: 
n (Aisi — Ag 82) Po 
Vo 


Dee (1) 


Mechanical case (Fig. 3) 
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where n = 1 for an isothermal change and 1.4 for an 
adiabatic change. For the case under consideration 
n = 1.4 very nearly. 

If the horn opening is closed, S, = O, and we get for 
the compliance of the air chamber as measured from the 
diaphragm 

Sy 
pA 


Pee Le 
z nN po Ar” 
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We have the two force equations 


dv; Sy 
- Z 
ms + ss +pA, =F (2) 
Bho p As = () (3) 
or substituting the values of p and c; 

dv; Si 1 ( A> ) 
M3 dt Cs + a [ s: = He So = (4) 
eigen i) ]-06 
Zn V2 + o A Soe ae Sal =a (5) 


Considering now the analogous electrical circuit, and 
assuming the velocity, current, force and voltage to 
vary sinusoidally, we have the parallel relationship 
for the steady state conditions: 


Electrical case with ideal transformer of turns ratio 
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ae (Fig. 4.) 
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9. The use of the air chamber to increase the loading effect 
of the horn on the diaphragm has been appreciated for 
a number of years. It has been used in telephone re- 
ceivers, phonographs, and loud speaking receivers since 
their earliest developments. A treatment of the force equations 


of the air-chamber was given by Hanna & Slepian, ‘‘The 
Function and Design of Horns for Loud Speakers,’ Trans. 
A. I. E. E., 1924, p. 393. The equivalent structure, however, 
was analysed as a compliance and resistance in series instead 
of in shunt. : 
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The last five equations in each case give the complete Cc. = Compliance of bearing to turning of the needle 
solution of the network. By analogy between the two arm, as measured from end of arm at the 
sets of equations, therefore, the air-chamber corre- spider 
sponding to the shunt capacity C; is spoken of as a c; = Compliance of end of needle arm attached to 

V, spider 
shunt compliance, c; = rae Ait together with a trans- s, = Displacement of tip of needle 
a Ss, = Displacement of end of arm at the spider 
former inserted before the horn, which has an equiva- s; = Displacement of spider 
lent turns ratio equal to the ratio of the areas of the z, = Mechanical impedance of spider and remainder 
diaphragm and horn openings. of structure = Vector ratio of applied force 

Taking up now the somewhat different illustration to resultant velocity 
of the needle arm, the following symbols are needed 6 = Angular displacement of needle arm 
(Figs. 5, 6, 15, 16). F = Applied force at needle point 

We have the three force equations: 
hie See 6) 
C1 


d? 6 Gi 6 = $1) lh 6 1.2 (Ly 6 — S3) & 


s dt? a Cy i Ce * C3 va 
(7) 

ea — bs 6 d 83 ey 8 

C3 32 Ban dt a. ( ) 


So : 
Replacing @ by Hyer and I by m, 1.” gives: 
2 


Fig. 11—Dertairep Drawine or THE MECHANICAL FILTER a ls Me 
oF AN ELECTROMAGNETIC RECORDER. (LETTERING SAME AS IN c =F (9) 
Fie. 12) 
5 d? 8. 
List of Symbols: mF 
1, = Distance from pivot point to end of needle 
1, = Distance from pivot point to center of “‘spider”’ Pat ie 
I = Moment of inertia of needle arm 3 aa J : 
m, = Apparent or equivalent mass of arm as (10) 
measured from the center of the spider aaah, ae 
, ———— ~=0 (11) 
I 4 C3 a eae y: dt 
re 
bs Considering now the analogous electrical circuit; as- 
¢, = Compliance of needle point suming as before sine functions for 2, 2, F’, and E, wehave: 
__ 9 [Eig cet ated Se aS 
Mechanical case substituting v; = 7 w S:, etc., in the Electrical case with ideal transformer of turns ratio 
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The analogy between the two sets of equations is 
quite obvious. It will be noticed that the effect of 
the lever arm is to introduce an equivalent transformer 
of a turn ratio which is the reciprocal of the correspond- 
ing lengths of the arms. 

The general method of deducing the equivalent 
electric circuits should be clear from the above illustra- 
tions of the air-chamber and of the needle arm. For 
example, in the spider section, Fig. 15, the mass is 
driven directly by the force from the needle-arm com- 
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Fig. 12—Eaquivatent Execrric Circuit or THE ELEcrRo- 


MAGNETIC RECORDER 


pliance, there being a small series compliance in the 
connection owing to bending of connecting rod. The 
diaphragm is connected through the compliance of the 
prongs of the spider. The equivalent circuits are shown 
in Figs. 7 and 16. 

The equations of this network may be obtained from 
the equations for the needle arm by placing c, equal to 
zero, taking a unity ratio transformer, and substituting 
m. for mM, C4 for Co, Cs for cz and 2 for Z,. 

Another type of network which occurs frequently in 
the building of mechanical vibrating systems is 
represented diagrammatically in Fig. 8. This is clearly 
a particular case of Fig. 7 with c, made infinite. 

By combining Fig. 6 representing the needle arm, 
Fig. 7 representing the spider section and Fig. 4 repre- 
senting the diaphragm, air-chamber and horn, the 
complete reproducer may be built up. The resultant 
network is shown in Fig. 16. Since methods are avail- 
able in the theory of electric wave filters to determine 
the proper values of the elements of the complete net- 
work for a free transfer of energy throughout an assigned 
frequency band, the analogous mechanical elements 
may be determined in the same manner. 


GENERAL DESIGN OF MECHANICAL SYSTEMS 


In designing mechanical systems of the band pass 
type, the problem is three-fold—first, that of arranging 
the masses and compliances such that they form re- 
peated filter sections; second, determining the magni- 
tude of these quantities so that with or without trans- 
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formers the separate sections ali have the same cut-off 
frequencies* and characteristic impedances; third, to 
provide the proper resistance termination. Where the 
transmitted mechanical power has not been radiated 
as sound this third part has been one of the most 
difficult to fulfill. 

In designing these systems, practical difficulties 
arose—first,the difficulty of insuring that theparts vibrat- 
ed in the desired degrees of freedom only, and second, the 
difficulty of determining the magnitudes of the various 
effective masses, compliances and resistances. Before 
the work to be described could be carried out practically 
it became necessary to develop a method of measur- 
ing mechanical impedances”. Such a method has been 
developed which at the present time covers a range of 
frequencies from somewhere below 50 to about 4500 
pps. Work is still being continued to extend the 
method to higher frequencies. This method of 
measurement has been very useful not only in deter- 
mining the magnitudes of the impedances in the degrees 
of freedom in which it is desired that they shall operate, 
but in determining the impedances to motion of the 
various parts in directions in which they should not be 
permitted to vibrate. In connection with the measure- 
ment of the magnitudes of the parts in the desired 
degrees of freedom this method enables us to determine 
the constants of the mechanical networks under their 


Fic. 13—ELEcTROMAGNETIC RECORDER USING LUMPED LOADED 
TERMINATION 


The method of furnishing dissipation to the lumped loaded line is shown. 


conditions of operation. Experience so far has indi- 
cated that when all the degrees of freedom have been 
taken into account and when the dynamic axes of 
vibration have been properly chosen, the static and 


*It is of course permissible to have a section having a higher 
cut-off than the others provided its characteristic impedance 
is the same as that of the others over the transmission band of 
those having the lower cut-off. 

10. Kennelly, A. E. and Affel, H. A., “‘The Mechanics of Tele- 
phone Receiver Diaphragms, as Derived from their Motional 
Impedance Cireles,”’ Proc. A. A. A. 8., Vol. 51, No. 8, November, 
1915. 

Kennelly, A. E. and Pierce, G. W., ‘“‘The Impedance of 
Telephone Receivers as Affected by the Motion of their Dia- 
phragms,”’ Proc. A. A. A. S., Vol. 48, No. 6, September, 1912. 
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dynamic constants of the parts are the same, and it is 
then possible to check the parts by simple static measure- 
ments. In the early attempts to build these systems 
very large discrepancies between the static and dynamic 
characteristics were found. 


THE RECORDER 


One of the early practical phonographic applications 
of electric filter design to mechanical problems was the 
development of an electromagnetic recorder. The 
instrument as finally constructed is essentially a 
properly terminated three-section mechanical filter in 
which the recording stylus and its holder constitute the 
series mass in the second section. Since a filter of this 
type appears at its input end as approximately a pure 
resistance within the transmission band, the current 
in the series inductances, that is, in the mechanical 
case, the velocity of the series masses is proportional to 
the driving force. 

Figs. 10, 11 and 12 show respectively, a complete 
recorder, a drawing of the mechanical filter of such a 
recorder and a diagram of the equivalent electric circuit. 
The armature acts as the series mass m, in the first 
section; the magnetic field as the series negative 
compliance — ¢); the shaft between the armature and 
the stylus holder as the shunt compliancec ;; the balanc- 
ing springs as the series compliance c.; the stylus holder 
and the stylus as the series mass m.; the shaft between 
the stylus holder and the disk, coupling the system to the 
terminating resistance, as the compliancec;; the coupling 
disk as the series mass m; and the terminating line as 
approximately a mechanical resistance. 

All of these equivalents are seen from the simple 
analogues previously outlined with the exception of the 
terminating resistance and the negative compliance 
—¢). The terminating resistance was originally made 
up of a series of filter sections of lumped series masses 
and shunt compliances with a small amount of damping 
added to the motion of each of the series masses. Fig. 
13 shows one of the early recorders equipped’with this 
type of resistance termination. The reason for using 
such a complicated termination lies in the fact that 
most of the known mechanical resistances have values 
which are functions of frequency or of amplitude or 
both. Also in most cases, the mechanical resistance 
is accompanied by either a mass or compliance reactance. 
By using a multi-section filter which is sufficiently 
long so that a wave entering it will be essentially 
absorbed before it has reached the far end, been re- 
flected and returned to the entering end, it has been 
possible to use imperfect types of damping for this 


‘line and still obtain over the desired band, an essen- 


tially pure resistance at. the input end. 

- More recently a continuous line has been developed 
which is much easier of practical attainment than the 
complicated lump-loaded filter. The recorder shown 
in Fig. 10 is so equipped. Fig. 14 shows calibration 
curves of three types of recorders. 
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The comphance — ¢) 1s a mechanical quantity for 
which there is no simple electric analog. In a 
balanced armature type of structure such as that shown 
in Fig. 11, the action of the field on the armature, when 
it is at its center point, is balanced. If, however, the 
armature be deflected a small distance from this 
equilibrium, there is exerted by the magnetic field a 
torque tending to pull the armature further away from 
its center position. The value of this torque for small 
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amplitudes is proportional to the angular displacement. 
It is seen therefore that this quantity is of the nature 
of a compliance but that the back force is in a reverse 
direction to that required for a positive compliance. 


DESIGN OF THE REPRODUCING APPARATUS 


As the analogy between the mechanical and electrical 
filter is more perfectly shown in the case of the repro- 
ducing equipment, the detailed quantitative descrip- 


Fig. 15—Dz1acrammatic SKETCH OF THE MECHANICAL SysTEM 
y OF THE PHONOGRAPH 


tion will be given in this connection. Figs. 15 and 16 
show respectively a diagram of the reproducing system 
and its equivalent electric circuit. From these dia- 
grams it is evident which units in the mechanical 
system correspond to the various electrical parts. As 
the series compliances ¢:, cy and ¢s have been made so 
large that the low frequency cut-off caused by them 
lies well below the low frequency cut-off of the horn, 
an inappreciable error is introduced in using for design 
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purposes formulas of low pass filters’. The two 
formulas which will be used are as follows: 


ih (12) 
7 mM C 
where 
f, = cut-off frequency of a lumped transmission 
system in cycles per second 
¢ = shunt compliance per section in centimeters 
per dynes 


m = series mass per section in grams 


m 
= 
C 


where 2,2 is the value of characteristic impedance 
over the greater part of the band range. 

Equations (12) and (13) which form the basis of the 
design work contain four variables, f., c, m and 2o. 


(13) 


ud 
i S) 
Zz S aw 
uw 
g 68 w Ji are 
ra bs ay Bair ve) =. hs z 
= ee z ui (S) x = fe) 
al 2 Z 2oa 2 g < re 
= a a Sy ae <= fo} az o 
Zo = i me = Oo = WW 
ee (og ES 8 ° = uw RS co) 
= © <x fo} we =e th ‘S) fF 3 
Foe Mi SSe st ae areal) oS 2 QS 9 
ea Zz = ee Os ow = <x 
cou, = = f= ff Swe tJ rma ui =] 
Sez oO Ss ¢ = & OS LS = ia wo Ww 
OFbG 2 ¢€ «< Se Zt Ff ae es = ao 
eae hy aR) en, Wahu Ese ee Se 2 = 2 = 
ew = =! 25) aos wu « & ie ae = 
oo Oo 6 6 6 2 &s jap SA Ee iS G6 ) z 
zZ> vay w WwW Sow bars = i) O5 a fea 
Or ra Wo ea | coxa) (foe eS =a a oc oO 
o = cso PA fey A {Bilas aeons (eal es =< me 
! eel | T | \ 
' | 5 
™ Ce Cc Me M3 Ge l 
! 
| 
lJ 
“4 T, G G | ils Zp 


Al 
al 


Fig. 16—Euectric EQUIVALENT OF THE SysTtEM SHOWN IN 
Hre: 15 


It is, therefore, necessary to determine two of them by 
the physical requirements of the problem after which 
the other two are determined. The upper cut-off 
frequency f., was arbitrarily chosen at 5000 pps. as a 
compromise between the highest frequency occurring 
on the record and the increase in surface noise as the 
cut-off is raised. The choice of the other arbitrarily 
set variable came after considerable preliminary 
experimenting and was fixed by the difficulty of obtain- 
ing a diaphragm which is light enough and has a large 
enough area. Hence theeffective mass of the diaphragm 
m3, (Figs. 15-16) was fixed at 0.186 grams which value 
can be obtained by careful design. The effective area 

11. Campbell, G. A., ‘On Loaded Lines in Telephonic Trans- 
mission,” Phil. Mag., March, 1903. 


12. z may be called nominal mid-shunt or mid-series impe- 
dance. Their actual values in the transmission band being at 
any frequency f., 


2 
mid-series = 2] 1- ( th ) 


mid-shunt 
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can be made as large as 13 square centimeters. For 
convenience let the arbitrary value chosen for f. = fe 
and the value of m = m3. 

Solving Equations (12) and (13) for ¢ and 2», we get 


1 
Cp Se (14) 
a f 2 Ms 
% = 1 hemMs (15) 
also 
i. 
a = (16) 
i TiC: 


In order to obtain the low value of mass mentioned, 
with a large enough area, it was necessary to make the 
diaphragm of a very stiff light material. An aluminum 
alloy sheet 0.0017 in. thick was chosen and concen- 
trically corrugated as shown in Figs. 17 and 18. These 
corrugations are spaced sufficiently close so that the 
natural periods of the flat surfaces are all above f.. 
To insure that this central stiffened portion should 
vibrate with approximate plunger action, which is 
more efficient than diaphragm action, it is driven at 
six points near its periphery. 

Reference to Figs. 15 and 16 and Equation (14) 
shows that the compliance of the air chamber ¢;, of the 
spider legs c; and shunt tip of the needie arm c¢; are 
determined. Also the mass of the spider m: and the 
effective mass of the needle arm ‘m;, as viewed at the 
point where it is attached to the spider, are determined. 

The impedance looking into the system from the 
record is determined by the rate at which it is necessary 
to radiate energy in order that the reproduction may be 
loud enough. The power taken from the record is 
approximately v? 2) since Zo is a resistance over most 
of the band. Experiment has shown this value of 2 
to be approximately 4500 mechanical ohms. 

But substituting in Equation (13) the value of ms, 
and from Equation (14) the value of ¢;, we find that the 
impedance is only 2920 mechanical ohms. It is, there- 
fore, necessary to use a transformer whose impedance 


J) 44.500 
CAvLOMS = -ae 


9990)" From this and a knowledge of filter 


structures the needle-point compliance can be deter- 
mined. The value obtained is easily realized with 
commercial types of needle. 

It will be noted that the record is shown in Fig. 16 asa 
constant current generator, 7.é., a generator whose 
impedance appears high as viewed from the needle 
point. That this is necessary is obvious when it is re- 
membered that, if the impedance looking back into the 
record were to equal the impedance of the filter system, 
the walls of the record would have to yield an amount 
comparable with one-half the amplitude of the lateral 
cut. This would cause a breakdown of the record 
material with consequent damage. ' 

The design of the system is complete, therefore, 
except for the resistance termination which is supplied 
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by the horn for all frequencies above its low frequency 
cut-off. The characteristics of the horn will be dealt 
with later. The resistance within the band looking in 
at the small end of the horn isG A, whereG = mechan- 
ical ohms per square centimeter of an infinite cylin- 
drical tube of the same area, and A, = area in square 
centimeters of the small end of the horn. 

Let A, = the effective plunger area of the diaphragm 
(as previously mentioned this is 138 sq. em.). The 
impedance looking back at the diaphragm is 


Zo = 1 fe ms = 2920 mechanical ohms 


from Equation (15), and the impedance looking at a 
horn whose small end area equals A, is 


Zr, = To = AcG (17) 
Substituting 
A». = 13 sq. em. 
G = 41 ohms per cm.? we get 
Z, = To = 533 mechanical ohms 


This is entirely insufficient so that the air-chamber 
transformer becomes necessary. 

To calculate the necessary ratio of areas on the two 
sides of the air-chamber transformer, the following for- 
mulaisneeded. The formulaassumes the chamber tobe 
relatively small compared with all wave lengths of the 
sound to be transmitted, that is, the pressure changes 
throughout the chamber are substantially in phase. 


Zo A? 
Zh atte’ 22 (18) 
where 

z) = the impedance of the primary side of the trans- 
former in mechanical ohms 

z, = the impedance on the secondary side of the 
transformer in mechanical ohms, 7. e., the 
horn impedance 

v, = mechanical current, 7. ¢., velocity on the pri- 
mary side of the transformer in centimeters 
per second 

v. = mechanical current on the secondary ‘side of 
the transformer in centimeters per second 

F, = alternating force on primary side of air- 
chamber transformer in dynes 

F. = alternating force on secondary side of air- 
chamber transformer in dynes 

A, = effective area working into the primary side 
of the air-chamber in centimeters squared 

A. = effective area working into the secondary 


side of the air-chamber in centimeters 
squared. 

The characteristic impedance of the line on the 
diaphragm or primary side of the air-chamber as shown 
by equation (15) is ? 

jee zy = wos (19) 

From Equation (17) the characteristic impedance 

on the horn or secondary side is 


n= GAr - (20) 
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( A» ) us Ch G A» 21 
Ai ere aS rf, Ms ce) 
Solving this for A», we get 
GA? 
A» a ales (22) 
wf. Ms 


The equivalent of the air-chamber to a transformer 
shunted by a compliance is shown earlier in the paper. 


Fig. 17—MeEcHANICAL REPRODUCING SYSTEM WITHOUT THE 


Horn 


In applying the foregoing method of design to a 
practical structure, a number of design problems had 
to be solved. The construction of the diaphragm and 
the method by which it is actuated have been already 
described, except for the tangential corrugations con- 


Fig. 18—SrctronaLt DRAWING SHOWING CONSTRUCTION OF THE 


SysTmEM SHOWN IN Fa. 17 


stituting the series compliance. The use of these 
corrugations results in the value of the series compliance 
being practically independent of the nature of the 
clamping, and has eliminated a tendency to “rattle” 
introduced by unevenness in the clamping surfaces. 

Another feature in connection with the sound box 
is the needle-arm bearing shown in Figs. 17 and 18. 
Ordinary knife-edge bearings are not sufficiently rigid 
as fulcrums and the rotational reactance as well as the 
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rotational resistance is undesirably large. A con- 
struction which has been found to meet the necessary 
requirements is the ball bearing type with the steel 
balls held in position by magnetic pull. By making the 
ball-containing case of soft steel and magnetizing the 


shaft, it has been possible to manufacture this bearing 
reliably and cheaply. 

The horn which has been used as a terminating re- 
sistance to the mechanical filter structure is a logarith- 
mic one. The general properties of logarithmic 
horns have been understood for some time." 

There are two fundamental constants of such a 
horn—the first is the area of the large end and the 
secoud the rate of taper. The area of the mouth de- 
termines the lowest frequency which is radiated satis- 
facturily. The energy of the frequencies below this is 
largely reflected if it is permitted to reach the mouth. 

From the equations given by Webster," it can be 
shown that all logarithmic horns have a low frequency 
cut-off which is determined by the rate of taper. If the 
rate of taper is so proportioned that its resulting cut-off 
- prevents the lower frequencies from reaching the horn 
mouth, the horn will then radiate all frequencies reach- 


Fig. 19—Sxrcrionat VIEW OF THE FOLDED HORN SHOWING THE 


Air PAssaGE 


ing its mouth and very little reflection will result.“ It 
is possible, therefore, to build a horn having no marked 
fundamental resonance. 

Since the characteristics of the horn are determined 
by the area of its mouth and by its rate of taper the 
length of the horn is determined by the area of the 
small end. This area is determined in turn by the 
mechanical impedance and effective area of the system 


13. Webster, A. G., ‘Acoustical Impedance and Theory of 
Horns and Phonograph,”’ Proc. Nat. Acad. of Sei., 1919. 
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which it is terminating, as shown in Equation (22) 
is seen, therefore, that the length of the horn should 
not be considered asa fundamental constant. A paper 
describing the design of horns based on these principles 
is being prepared. 

An interesting feature of the horn which has been 
built commercially is its method of folding. The 
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Fig. 


sketch in Fig. 19 shows a shadow picture of the horn. 
It will be noticed that the sound passage is folded only 
in its thin direction, which permits the radius of the 
turns to be small and thereby makes the folding 
compact. 

Fig. 20 shows the frequency characteristic of a 
phonograph designed as shown above witha logarithmic 
horn whose rate of taper and area of mouth opening 
place the low cut-off at about 115 cycles. It also shows 
the characteristics of one of the best of the old style 
phonographs. Curve A represents the new machine, 
while Curve B represents the old style standard 
machine. 


Discussion 

C. R. Hanna: The following discussion applies particularly 
to that part of the paper dealing with the reproducing mechanism. 
The relative merits of the several improvements that were made 
are not clearly brought out in the paper and it is the purpose 
of the writer to compare the importance of the various 
developments. . 

In listening to reproduction from one of the new-type 
phonographs, the average person is impressed with just two 
things; first, the apparent greater volume of sound, and second, 
the great improvement in the response at low frequencies. 
The greater volume of sound is due partly to the fact that there 
are more low frequencies present, and perhaps, in a measure, 
to the fact that the diaphragm 1s one which acts like a piston, 
vausing a greater volumetric rate of displacement of air into 
the horn for a given needle velocity than with the old type of 
flat diaphragm. 

The improvement in the low-frequency characteristic of the 
.seproducer, as described, could not have been obtained without 


14. The authors wish to express their appreciation in this 
eonnection of the work of Mr. P. B. Flanders who earried out 
the mathematical investigation of these relationships and to 
oe A. L. Thuras who checked experimentally the mathematica[ 
theory. 
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the use of the slowly expanding logarithmic or exponential horn. 
The authors refer to the work of Arthur Gordon Webster in 
this connection: the general properties of the exponential horn 
were given in his National Academy of Science paper of 
1919. Webster did not, however, carry his work sufficiently far 
to show the properties which the authors have stated in their 
paper; namely, that the exponential horn is a uniform radiator 
of sound down to a certain frequency, known as the cut-off 
frequency, which is determined by the rate of increase of section 
and the area of the large end of the horn. 

The authors cite some work (as yet unpublished), by Messrs. 
Flanders and Thuras, in which these properties are shown both 
theoretically and experimentally. I desire to call attention to 
the fact that the paper by Hanna and Slepian on ‘‘The Function 
and Design of Horns for Loud Speakers’’? showed these same prop- 
erties for the exponential horn. The equation for such a horn 


is 
A=A,€® 
where 
A = Area at any point 
A, = Initial area 
x = Distance from initial area, em. 
B- = Constant which determines the rate of increase. It was 


demonstrated that the cut-off frequency is determined by the 
relation 
27, f a 
B 2 
where a = velocity of sound. From this it is seen that the 


smaller B is, the lower will be the cut-off. 
The radiation characteristic of the infinite exponential horn 
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for a fixed velocity of air in its throat was also shown in the paper 
by Hanna and Slepian. Fig.1, herewith, shows this curve. The 


(2) a . : A 
abscissas are ae and the ordinates give the comparison be- 


tween the exponential horn and the infinite straight pipe which 
is a uniform radiator down to zero frequency. The cut-off 
point is seen to be as stated above. é 

It was clearly brought out in this paper that an exponential 
horn could be made with much smaller dimensions than any 
other shape of horn giving equal performance. A comparison 
was also shown between a particular exponential horn and a 
conical horn of equal length and terminal dimensions. This is 
given in Fig. 2, the superiority of the exponential horn being 
quite pronounced. Up to this time many persons had advocated 
- the conical horn. It is believed that this paper was the first 
to show the superiority of the exponential horn. 

Now, taking up the matter of.the final or large area of the horn, 
as 1s pointed out by Maxfield and Harrison, if this area is large 
enough to prevent end reflections in the range of frequencies 
where the horn is a good radiator along its length, a horn will be 
sevured which has very little resonance. The curves of Fig. 3 
were presented by Hanna and Slepian to show the variation of 


2. A. I. E. E. Transactions, 1924, page 393. 
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reflection with frequency and area. The curves indicate that 
the smaller the area and the lower the frequency, the greater 
will be the reflection. It is seen, however, from the curve for 
the largest area, that the reflection becomes appreciable only in 
the range of frequencies where the horn ceases to be a good 
radiator along its length. Hence it follows that a horn of this 
shape can be designed with no marked fundamental resonance. 

The degree of horn resonance and the position of the cut-off 
frequency as indicated by Fig. 20 of the Maxfield and Harrison 
paper agree very closely with values that can be predicted from 
the curves of Figs. 1 and 3 in this discussion. 


otal | 
100/- iZael "Exponential | a i 
= H imei =r 
A ea a a eS SIE cepa 
£2 2 HH] = | ~ nis | [ | 
Ww 60 1} | at = = —— 
= i | | | «| | 
S 4 Coni¢al | | | 
4of-— aS 
20 le J J 
| Se Tee Ses aa ante cil 
iP 
OM | [Banh sll 
0 8000 16,000 24,000 32,000 
w 
Fie. 2 


The very careful proportioning of masses and compliances 
in the mechanical system of the reproducer has played only 
a minor part in the securing of a more uniform frequency-re- 
sponse characteristic than in the older types of phonographs. 
The slight extension of the upper frequency range may be 
attributed to the accurate design of mechanical parts. It 
should be pointed out, however, that since the phonograph 
record is a constant-current (or velocity) generator, the impe- 
dance of the mechanical system does not have to be uniform 
over a wide band of frequencies for it to be forced to vibrate 
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in accordance with the vibrational velocity of the record. A 
departure from this fact, not apparent from the electrical analogy 
given by the authors in their paper, is the ability of the whole 
arm of the reproducer to vibrate in the low-frequency ranges 
instead of just the diaphragm mechanism. This may be over- 
come either by increasing the mass of the arm or, as the authors 
have done, by reducing the stiffness of the diaphragm. 

Great eredit is due the authors for the design of a mechanical 
system which is light and resilient, enabling the needle to track 
the record with small reaction force (and consequent decrease 
in wear) at the high frequencies where the accelerations are 
great, and at low frequencies where the deflections are great. 
The big improvement in the quality of reproduction, however, 
is due to the use of an exponential horn whose rate of increase 
of section is very small and whose final section is quite large. 

E. W. Kellogg: Ithink most ofushave thought of the rock- 
ing arm, which connects the needlewith the diaphragm in a phono- 
graph,asa simple lever, rigid enough so that when the needle moves 
one way, the diaphragm moves the opposite direction by a cor- 
responding amount. If we could see what is really going on 
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during a high-frequency vibration, we should probably find 
that the motion was more nearly like that of a snake. Messrs. 
Maxfield and Harrison and their associates have accepted the 
wave-motion picture and based their design upon it. The most 
striking resultant change in design is the interposition of a flexible 
link, or spring, between the end of the lever and the diaphragm. 
On first thought, it seems like deliberately throwing away some 
of the available motion, but the result is quite the opposite. 
I refer to the spider through which the diaphragm is driven. 

If telephonic currents are to be transmitted without distortion 
over a high-efficiency line of length exceeding a sixth of a wave- 
length for the highest frequencies, the line must end in a non- 
inductive resistance of a definite value. A corresponding 
resistance is required in a mechanical system. In the case of 
the reproducing system the required resistance is obtained from 
the sound radiation of the diaphragm. But for the cutting 
tool, some other resistance must be found. In an electrical 
circuit nothing is easier to get than resistance, yet its mechanical 
counterpart is by no means easy to obtain. Sliding friction 
is not at all suitable. Motion in viscous fluids and electro- 
magnetic drag, such as used in wattmeters, are true analogs. 
I wish to draw an illustration from the case of electromagnetic 
drag. An aluminum ring,weighing about four grams, surrounds 
a magnet pole, so thatitisinaradial field of about 10,000 gausses. 
If one pushes it up and down, it feels as if it were in thick molasses. 
Under its own weight it settles about one millimeter per second. 
Yet if this ring is vibrated in an axial direction at 4000 cycles, 
its mass so predominates over the resistance that the power 
factor is only about 40 per cent. Mechanical hysteresis is 
another means for absorbing energy from vibrations. Rubber 
has long been used for such purposes. But rubber, so far from 
being pure in mechanical resistance, is a spring with a power 
factor of only about 10 per cent. I think the authors of the 
paper are to be complimented upon the ingenious device by which 
they obtain with the use of rubber a practically pure resistance 
with which to load the cutting tool. It should be borne in mind 
that the damping required for the cutting tool is of an altogether 
different order of magnitude from that which many of us have 
employed to take out the resonance peaks from loud-speaker 
diaphragms and similar applications. 

The paper mentions methods of measuring mechanical impe- 
dances. I should be much interested to hear something further 
of the means used, for the problem presents many difficulties, 
and the results of such measurements would find many 
applications. 

One statement in the paper causes considerable surprise. The 
knife edge was discarded because it has too great an elastic yield, 
and because it brings in too much rotational friction. The 
knife edge, of course, must work with an initial pressure exceeding 
the maximum force on the bearing, due to the vibrations, and is 
not well adapted to stand forces in more than one direction, 
but, in the case of the pivot for the reproducing lever, one would 
expect a well designed knife edge to work very satisfactorily. 

L. T. Robinson: I am in agreement with the statement of 
the authors that ‘‘There is therefore no distortion in the record 
whose purpose is to compensate for errors in the reproducing 
equipment.’ In employing so many elements, some of which 
ean be so readily modified in performance the temptation is 
very strong to look only at the final result and not be too critical 
as to where any corrective treatment is to be administered. 
I hope the stand taken by the authors will be firmly adhered by 
them and others who are working along similar lines. In this 
way, any progress that has been made, or will be made, becomes 
permanent. 

Speaking of the electrically-cut recordin general, we need not, 
for the moment, be concerned with minor details of the process. 
The results already obtained are so good that we may feel sure 
that the electrically cut record has come to stay and will place 
the phonographic art on an entirely new plane of excellence. 

The mechanical reproducing system described by the authors 
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is a distinct advance over former phonograpks. However, 
I feel that full realization of the advantage of the electrically 
cut record will come through electrical reproduction. 

One great advantage of the electrical method of reproducing 
is that the control of the sound volume is obtainable quite 
independent of the cut on the record and the cut on the record 
is controllable with consideration for the best conditions for the 
record alone. The advantages of such separation can be learned 
from the paper if it is read with this point in mind. 

Volume of the sound reproduced is quite important and re- 
production to be quite satisfactory must be about equal to the 
volume of the original sounds. A loud tone produced on a 
given musical instrument is quite different from a soft tone pro- 
duced on the same instrument and reproduced with larger 
volume. 

A. E. Kennelly: We have here presented to us the wonderful 
analogy which underlies mechanical and electrical phenomena, 
with mechanical phenomena interpreted in electrical terms. 

We have long known that mechanical inertia was really 
electrical, and now we are finding that all these mechanical 
phenomena are primarily electrical quantities. 

J. P. Maxfield: There are one or two technical questions 
brought out in Mr. Hanna’s discussion which are of interest. 
The first deals with the statement that the new reproducing 
mechanism has a greater apparent volume of sound. | In this 
connection, it is interesting to note that.the response curves 
of the new and the old machines shown in Fig. 20 indicate that 
in the frequency region from around 800 to 2000 cycles per second, 
the old machine produced a louder sound for a given needle 
velocity. It will be seen, therefore, that this apparent increase 
in volume has been obtained by the widening of the band re- 
produced rather than by increasing the amount of energy 
radiated in that frequency band in which the old machine was 
most efficient. 

The other point of interest refers to his statement that “The 
very careful proportioning of the masses and compliances in 
the mechanical system of the reproducer has played only a 
minor part in the securing of the more uniform frequency response 
characteristic than in the older type of phonograph.”’ In view 
of the high quality which is obtained and of the commercial 
requirement that the wear on the record shall not be excessive, 
the authors do not agree with this statement. It is not neces- 
sarily true that because the record is a constant-current generator 
and, therefore, delivers constant current to the sound-box 
mechanism, that the diaphragm necessarily delivers constant 
current to the air. If a relatively stiff, heavy, vibrating system 
is used, it becomes exceedingly difficult with the constant- 
current type of generator to obtain good quality and if it is 
possible to obtain it, the wear on the record becomes excessive. 
A reference to Fig. 16 indicates that the first part of the system 
reached is the needle point which has a definite compliance. 
At the higher frequencies, if the impedance of the reproducing 
system is too high, the needle will bend instead of moving the 
rest of the system and the response will be reduced thereby. 
Similarly, at the low-frequency end, if the diaphragm-edge 
compliance is too small, that is, if the diaphragm is too stiff, 
the whole tone arm will vibrate and thereby reduce the motion of 
the diaphragm relative to its case. It is true that,so far as re- 
sponse is concerned, this effect can be corrected by increasing 
the moment of inertia of the tone arm—a method which is equiv- 
alent to increasing the mutual inductance of the transformer, 
T), (Fig. 16); but if the solution is thus obtained, the wear on the 
record becomes excessive and in some cases the foree becomes so 
great that the needle will not track in the groove. 

The solution presented in the paper is one in which the mechan- 
ical impedance has been made as nearly as possible independent 
of frequency and is of the nature of a pure mechanical resistance. 
The result of this type of solution is that a maximum of sound 
energy at all frequencies within the band is radiated with a mini- 
mum of wear on the record. ; 
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Parameters of Heating Curves of Electrical 
Machinery 
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Synopsis.— When a body is being heated bya uniform addition 
of a constant quantity of heat per wnit time, its temperature above 
the ambient air (the latter being assumed to remain at a constant 
temperature) increases approximately according to an exponential 
law. The exponent ts proportional to the ratio between the heat ca- 
pacity of the body and the coefficient of thermal dissipation into the sur- 
rounding medium. In a paper read before the Institute's Midwinter 
Donvention, 1925, (JouRNAL, Vol. 44, p. 142) Doctor A. F. Kennelly 
has proposed to include such a coefficient among other characteristics 
of an electrical machine. In the present paper it is pointed out that 
for thermal purposes an electrical machine cannot be considered as a 
single body, since the stator consists of two metal bodies (the winding 


and the core) between which there may be a considerable heat inter- 
change, and that the rotor is also such a composite body. Dif- 
ferential equations of heat flow in a combinational body are es- 
tablished and solved. The stator winding is thermally determined 
by its heat capacity and its heat dissipation coefficient, and so is the 
stator core; further, there is a coefficient of mutual flow. The 
rotor also requires five similar coefficients. Thus, while an electrical 
machine could be defined by its thermal coefficients, and the tempera- 
ture rise of the different parts predicted for a given operating regume, 
the number of required parameters is much larger than for a single 
body. 
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Vilas an attempt is made to represent, analyt- 
ically, the temperature rise with the time in an 
electrical machine at constant losses, the time- 
temperature curve is usually assumed to be exponential.’ 
Recently, Dr. A. E. Kennelly has extended the treat- 
ment and has shown that the curve remains exponential 
even when the losses themselves are linear functions 
of the temperature.* 


Actual heating curves sometimes differ materially 
from the simple exponential form. This can be shown 
by plotting the differences between the ultimate 
temperature and the instantaneous temperatures 
against time as abscissas, on semi-log paper. An 
exponential curve should give a straight line, and this 
is not always the case. The principal reason for this 
discrepancy is that the stator of a machine cannot be 
considered as one ‘“‘chunk’’ of metal; it consists of two 
metal bodies, the winding and the core, between which 
there may be an appreciable difference of temperatures. 
The same is true of the rotor. In a transformer, three 
separate metal bodies at different temperatures may be 
distinguished. 

It is the purpose of the following investigation to 
show that with two metal bodies at different tempera- 
tures, and with heat interchange between them through 
a layer of insulation, the heating curve for each consists 
of two exponential terms with different exponents. 
Thus, each part of a machine should be characterized 
by at least two composite thermal time constants, and 
these will represent an experimental heating curve 


‘much more closely than is possible with one thermal 


1. Professor of Electrical Engineering, Cornell University, 
Ithaca, N. Y. 

2. Foratheory of such simple heating curves see, for example, 
V. Karapetoff, Experimental Electrical Engineering, First 
Edition, 1909, p. 442. : 

3. A. E. Kennelly, The Thermal Time Constants of Dynamo- 
Electric,Machines, A. I. E. E. Journat, 1925, Vol. 44, p. 142. 


Presented at the Midwinter Convention of the A. I. EB. E., 
New York, N. Y., Feb. 8-11, 1926. 


time constant and with a common curve for both the 
winding and the core. 


Doctor Kennelly compares the transient period of 
temperature rise to a transient rise of current in a d-c. 
circuit containing a resistance r and an inductance L. 
In the latter case, the rise in current is also exponential 
and depends upon the time constant (L/r) of the cir- 
cuit. However, a stator, or a rotor, is more nearly 
analogous to a system of two coupled electric circuits, 
in which the current rise is represented by two or more 
exponential terms, each with a different time constant*. 

With the notation given at the end of the paper’, 


pidt=0,; (S$; —Si2) dt + (01 — 92) seodt+kid 6, (1) 
(0; — 02) sodt+ podt=0, (So —S12) dt + kod A, (2) 


These equations are similar to Doctor Kennelly’s 
equation (19), and refer to the metal parts 1 and 2ofone 
of the principal members of the machine ,respectively,— 
say the stator winding and the stator core. Equation . 
(1) expresses the fact that the heat p: dt, developed 
in the part 1 during an infinitesimal element of time, 
dt, is used up in three ways: The part 6, (Si— Sw) dt 
is communicated to the ambient air or other cooling 
medium; the part (0:— 02) Si dt is communicated to 
the part 2 of the machine; and the remainder, kid 61, 
raises the temperature of the part 1 by d 61. Equation 
(2) has a similar meaning for part 2, with the term 
(8; — 02) 81. considered as part of the heat input. 

Dividing throughout by dt, and introducing the 
“deficiencies”, 6; = O1— 6: and’ 62 = Goo — 82, in 
place of the temperatures themselves, equation (1) 
becomes, 


p1= (B10 = 61) (Si — S12) + [(810 —91) — (Aso —06:)] Si2 
+ kid (61 — 6:)/dt (3) 


4. G.W. Pierce, Electric Oscillations and Electric Waves, 
1920, Chap. 7. 

5. This notation is made to agree, as much as possible, with 
that in Dr. Kennelly’s paper referred to above. 
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After the ultimate temperatures, 919 and 620, have been 
reached, 


we have, 6, = 62 = 0, and déi/dt =0. Hence, for 
t = o, equation (3) becomes: 

Di, = O19 (Si — Siz) + (O10 — oo) S12 (4) 
By analogy, equation (2) gives, 

(Oy = O29 (S2 — Siz) + (O20 — 810) Sis (5) 


Substituting these values of p; and p2 in equation (3) 
and in a similar equation obtained from equation (2), 
after reduction we get, 
6181 — O28 + kid 6;/di = 0 (6) 
62S. — 61812 + kod 62/dt = 0 (7) 
Equations (6) and (7) are simultaneous differential 
equations for 6; and 6s, and their solution gives the 
desired expressions for the heating curves of the two 
metal parts of the stator or the rotor. To eliminate 
52, differentiate equation (6) with respect to ¢t. This 
gives, 
8, 6,/dt— sd 6:/dt + kid? 6:/d? = 0 (8) 
Multiply equation (6) by ss, equation (7) by S812, 
equation (8) by ks, and add the three equations to- 
gether. The variable 6, is then eliminated, and the 
result is 
Be ke ad? 6i/d e+(ky Sotke $1) d 6:/d t+ (si So— S19") 61 =(0) 
(9) 
The solution of this equation is of the form 
04 = Ay (ath + By et (10) 
where A, and B, are the constants of integration, and 
o- and 77! are the roots of the “auxiliary”’ quadratic 
equation® 


ky ke xr? — (ky $2 + ke $1) x + ($1 82 — $12”) =75() (11) 
Solving this equation for x, gives 
r=mt/nWt+qng (12) 
where 
m = 0.5 [(si/k1) + (S2/k2)] (13) 
n = 0.5 [(s1/k1) rim (S2/k2)] (14) 
qdi= Si12/ky 5 Uy Si2/ke (15) 
For the sake of abbreviation, let, 
r= V+ (16) 
so that 
ng=r-wn (16a) 


Since the thermal time constants, o and 7, are therecip- 
rocals of the two values of x in equation (12), we have, 


(17) 
(18) 
The subscripts of the coefficients in equation (9) 


are symmetrical with respect tol and 2. Hence, an 
identical equation may be written for 6., and the 


ot=m+r 


Ti=m—r?T 


6. See any text-book on differential equations, chapter on 
linear equations with constant coefficients. 
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exponents o and 7 are the same for both 6, and 6:. 


Thus, the general expression for 62 is: 
6) 0A; 67 ten eae (19) 
Substituting in equations (10) and (19) ¢ = 0, gives 
6 =Ai+ Bi (20) 
. O25 = Ao + By (21) 
Substituting the values of 6, and 6, from equations 
(10) and (19) in equation (6), and equating separately 
the coefficients of e~/’ and e~”’, gives the following 
two necessary relationships between A; and A, and 
between B, and B: 
A; (o Sia ky) = 820 As (22) 
Bi (7 8:— ki) = Siz T By (23) 
A substitution of the same values of 6; and 62 in 
equation (7) will give no new relationships between the 
above constants of integration. Solving equations 
(20) to (23) as simultaneous equations, and using 
equation (16a), we get: 


Ay = [(r + 7) O10 — qi 820]/2 7 (24) 
B, = [(r— 0) 8010 + Q: O20) /2 7 (24) 
Az = [(r — 0) O20 — G2 O10]/27r (26) 
Bz = [(r + 2) O20 + Gz O10]/2 r (27) 


These values are to be used in equations (10) and (19). 
As a check on the foregoing expression, let, in a 
limiting case, the two hot bodies be entirely independent 
of each other: that is, put si. = 0. Then qi = q2 = 0; 
r= N30! = 8,/ki; T—! = 82/ko; Bi = Az = 0; Ai = O10; 
By = Ooo. 
Hence, equations (10) and (19) become: 
Ox)= O10 els oP =S (28) 


which agrees with Doctor Kennelly’s results for a single 
hot body. 

If the losses themselves are functions of tempera- 
ture, so that pi, instead of being a constant, is, for 
example, a linear function of 6;, the general form of 
equation (3) remains unchanged, although the coeffi- 


B20 eo $2/ke 


cients will have a different meaning. The same is true 


of ps. Hence, the general expressions for 5; and 6, 
will be of the same mathematical form as equations 
(10) and (19), only the coefficients and their interpreta- 
tion will have to be deduced anew, following the general 
method used above. _ 


-PRACTICAL APPLICATION OF THE ABOVE FORMULAS 


In order to apply equations (10) and (19) to a given 
machine, it is necessary to determine the thermal 
dissipation coefficients s; and so, the heat transmission 
coefficient sj2, and the thermal capacities k, and kb». 
As a concrete example, consider the stator of a syn- 
chronous machine, and let the subscript 1 refer to the 
winding and the subscript 2 to the iron core. Let the 
machine be run at a certain load until the constant 
ultimate temperatures, 419 and 020, have been reached 
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and measured. Let the values of the copper loss, 1, 
and of the core loss, p2, be also known. Then, equations 
(4) and (5) contain three unknown quantities, s1, 8», 
and six. Let a heat run be made also at some different 
values of the losses, say p,’ and p.’, and let the final 
temperatures be 6,9’ and 02)’. Then two more equa- 
tions, similar to equations (4) and (5), may be written, 
giving altogether four equations with three unknown 
quantities. . If these quantities, determined from three 
of the equations, also satisfy the fourth, then all is well 
and an additional check has been obtained on both the 
theory and the measurements. In case of an unim- 
portant discrepancy, an adjustment can be made of all 
or some of the quantities involved, to satisfy the four 
equations with a reasonable accuracy. 

To determine k,, equation (6) is applied to the begin- 
ning of the experimentally obtained heating curves of 
both the winding and the core. Namely, at ¢t = 0, 
6; = O01) and 62 = O20; (d51/dt)o is the slope of the 
curve (taken with the minus sign) of the lower portion 
of the heating curve where it is practically a straight 
line. Substituting these values in equation (6), we 
get: 


ky = (810 81 — O20 S12) /( — d 61/d t)o (29) 


A similar expression for k. may be written from equa- 
tion (7). 

Knowing the foregoing five constants of the machine, 
the auxiliary quantities m, 7, qi, q2, 7, ¢, and T may be 
readily computed from the expressions given above. 
After this, the parameters Ai, Bi, Ao, B. may be 
evaluated for any desired values of ultimate temperature 
rise, 410 and 62, and equations (10) and (19) used to 
predict the shapes of the heating curves of both the 
core and the winding for any desired interval of time. 

The values of 61) and 92) depend upon the losses in 
the machine. Knowing the losses p; and p2, and the 
coefficients $1, $2, Si2, the values of 019 and 62) may be 
determined by solving equations (4) and (5) as simul- 
taneous equations. The result is 


Pi 82 + P2Si2 


= 30 
O10 $1 ons $122 ( ) 
s 
Rok. s _ Po 81 + P1812 (31) 


$1 Sy — 812”" 


Thus, with the aid of the foregoing theory, knowing the 
ultimate temperature rise at two different loads, and 
the initial slope of the heating curves at one of these 
loads, it is possible to predict the complete shape of the 


heating curves under any load conditions for which the. 
losses are known. ; 


Instead of determining, experimentally, the ultimate 
temperature rise at two different loads, it is also possible 
to use only one set of heating curves (one for the core 
and one for the winding), even without reaching the 
ultimate temperatures. In this case the unknown ther- 
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mal constants of the machine should be determined by 
the method of least squares, to satisfy equations (10) 
and (19)’7. The computations will be considerably 
more involved, but a heat run is saved, and the only 
heat run to be performed need not be continued until 
the stationary conditions have been reached. With 
very large machines, these considerations may out- 
weigh the tediousness of extra computations. 
NOTATION 
a constant, in deg. cent. 
a constant, in deg. cent. 
thermal capacity of a body, in kw-hrs. per deg. 
cent. 
defined by equation (13), in (hours) 
defined by equation (14), in (hours)~! 
heat input, in kw. 
defined by equation (15), in (hours)—! 
defined by equation (16), in (hours) 
thermal dissipation coefficient, in kw. per degree 
centigrade of temperature difference; this coeffi- 
cient includes the heat loss to the ambient 
medium and that to the other part of the 
composite body. 
t time, in hours 
xz auxiliary notation for a! and 7~', equations (11) 
and (12) 
6 deficiency in temperature, that is, the difference 
6.— 8. 
§ temperature rise, in degrees centigrade, above the 
ambient medium. 
6, ultimate temperature rise. 
a, T time constants of a combination of two bodies, in 
hours. 


~~ he > 


»~ 23 83 8 


Note 1. Where the subscripts 1 and 2are used in the 
text, 1 refers to a copper winding and 2 refers to the 
iron core separated from it by a layer of insulation. 
The subscript 12 refers to the heat conductance of 
this insulation. 


Note 2. The fundamental units assumed in the 
notation are the kilowatt, the kw-hr., the hour, and the 
deg. cent. However, the formulas hold true with 
any units, provided that these are consistent among 
themselves; for example, the watt, the joule, the second, 
and a degree of any desired thermometer scale. 


Some recent articles on heating of electrical machinery: 


E. Hughes, (British) Inst. Hl. Engrs. Journal, 1924, Vol. 62, 
p- 628. 

M. L. Keller, Archiv f. Elektrot., 1924, Vol. 13, p. 292. 

W. H. Cooney, Jour. A. I. E. E., Vol. 44, p. 1842, 
Dee. 1925. 

See also: R. Richter, Elektrische Maschinen (Berlin, 1924), 


Vol. 1, pp. 350 to 365. 


7. V. Karapetoff, Engineering Mathematics, Vol. III, pp. 
59-66. ; : 


Discussion 


G. E. Luke: As mentioned in this paper, Professor Kennelly 
derived the heating characteristics of an electric machine by 
considering it as one “chunk” of metal!. This paper gives the 
thermal equations on the basis of two “chunks” of metal (core 
and windings). An approximate solution of this problem based 
on three ‘chunks’ of metal (core, windings, and frame) was 
given in another previous Institute paper’. Asa matter of fact, 
a correct solution of this problem would have to be based upon 
an infinite number of ‘“‘chunks.”’ 

Professor Karapetoff assumed two thermally connected masses 
of metal (core and windings), each having a uniform temperature 
and loss throughout. In practise, the losses and temperatures 
are usually much higher in the teeth than in the main part of the 
core; hence, there will be a heat flow in that direction. In the 
windings, there may be a considerable heat flow from the em- 
bedded part to the ventilated end portion. Thus, the heating 
curve of the “hot spot” on the copper will depend not only upon 
the thermal constants of the embedded copper and core but also 
upon the thermal conditions of the end windings. Again the 
large variation in the temperature of the cooling fluid in its 
passage through the machine will tend to cause all parts of the 
machine to vary with it. 

The assumptions which must be made in order to derive the 
approximate thermal characteristics of a machine are more 
closely approached in small machines with relatively little forced 
cooling. On the other hand, in large machines, where long heat 
and fluid flow paths are found, together with a high velocity of 
the cooling fluid, the derivation of the heating characteristics on 
the assumption of uniform core and winding temperatures is 
likely to be erroneous. 


The method of solution of the problem as simplified by 
Professor Karapetoff interested me, as several years ago I had 
occasion to solve the same problem. In my solution, 6; was eval- 
uated from eq. (2) (also d 6;) and substituted in eq. (1). Thisalso 
gave a linear differential equation having constant coefficients, 
but the second member, instead of being zero, as in eq. (8), was 
a function of pi, 2, k1, ke, s1, and a, where @ is the temperature 
coefficient of resistance. The solution of this was similar to 
eq. (10) with a constant term added. Although the method of 
solution given in this paper seems to be indirect, yet the equations 
representing the arbitrary constants are more systematic than the 
method I used. 

For the application of these equations, the author suggested 
that the many constants be calculated from experimentally 
obtained heating curves. The difficulty is to obtain accurate 
heating curves of the copper and iron temperatures especially 
on the rotating members. 

I have applied these equations for predetermining the tem- 
peratures of machines on short-time overloads by calculating 
the constants from the known physical conditions. Thus, on 
such loads, most of the losses are stored and since the copper has 
such a high rate of loss, its temperature rises quickly. For ex- 
ample, the temperature rises of a 50-h. p., d-c. railway motor on 
a 150-per cent load, for one-half hour, as calculated (starting cold) 
were 51.5 deg. cent. armature core and 85.5 deg. armature cop- 
per, while the actual tested values were 48.0 and 87.5 deg. 
cent. respectively. 

Another interesting application of these heating equations 
was to calculate the heating and cooling curve of a 600-volt, 
31,000-cir. mil., rubber-insulated, stranded copper cable, with a 
load of 214 amperes for 244 min. The calculated points were 
based only on the weight of copper and insulation, the conduc- 
tivity of heat of the rubber, and the surface heat transfer from 
the cable. The solution is necessarily approximate since the 


1. Temperature Rise of Electric Machines on Intermittent Duty, by 
G. E. Luke, Electrical World, May 27, 1922. 

2. Heating of Railway Motors in Service and Test-Flaor Runs, by 
G. E. Luke, Journat A. I. E. E., (1922), p.165.. 
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with masses of iron. 
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insulation and copper were assumed to have a uniform tempera- 
ture 6) and 6;, respectively. The results are given in Fig. 1 
herewith. Since the loss in the rubber was zero, its slope was 
zero at the start of the cycle. 

Although the assumption of two thermal masses simplifies 
the problem considerably, the final solution is still long and 
complicated and therefore will be used seldom by the average 
engineer. This solution should prove of value to the specialist, 
however, when considering problems such as I have mentioned. 
This solution also will indicate the limitations and errors of the 
less approximate solution based on a single uniform mass of metal. 

W. F. Dawson: I want to show some curves (Fig. 2 herewith) 
that follow the curves given in Goldschmidt’s paper® and also 
by Dr. Kennelly. 

These curves are the heating curve of a mass of copper im- 
bedded in insulation and other surrounding material. To 
simplify the problem, let us assume that it is not armature copper 
in an armature, but a field coil where the only loss is the copper 
loss. The initial rate of temperature rise depends upon the 
specific heat of the material, the specific gravity, (density), the 
specific resistance, and the current density. It so happens that, 
at 1100 amperes per sq. in., where there are no parasitic or extra 
losses, and the mean temperature is about 60 deg. cent., the rate 


° Test Pornts 
© Calculated Points 


Degrees Centigrade-Temperature Rise 


Minutes 


Fie. 1—HeEatTING AND CooLine Curve or A 600-VoLt, 32,000- 
cM. RuBpBER-INSULATED, STRANDED COPPER CABLE 


of temperature rise is almost exactly one deg. cent. per min. 
This current density also gives approximately one watt per cu. 
in. (0.95 watt). 

In practise, it is found that at 1100 amperes per sq. in., the 
initial rate of temperature increase is much less than one deg. cent 
per min., seldom more than one-half of a deg. cent. per min. and 
sometimes as low as one-third of a deg. cent. per min. The 
explanation lies in the fact that these windings are always sur- 
rounded with a considerable amount of insulation and frequently 
Goldschmidt has suggested that the 
specific heat of cotton insulation is approximately six times that 
of copper; hence it is easy to explain that the added thermal 
capacity of the surrounding insulation and iron is responsible for 
the lowered rate of temperature rise. A divisor of two is usually 
quite safe, hence with a current density of 2200 amperes per sq. 
fin., one can safely assume that the initial rate of temperature 
rise will not exceed two deg. cent. per min. 

I have made several tests with temperature rise plotted 
against time and found that, when a proper factor was used for 
the thermal capacity, the test results compared very closely with 
curves calculated according to Goldschmidt’s formula. In one, 
a strange ““hump’’ was shown in the observed heating curve and 


3. Journal I. E. E. (London) May 1905, Vol. 34, No. 172, p. 660. 
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it was referred back to the testing department with the comment 
that “the phase currents in the armature became temporarily 
unbalanced.” This was found to be the case. The extra heat- 
ing was due to double-frequency currents induced in the field 
because currents in the armature phases became unbalanced. 
Fig. 2 will be found useful in the study of short-time ratings of 
windings, and the effect of fractional loads and overloads. It 
should be considered as a suggestion rather than something to be 
followed under all circumstances. It is plotted on the assump- 
tion that 2200 amperes per sq. in. give an initial temperature 
rise of two deg. cent. per min. (this assumes that total thermal 
capacity equals twice that of the copper winding), that the final 
temperature rise will be 40 deg., and that the temperature rise 
variestas the square of the current load. 
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Fig. 2—TEMPERATURE GRADIENT CuRVES BasED on 2200 
AMPERES PER Sq. In., Futt Loap anp Two-Dsc. Risz PER Min. 


A little study will suggest many uses for curves of this sort; 
for example, a short-time overload is required on a machine that 
has been operating at fractional load until it has reached steady 
temperature. From the steady temperature indicated by the 
curve for that fractional load, follow the abscissa line to the 
left until it intersects the curve corresponding with the over- 
load and note the corresponding time. Add the time for the re- 
quired overload, and the intersection of the corresponding ordi- 
nate with the overload curve will indicate the total temperature 
rise. 

C. J. Fechheimer: A few more words may be added in 
regard to the longitudinal heat flow in the copper. In machines 
which have, let us say, over 50-in. core length, the influence of the 
longitudinal flow upon the copper temperature at the middle of 
the core may be neglected. But in short machines, that flow 
plays an important part in the heat dissipation at the center. 
In some short machines, (say eight in. of core length or less), most 
of the heat generated in the copper is dissipated from the end 
windings, and there may even be flow of heat from the iron to the 
embedded copper whence it flows longitudinally to the ends. 
Frequently, then, there is not a great difference in temperature 
between the embedded copper and the ends. 

It is well known that the time constant in a simple exponential 
equation is proportional to the ratio of the storage of heat to the 
dissipation of heat. In general, that time constant is consider- 
ably. higher for the embedded part than for the ends, and, since 
there is so large an interchange of heat between the two in the 
short machine, the influence of the longitudinal flow cannot be 
ignored. About eight years ago J tried to obtain a solution of the 
problem, taking into account time and the distance along the 
conductors as independent variables. I obtained the partial 
differential equations and was able to integrate them. But the 
equations became so unwieldy when the terminal conditions were 
substituted that I abandoned the solution. I believe I still 
have the papers, and should be glad to send to Professor 
Karapetoff the results as far as I went, if he cares to go over them. 
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Suppose the time-temperature curves for a short machine 
are illustrated graphically as in Fig. 3 herewith. Curve I shows 
the rate of heating of the embedded part, and Curve II that of the 
ends, assuming that neither is influenced by the other. The 
actual time-temperature curve of the copper at the middle of the 
machine is about as in Curve III. The ends attain their maxi- 
mum temperature in considerably less time than the embed- 
ded parts, each acting alone, and the maximums are quite 
different. If the equation of Curve III can be taken as of simple 


i 
exponential form [@= 6, (1 — € ! )], and if the final temperature 


be known, the entire curve 
=) 


: ae a dé 
rise 6, and the initial slope i) 
t 


ean be plotted. 


In Dr. Kennelly’s paper of last year and in this paper of Pro- 
fessor Karapetoff’s, mention ismade of the similarity between the 
time equations of the heat circuit and the electric current con- 
taining inductance and resistance. In the discussion of a paper 
by Mr. Luke in 1922, that similarity was noted.? Perhaps that 
was brought to the attention of the electrical engineers long ago. 


A. E. Kennelly: In the paper which I presented last year, 
I was not interested primarily in the determination of the con- 
ditions of heating, but in the presentation of the statistical factors 
concerning heating. As has been pointed out by several speakers, 
and as pointed out in the discussion last year, there are a number 
of instances in which the heating curves of parts of machines, or 
of parts of windings, or of core bodies, follow exponential curves, 
and it ismarvelous, I think, how common exponential curves, either 
of the rising type or of the falling type, are innatural phenomena. 


We have been in the habit of referring the unit of time in which 
the exponential change occurs to a time constant in which the 
change is 63.2 per cent of the final ultimate change and in the 
next time constant 63.2 per cent of what again is left. That is 
a very awkward numerical calculation to present to practical 
men, so that, in order to avoid that unnecessary numerical and 
statistical combination, I ventured to point out that it is suffi- 
cient to take approximately 70 per cent of that exponential time 
constant (69.3 per cent theoretically) and to state that, as the 
binary time-constant or the time to come up to one-half; so that 
if in the first binary time constant of, let us say, twenty minutes, 
this element of the machine will come to half its final tempera- 
ture elevation, then, in the next binary time constant of twenty 
minutes, it will come to half of what is left or three-quarters of 
the whole. 
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As has been pointed out by Professor Karapetoff and others, 
probably no machine develops a strictly exponential time curve 
of heating. As engineers, we try to find reasonable practical 
applications and we say, ‘Well, granted that it is never quite 
true, are there not cases which present themselves where the 
deviations for ordinary practical purposes can be neglected?” 
It is my opinion, after having gone over a considerable number 
of such heating curves, that many cases can be treated upon the 
basis of an experimental time constant. __ be 
~ So I think the procedure we can agree upon is this: Let us find 
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the cases which present themselves in engineering practise where 
the actual curves are nearly constant, so that we may say, for 
practical purposes, that this machine, under such a load, will 
come up to one-half its final temperature elevation in so many 
minutes. Then one knows’ just how the heating will be beyond 
that point. Then, let us tabulate the exceptions. 

I think we may look upon this as a valuable tool for the future, 
but I want first to see a tabulation of what can be done with 
existing machinery of various classes, using the simple, single 
time-constant. From what I have been able to ascertain from 
actual engineers,—men who are using this, —there will be a con- 
siderable number of cases where that does apply reasonably well. 

F. Fabinger (in writing’): It may be of interest to eall at- 
tention to my article entitled ‘“A Contribution to the Theory of 
Heating of Electrical Machinery’’ published in the May 1923 
issue of the Elektrotechnicky Obzor which is the official organ 
of the Association of Electrical Engineers of Czechoslovakia. 
In this article, I consider a body which is a source of constant 
quantity of heat per unit time to be completely surrounded by 
another body of infinite conductivity, in contact with a cooling 
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medium of constant temperature. The differential equations 
in this case lead to a solution similar to Karapetofi’s eq. (10); 
that is, the instantaneous temperature is expressed by a sum of 
two exponential terms. 

Vladimir Karapetoff: As Dr. Kennelly has pointed out, the 
next step is to apply the proposed theory to a few machines to see 
how handy (or unhandy) it will be. Talso hope that someone 
will be spurred to improve the two-chunk theory, but let us hope 
that this will be not in the direction of a three-chunk theory, 
but in the direction of distributed flow of heat. 

To me, the next step is this: Assume the heat flow in the 
stator copper to be parallel to the shaft of the machine and the 
heat flow in the stator core to be radial. The temperature at a 
point will then not only be a function of time, but of the coordi- 
nates of that point as well, so that, as Mr. Fechheimer has pointed 
out, we shall have equations with partial derivatives. It would 
be of considerable interest to establish such equations. Even 
should they prove to be too complicated for a straightforward 
solution, some approximation methods may be applicable in 
numerieal cases. 


The Ratings of Electrical Machines As Affected 
by Altitude 


BY CARL J. FECHHEIMER:! 


Fellow, A. I, E. E. 


Synopsis.—The paper contains equations applicable to machines 
cooled by forced air convection currents. It is to be hoped that the 
A. I. BE. E. Standards Committee will find some helpful sugges- 
tions in the paper. 

Ignoring differences in ambient temperature, the effect of altitude 
may be considered from two standpoints: 

(a) The change in temperature rise, the rating remaining the 
same; or (b) the change in rating, the temperature rise at a given 
altitude equaling that at sea-level. The applications of both are 
considered, and equations are solved in both ways. The difference 
in ambient temperature at sea-level and at altitude is also taken 
into consideration in other equations. 

The present A. I. E. E. rule is known to be faulty, applies only 
on the basis of temperature change, and starts at 1000 meters. 
These and other objections are believed to be met in this paper. 


Several of the equations are plotted in families of curves, which 
should be of assistance to the reader. By assuming other values 


for some of the factors, other similar curves can be drawn. | 


‘In Appendix I, the derivations of equations are given. Appen- 
dizes II and III cover discussions of two of the factors used in the 
equations. In Appendix IV, some cases other than a slotted core 
are discussed. 

A number of assumptions were made in the derivations of the 
equations: (1) The temperature coefficient of resistance was neglected; 
(2) the heat that flows transversely through the insulating wall is 
the same percentage of the heat generated in the copper at altitude 
as at sea-level. The equations are intended to apply to a slotted 
core, although they may be used for other parts of an electrical 
machine. Some examples are given in Appendix IV. 


* * * * *. 


i has long been known that the density of a gaseous 
cooling medium influences the rate at which heat 

is dissipated from a heated surface, and at the 
February 1913 Convention of the American Institute 
of Electrical Engineers an attempt was made to 
correlate the temperature rise of an electrical machine 
with the barometric pressure. The revised A. I. E. E. 
standardization rules of December 1914 contained a 
statement for correcting temperature rise or rating to 
correspond to higher altitude, but the rule was intended 
only to be temporary, and it is now recognized as 
faulty. Several articles on this subject have recently 
appeared in the Technical Press? and in this article 
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another method of attack is presented. It is to be 
hoped that the A. I. E. E. Standards Committee will 
find some helpful suggestions herein. 


If the change in ambient temperature is ignored, itis . 
evident that the effect of altitude may be considered 
from two standpoints: (a) The change in temperature 
rise, the rating remaining the same; or (b) the change 
in rating, the temperature rise at a given altitude 
equaling that at sea-level. Perhaps the most usual 
case, in which the purchaser of apparatus is interested, 
is how much less the temperature rise of the machine 
should be at sea-level than at a given altitude for the 
same load. The machine usually is tested near sea- 
level, and the customer wishes to know how much to 
decrease the test temperature rises to equal approxi- 
mately those at the higher altitude. This is the most 
useful way for the correction to appear in the A. I. E. E. 
Standards. It is well, however, to include another 
method to cover the change in permissible output with 
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altitude for operating recommendations. Equations 
in this form should also be of value to the designing 
engineer, as with their use he can tell how much the 
rating of a machine should be altered if transferred 
from sea-level to a higher altitude. 

In the 1925 A. I. E. E. Standards, the rule reads: 
“For apparatus intended for service at altitudes greater 
than 1000 meters, it is provisionally agreed that the 
permissible temperature rises (to be included in con- 
tracts and checked by test at low altitude) shall be 
less than specified in these standards by one per cent 
of the specified rise for each 100 meters of altitude in 
excess of 1000 meters.”” The ‘‘Usual Service Condi- 
tions” are given as “‘(a) When and where the tempera- 
ture of the cooling medium does not exceed 40 deg. 
cent. (b) Where the altitude does not exceed 1000 
meters.” 

From the above it will be seen that in the existing 
A. |. E. E. rules: 

(1) The correction for altitude is only on the basis 
of temperature change, not on a change in rating. 

(2) Thecorrection for altitude starts at 1000 meters, 
there being no correction for altitudes lower than that 
elevation. 

(3) The correction for altitude is in very simple 
form, and as such cannot possibly bring in the various 
factors upon which such correction depends. 

(4) The correction for altitude is empirical, and is 
based upon a limited amount of data; it is consequently 
liable to be considerably in error. 

It is believed that these objections are met in this 
article. The derivations of the equations are given in 
Appendix I. The final equations may be put into vari- 
ous forms, according to what the point of interest is, 
what items are to be considered and what ones are to 
be ignored. They may be classified according to 
whether the solution is for temperature or for rating. 
The solutions are applicable to forced convection con- 
ditions only. The equations are intended to apply 
chiefly to a slotted core, in which some of the losses are 
constant and some’are proportional to the square of 
the load. The factor k is the fraction of loss in the 
core that is proportional to the square of the load at 
sea-level rating. (Thus, in estimating k, the numerator 
is the embedded copper loss, and the denominator the 
embedded copper loss plus the core loss). For the 
more usual applications of the equations 1 and 2 below, 
k fortunately does not appear. The equations can 
be applied to parts other than the slotted core, such as 
field coils in synchronous alternators, but then, although 
k =1 and the equations are therefore simplified, 
account must be taken of the rate at which the field 
current changes with the load, and that is beyond the 
scope of this paper. In Appendixes Ilvand- IV; k 
and cases other than a slotted core are briefly discussed. 

‘The final equations are as follows, the list of sym- 
bols following the equations: 

(a) Solutions for temperatures: 
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I. Surface temperatures only considered: 
O61 ( B, i 
O52 re B, 
II. Internal (copper) temperatures considered: 
1 6, vost 


(1) 
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(b) Solution for ratings: 
I. Surface temperatures only considered: 
1. Permissible temperature rise at a given alti- 
tude the same as at sea-level. 
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2. Permissible temperature rise at a given alti- 
tude different from that at sea-level: 


K = /1- met et( =a) | 
k By 

II. Surface drop and drop through insulation 
considered : 


1. Permissible temperature rise at a given alti- 
tude the same as at sea-level. 
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2. Permissible temperature rise at a given alti- 
tude different from that at sea-level. 
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In the above equations, 
a = ratio of the thermal drop from the copper to the 
iron to the total temperature rise, at sea-level. 
b =ratio of the total temperature rise at a given 
altitude to the total temperature rise, at 
sea-level. 
B, = barometer reading at sea-level. 
B, = barometer reading at a given altitude. 


k . = fraction of loss in the core that is proportional 
to the square of the load at sea-level rating. - 

fraction of sea-level rating that should apply 
at a given altitude. ~ . 

exponent of barometric pressure ratio, and 1s 
the power to which that ratio should be raised 
to determine how much the surface tempera- 
ture rise is altered by a change in density. 
Its value is between 0.75 and 1, and for most 
purposes 0.9 may be used. 

total temperature rise at sea-level. 

6, = total temperature rise at a given altitude. 
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temperature rise of the cooling surface above 
the ingoing air, at sea-level. 

6.. = same as 6,1, but at agiven altitude. 

Fig. 1 is plotted the ratio of the barometric pres- 
sure at sea-level to that at a given altitude. With 
these data, and that contained in equation (1), the 
curves in Fig. 2 have been plotted. They show what 
the ratio of the temperature rise at sea-level to that 
at altitude should be, outside surface temperatures only 
being considered. They are plotted for three different 
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RATIOOF BAROMETRIC PRESSURE AT SEA-LEVEL TO THAT AT A GIVEN ALTITUDE: 81/g , 


0 1 2 3 4 5 
X 1000 = METERS ALTITUDE 


Fig. 1—Curve or BAROMETRIC PRESSURE 


values of m. The corresponding ratio, using the 
provisional A. I. E. E. rules, is also plotted. If the 
assumption is made that the probable most usual 
value of m, issay, 0.9, data from the curve corresponding 
to that value could conveniently be incorporated in the 
rules. Or, for m = 0.9, the data may be quite ac- 
curately represented by the equation 

6.1 alt 


= 1-—0.09 X 000° 


0.0 up to.about 4000 meters. 


In those machines in which temperatures are 
measured by embedded temperature detectors, equa- 
tion (2) may be used. The plots for a = 0.4, 0.5, and 
0.6 are given in Fig. 3. for m= 0.9. Those three 
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curves are so nearly straight lines that their approxi- 
mate equations may be written as follows: 


SURFACE TEMPERATURE RISE AT A GIVEN ALTITUDE 


SURFACE TEMPERATURE RISE AT SEA-LEVEL 
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X 1000 = METERS ALTITUDE 
Fic. 2—Ratio or SurracE TEMPERATURE Rise aT SEa- 
LEVEL TO THAT AT A GIVEN ALTITUDE. ‘“‘m’’ HAS A DIFFERENT 
VALUE FOR HacH CURVE. 
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1 Alt 
a = 0.5, ——=1-0. (=> ) 
5 1 = 0.0526 (+ 
Alt 
= 0.6, =1-0. ( ) 
a p= 1- 0.044 ( 599 


Alt. = Altitude in meters. 
The error for the high altitudes is not negligible 
when the present A. I. E. E. rule is used. Thus, for 
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PERCENTAGE OF NORMAL SEA-LEVEL RATING 
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x 1000 = METERS ALTITUDE: 


Fig. 4—RatinGs as AFFECTED BY ALTITUDE. m = 0.9 FOR 
ALL CuRVES, SURFACE TEMPERATURE ONLY CONSIDERED. k, 
THE FRACTION OF LOSS IN THE CoRE THAT IS PROPORTIONAL TO 
THE SQUARE OF THE LoAp AT SEeA-LEVEL, HAS A DIFFERENT 
VALUE FOR EAcH CURVE 
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a = 0.5, the temperature rise at sea-level is 0.6, instead 
of 0.735, of the rise at 5000 meters. 

It will be noted that equations (1) and (2) do*not 
contain k, the fraction of the loss in the core’ that. is 
proportional to the square of the load. This follows 
because the temperature of the external surface of, 
say, an armature, is independent of the distribution of 
losses in the copper and iron. This is fortunate, as 
one less variable means simplification. 

When the equations are solved for the rating ratio 
K, the term k is present. When ‘so solved, the 
simplest solution, equation (3), applies when surface 
temperatures only are considered, and when the permis- 
sible temperature rise at a given altitude is the same at 
sea-level. Perhaps that is the form of “rating’’ equa- 
tion that an engineer would use most frequently.: The 
percentage of normal sea-level rating may then be read 


directly from’a’'family of curves, ‘such’ as are shown ‘in. 


Fig. 4. Those curves were calculated on the basis that 
the barometric pressure ratio = 0.9, and that the value 
of k, the fraction of total loss that, at sea-level, is 
proportional to the square of the load, is constant along 


any one curve. ~The value to assign to k is considered 
in Appendix II. If a fixed value is chosen for k, 
the equation may again be plotted in the form of a 
family of curves, the exponent m being fixed for each 
curve. The value of 0.4 has been chosen for k in the 
plot in Fig. 5. From data on various machines, it 
seems as though 0.4 isa fair average value. As stated 
elsewhere in this paper, a value of 0.9 for m is probably 
the one that may be generally adopted. Itis, therefore, 
suggested that for machines on which surface tempera- 
tures only are measured, the data from either Fig. 4 or 
5, for m = 0.9 or k = 0.4, be used. 

If again surface temperatures only are considered, 
and values are assured for m and k, a family of curves 
may be plotted with the use of equation (4). As 
shown in Fig. 6, m = 0.9and k =0.4. Equations (3) 
and (4) are the same except that in (3) the temperature 
rise is taken to be the same at altitude as at sea-level, 
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for a given rating ( b = avers L ). The patio Ueis 
1 


constant along any curve in the family in Fig.6. It 
will be seen that it is quite within the range of possi- 
bilities for a machine to be good for a higher rating at 
a higher altitude than at sea-level. For example, if the 
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PERCENTAGE OF NORMAL SEA-LEVEL RATING 


X 1000 = METERS ALTITUDE 


Fig. 5—Ratines aS AFFECTED BY ALTITUDES. SURFACE 
TEMPERATURE ONLY CONSIDERED. ‘“‘m’” Has A DIFFERENT 
VaLur ror Facu Curve. k = 0.4 ror ALL CURVES. 
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air temperature is 40 deg. at sea-level, and the rise is 


~ AO deg., then at a certain location at 3000 meters alti- 


tude, where the air temperature is 20 deg., the permis- 
sible rise is 40 + 40 — 20 = 60 deg. to secure the same 
total temperature. The rating may then be, from 
Fig. 6, 110.5'per cent of sea-level rating. oes 

Equations (5) and (6) are solved for the percentage 
of sea-level rating, account being taken of the drop 
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through the insulation. Thus, the factor a is the 
ratio of the thermal drop from the copper to the iron 
to the total temperature rise, at sea-level. The assump- 
tion is made that the heat that flows transversely 
through the insulating wall is the same percentage of 
the heat generated in the copper at altitude as at sea- 
level. Evidently these two equations apply only 
when the temperatures are measured by embedded 
temperature detectors. Equation (5) is the same as (6), 
except that in (5) the temperature rise at altitude is 
taken to be the same as at sea-level. 

With the number of factors as given in equations 
(5) and (6), it becomes more difficult to plot them in 
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6—Ratines as AFFECTED BY ALTITUDE. 
TEMPERATURE ONLY CONSIDERED. m = 0.9 anpk = 0.4 ror ALL 
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Curves. b, THE Ratio or THE TEMPERATURE Rise av ALTI- 
TUDE TO THAT AT SEA-LEVEL, HAS A DIFFERENT VALUE FOR 
Eacu Curve. 


families of curves, and such curves are, therefore, not 
included in this paper. As those equations will prob- 
ably be of value chiefly to the designer, and as it is 
necessary to evaluate such factors as k and a, 
with which frequently only the designer is familiar, he 
can readily substitute the numerical values in the 
equations and solve for K. 


Appendix I 
DERIVATION OF EQUATIONS 
For the usual case, the slotted core construction is 
of greatest interest. While that construction is the 
one chiefly considered, the equations are applicable to 
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other parts. Some cases are considered in Appendix IV. 
The derived equations take into account the relative 
values of J? R loss, the percentage thermal drop through 
the insulating wall, and the comparative allowable 
temperature rises at altitudes and at sea-level. The 
equations are simplified if any of these are neglected. 
Furthermore, the equations can be readily applied if 
tests have been made at the factory where such items 
as the barometric pressure, ingoing air temperature, 
and the temperature rise of the iron surface and of the 
embedded copper, have been measured or whose approx- 
imate values may be assumed. The assumption is 
made that all heat is dissipated by forced convection 
currents of air, natural convention and radiation being 
of negligible influence. The equations, therefore, are 
not applicable to transformers, totally enclosed machin- 
ery, or other apparatus in which those two effects are 
predominant. The assumption is also made that in a 
slotted core the heat that flows transversely through the 
insulating wall is the same percentage of the heat 
generated in the copper at altitude as at sea-level. 

Call L; the losses upon which the temperature in 
the member under consideration are dependent when 
operating at sea-level (usually embedded -copper 
losses plus iron loss). Also & = fraction of loss 
L, that is proportional to square of the load, at 
sea-level. Then: 

L=kl,+0—-k)h (7) 

Thus, k L, = variable losses that are proportional to 
the square of the load, and the remainder, (1 — k) L, = 
constant losses. At a given altitude, the constant 
losses are still (1 — k) Li, and the variable losses are as 
at sea-level multiplied by the square of the ratio of 
ratings. If Lz. is the loss at altitude, 

L,=kK?I,+1—k)lhi (8) 

The difference between the surface temperature and 
that of the cooling medium adjacent to the surface is 
proportional to the losses, and inversely proportional 
to a fractional power of the density of the medium. 
The fractional exponent is probably between 0.75and 1, 
and its value is further discussed in Appendix III. 
The cooling medium, air, is itself heated by the absorp- 
tion of losses up to the particular surface, and that air 
temperature rise must be added to the thermal drop 
from the surface to the adjacent air. The air rise is 
inversely proportional to the density of the cooling 
medium. The temperature rise of the surface above 
the air entering the machine is then made up of two 
parts, one of which is inversely proportional to the first 
power of the density ratio and the other is inversely 
proportional to a power of that ratio whose value is 
between 0.75 and 1. In the general case in which the 
temperature rise above the ingoing air is considered, the 
resultant exponent is probably not far from 0.9, but in 
these equations it is written as m. The equation 
coordinating losses and barometric pressures with sur- 
face temperature rise may then be written as: 
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Gs ibs ( B, y" 
651 - Ly, B, 
Here Bet = temperature rise of cooling surface above 
the Ingoing air, at sea-level. 6,. = same as 6,1, but at 
altitude. B, and By, are respectively the barometric 


pressure readings at sea-level and at altitude. 
From equations (7), (8) and (9), 
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Whence, for 052. = 951, 


are A ee eee ( Be al 
oat B, 
Equations (11) and (3) in the text are identical. 


Assuming that the load at sea-level and at altitude are 
the same, K = 1, the equation may be written: 


O51 ( B, y" 
O52 i) B 1 
This is the same as equation (1) in the text. 
Consider next the transverse flow of heat through the 
insulation wall adjacent to the copper in the slot; the 


‘total temperature rise of the copper above the ingoing 
air 6. is the sum of the drop through the insulating 


(11) 


(12) 


wall @,. and the surface rise 6,2. That is: 
62 = Os2 + Ain (13) 
Similarly at sea-level, using subscripts 1 instead of 2, 
6, a O51 + 61 (14) 


The heat flows in part transversely through the insu- 
lation from the copper to the iron, and in part longi- 
tudinally and the relations are too complex to embody 
in these equations.* (In some cases the flow may be 
from the iron to the copper). It is believed, however, 
to be reasonable to assume that the percentage of the 
total heat generated in the copper that flows trans- 
versely is the same at a given altitude as at sea-level. 
The difference in temperature between the copper 
and the cooling surface may then be taken as ‘propor- 
tional to the coppér losses: 

. Bar) Fekly _ ee 
ee -0 a kL; 

Call a the ratio of the drop from the copper to the 
cooling surface to the total temperature rise at sea- 
level: 


(15) 


== 16 
a= | (16) 

-Qne other factor may enter, as the permissible tem- 
perature rise at a given altitude is frequently greater 
than at sea-level, due to the lower ambient temperature 
at the higher altitudes. The ratio of the permissible 
rise is: 

3. Those equations will be found in a paper by the author: 


. “Longitudinal and Transverse Heat Flow in Slot Wound Arma- 
ture Coils.””, Trans. A. I. E. E., 1921, p. 589. 
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a (17) 


Equations (10), (13), (14), (15), (16) and (17) may 
readily be combined, and the solution may be written 


as: 
B, i 
By 


y (18) 
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This is the same as equation (6) in the text. By 
taking the ambient temperature at sea-level to be the 
same as at altitude, b = 1, equation (5) is obtained. 
If in (18), a, the ratio of the drop from the copper 
to the iron to the total temperature rise at sea-level, is 
taken as zero, equation (4) is obtained. Then, again, 
if.in equation (4), b = 1, equation (3) follows. Also, 
if in equation (18) the ratio of ratings at altitude and 
at sea-level be taken as unity, equation (2) is obtained. 
Equation (1) may be obtained from (2) by placing 
a = 0. Then the surface rises (6,, and 0,2) are taken 
to be equal to the total rises 6; and 6s. 

Appendix II 
DISCUSSION OF VALUES OF k 

The value of the fraction of the loss in the core that is 
proportional to the square of the load, k, is necessarily 
largely dependent upon the type of machine, upon the 
speed, upon the voltage, upon the choice of proportions 
by the designer, etc. A number of machines of three 
types were chosen at random, as given in the table. 


SALIENT POLE ALTERNATORS 
Rating at Sea Level 


Ky-a. Volts Frequency |Rev. per min. k 

18750 12000 60 150 0.498 

9250 13200 60 112 0.302 
850 2200 60 100 0.730 
12500 13200 60 720 0.370 
10000 15000 50 600 0.590 
0.498 
= Av.k 
LARGE INDUCTION MOTORS 
Syn. Rev. 

Na tan ey Volts Frequency per min. k 
1200 2200 60 600 0.206 
1200 6600 25 500 0.475 
1400 2200 60 514 0.448 
1500 6600 25 375 0.320 
1200 2200 60 300 0.316 
1500 2200 60 360 OF 3857, 

0.353 = Av.k 

D-C. GENERATORS AND MOTORS 

Kw. Volts ‘Rev. per min. k 
500 250 1200 0.216 
1000 250 720 ; 0.380 
1500 250 514 0.420 
300 250 150 0.407 
600 250 100 0.450 
1000 250 100 0.508 


0.397 =Av.k 


Mean of the three values of k = .416 
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From Fig. 4 it will be seen that the value of k has 
considerable influence upon the rating. For the general 
average case, the value of 0.4 is probably not far wrong. 
The curves in Figs. 5 and 6 were plotted for that value. 
Inasmuch as the equations involving & are of princi- 
pal value to the designer, he can readily determine the 
proper value to assign to it, and estimate the rating at 
the higher altitude by substituting in the proper equa- 
tion. For short machines the longitudinal flow affects 
the distribution, and for such machines the value of k 
should be reduced. 
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DISCUSSION OF VALUES OF ™ 


The value to assign to m, the barometric pressure 
ratio exponent, could easily be made the subject of 
an entire paper. Onlya brief outline of the subject 
and mention of several papers are given in this note. 
As stated in Appendix I, m is dependent upon two 
factors which are additive, (a) the rate at which heat 
is transferred from a heated surface to the moving 
fluid, and (b) the temperature increase of the cooling 
fluid from entrance to the machine up to the point 
under consideration. These two do not bear a fixed 
relation to each other; in one type of machine the rela- 
tion may be quite different from another type. For 
example, in a d-c. armature, the temperature rise of 
the air up to the parts of the radial vents considered is 
probably quite small; on the other hand, in a high speed 
steam-turbine driven alternator the air rise is usually 
considerable before it reaches those parts of the vent 
ducts which are closest to the points where the tempera- 
tures are measured. 


The volume of air per unit time which passes through 
a machine is independent of the barometric pressure. 
(This follows because the pressure generated by the 
fans and the pressure drop through the various paths 
of the machine are both proportional to the density, 
and the generated and consumed pressures are equal to 
each other). As the mass of air per unit of time is 
. proportional to the density, the mass varies directly 
with the density or with the barometric pressure. As 
the temperature rise of the air is inversely as its mass, 
(assuming that the same heatis taken up by theair), the 
temperature riseis inversely as the barometric pressure. 


In regard to the rate of transfer of heat from the 
surface to the cooling medium, there are a number of 
papers available. Perhaps the best work is that of 
Nusselt‘, and he found experimentally that the density 
ratio exponent is 0.786. Pohl’ used that value in the 
derivation of equations applicable to machines using a 
closed circuit system of cooling. One of the most recent 


4. Nusselt, “Heat Transmission in Conduits,’ Zsch. d. V. D. 
T., 1909, p. 1808. i 

5. Robert Pohl, “Fundamentals of Heating Calculations 
of Electric Machines, Especially Turbo Generators, Cooled by 
the Circular Process’, Arch. f. Hlek., 1923, p. 361. 
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publications is that of Rice®, who obtains his results 
largely theoretically, using the dimensional method, 
and in his final equations for heat transfer for the tur- 
bulent state of ideal gases, for smooth and for moder- 
ately rough surfaces, the exponent of density is given 
as unity. Rice’s paper contains a large number of 
references, and any one interested can consult that 
paper. In the paper by Doherty and Carter’, the 
exponent for forced convection was found to be 0.78, 
and to simplify calculations, they used 0.75. This value 
seems to be approximately correct for the machines for 
which they give data in their paper. As we understand 
their results, the exponent 0.75 takes account of the air 
rise as well as the surface transfer. It is felt, however, 
that their tests are too limited to warrant us to draw 
conclusions. 

It is believed that since the total drop is made up of 
two items which are additive and since the exponent 
for one of them is probably not far from 0.80 and the 
other is unity, a mean of 0.9 may be chosen for the 
general case. It would be well to obtain further experi- 
mental checks. As may be seen from Figs. 2 and 5, if 
0.9 be adopted, the error in temperature or inrating is not 
great for probable departures above or below this value. 


Appendix IV 
CASES OTHER THAN A SLOTTED CORE 


The manner of treatment of a few cases other than a 
slotted core will be considered. 
1. Commutators. 

The losses are evidently the brush friction and J? R, 
the influence of windage loss upon temperature being 
negligible. The friction losses are evidently constant 
and the J? R losses are proportional to the square 
of the load. Equations (1), (3) and (4) are 
applicable. 

2. Stationary Field Coils as in D-c. Machines. 


A. ShuntCoils. If the field current may be assumed 
to be the same at all loads, and surface temperatures 
are to be measured, equations (1), (3) or (4) may be 
used; otherwise, if the temperature rise is measured by 
resistance, equations (2), (5) or (6) may be used, taking 
k =1. If the field current changes with the load, the 
temperature equations (1) or (2) may still be used. 
Unless the change in current with load can be incor- 
porated in a simple equation which can be combined 
with other elementary equations, the rating may be 
approximated by a cut-and-try method. 


B. Series or interpole coils, or compensating windings. 
The current is proportional to the load, and the losses 
to the square of the load. If the surface temperatures 
only are to be measured, equations (1), (3) or (4) may 


6. C. W. Rice, ‘‘Foreed Convection of Heat in Gases and 
Liquids”, Industrial and Engineering Chemistry, May, 1924, 
p. 460. 

7. “Effect of Altitude on Temperature Rise’, 
A. 1. E. B., 1924, p. 824. 
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be used, taking k = 1. If these windings are insu- 
lated and temperatures are measured by resistance, 
equations (2), (5) and (6) may be employed. 

It is recognized that, due to change in armature losses 
with load, the temperature of the cooling air changes 
with the load. That introduces a complication, and 
furthermore its influence is usually small, if considera- 
tion is given to the fact that at the higher altitude the 
rating and losses are reduced. 

8. Revolving Field Alternator Field Corls. 

A. Single layer edgewise winding. Temperatures 
measured by resistance... The temperature rise for a 
given load may be estimated by equation (1). The 
changed rating may be estimated by approximating 
the field current for various loads, and with the use of 
equation (1), calculate the temperature rise ratio. 
A curve may then be plotted coordinating temperatures 
with ratings. 

B. Embedded windings, such as for turbo alternator 
rotors; or field coils for salient pole alternators with 
insulation. 'Temperature rise measured by resistance. 
Equation (2) may be used for temperature rise ratio. 
The changed rating may be estimated in the same 
manner as for single layer edgewise winding, except that 
equation (2) should be used instead of equation (1). 


Discussion 


R. E. Doherty: The accompanying Fig. 1 represents a genera- 
tor. The cooling air enters at a temperature T,. We are con- 
sidering some spot, S, on thesurface. Thereisa temperature rise 
of the cooling air which is occasioned by its passing over the 
heated surface before it reaches the spot in question. This 
brings the cooling air, the air to which the surface transfer is 
made at that spot, up to 72. Then there is a rise of the surface 
temperature above that, whichis 7;. There isa still further rise 
of the copper to 7’,. 

I wish to emphasize that Mr. Fechheimer’s equations refer to 
some particular spot. is the surface temperature at that spot, 
and 7, is the copper temperature. The temperature rise 
(T, — T3) is not a function of the barometric pressure. The 
temperature rise (7; — T2) isa function of the pressure, varying, 
let us say, as the 0.75 power. The rise (T2 — T1) is also a func- 
tion of the barometric pressure, but not the same function as for 
(T; — T2). Itvaries as the 1.0 power instead of 0.75. 

The temperature rise of the surface spot, S, will depend upon 
the heat dissipated from it. Mr. Fechheimer’s factor k, which 
corresponds to the factor a in the paper! presented by Mr. Carter 
and myself in 1924, is the fraction of the loss dissipated from the 
spot or surface which is due to J? Rk loss. It should be observed 
that this is not the ratio of the copper loss in the machine to 
the total losses. There may be spots from which there is 
practically no heat due to J? R loss, and others where all of it 
is due to [2 R loss. Hence, the table for k in Appendix II is 
without meaning until it is specified to what surface the values 
apply. j , 

The author brings out the fact that there are two view-points 
from which this problem may be treated, which I should state as 
follows: One may take the temperature rise at sea-level for a 
given load, and calculate the increase in temperature rise for 
the same load and losses when the machine is operated at altitude. 
The other is to calculate what reduction in load, and, therefore, 


1. Effect of Altitude on Temperature Rise, by R. E. Dougherty and 
E, S. Carter, TRANS., A. I. E. E., 1924, p. 824. 
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losses, is necessary to give the same temperature rise as at sea- 
level. The author takes the latter viewpoint; our paper in1924 
took the former. If correctly done, either gives adequate data 
forrules. I found the problem difficult enough without having to 
worry about the redistribution of losses and the necessary ad- 
ditional and very questionable assumptions required thereby. 
Since, however, the author’s results check with those we obtained 
the other way, {I naturally endorse it on the grounds of Dr. 
Kennelly’s philosophy. If it is a convenient form of representa- 
tion, and fits the facts, it is a perfectly good thing to do. 

Now as to what Mr. Fechheimer says about my paper: “‘In 
the paper by Doherty and Carter, the exponent for forced con- 
vection was found to be 0.73 and to simplify calculations, they 
used 0.75. This seems to be correct for the machines for which 
they give data in their paper. As we understand their results, 
the exponent 0.75 takes account of the air rise as well as the 
surface transfer. It is felt, however, that their tests are too 
limited to warrant us to draw conclusions.’’ He adds also that 
the results were of too complicated a nature to be used as a 
basis of engineering rules. 

Our paper covered the general case. Convection, which 
is the only factor considered by Mr. Fechheimer, is not the 
total means by which heat is dissipated. Radiation may be a 
dominating factor. There are all grades between predominating 
radiation and predominating convection. Certain tests which 
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I made, gave this figure 0.75, which checked with results on 
machines so far as they were available at the time. I still 
think it is about right. We took the rise (73 — 72) into account 
in a term which we called y. The rise (72 — 71) was accounted 
for in the term z. We properly combined the two results and 
called that x. We did not lump them, as Mr. Fechheimer has 
done, into one factor varying as, say, 0.9 power. It depends upon 
other factors. oo 

Mr. Fechheimer says that our expressions are too complicated. 
The phenomenon itself is complicated of course, when the 
general case is considered. But after obtaining the equation 
for the general case, the specific data applying to a special 
case, such as Mr. Fechheimer has treated, may be substituted, 
and the resulting forms are extremely simple. Our paper gave 
these simple forms for various special cases, and the relation 
for the present case was a linear relation as simple as Ohm’s law; 
and Mr. Fechheimer’s numerical results, as shown in his Fig. 2, 
are in substantial agreement with ours. 

So, his first point that the exponent 0.75 was takenas applying 


‘to both temperature rise, (73 — 72) and (72 — T;), isn’t correct. 


They were not lumped together but were treated separately, 
and then logically combined. * 
Now, as to the point that results given were too limited for the 
drawing of conclusions: theremay be justification of the statement 
that they are too limited to draw broad conclusions, but I question 
his justification in saying they are too limited to draw any 
We set up a logical theory under definite 
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assumptions and then justified the conclusions by experiment. 
That is sound engineering. If it satisfies all the facts as they are 
known, it is reasonable to take the results as applicable within 
the limit of those facts and assumptions. That is just what 
we did. A rational theory was set up, taking into account not 
merely the condition of forced convection, but also the general 
case where part is radiation and part convection which 
takes into account the other details which may be thrown out 
or left in, as conditions may demand. 


Then we made certain tests which checked up points on which 
existing data were insufficient, and applied that theory to actual 
machines under the conditions of pressure below atmcsphere. 
The results agreed. Other tests were made on an actual machine 
in the field, first at sea-level, then at high altitude. The data 
obtained on the machine were not complete, but such as were 
complete were in satisfactory agreement. So upon that basis I 
venture to suggest that our results are competent within the 
limits we specify. 

I wish to say just a word about the several statements that 
equations are too complicated for A. I. E. E. rules. Of course 
they are. An investigation, which of course involves equations 
to determine a basis for framing simple rules, is one thing, but 
making those simple rules is quite another. The present paper, 
covering one case, and our paper in 1924, which covers many, 
including that one, are such investigations. Mr. Paxton’s pro- 
posal represents such simple rules. Therefore don’t throw out 
results beeausé there is an equation in them; otherwise you won’t 
have anything upon which to build a simple rule. 


P. L. Alger: An amateur reading Mr. Fechheimer’s paper 
would probably be left with the impression that the effect of 
altitude on rating is greater than it actually is. For instance, 
Fig. 6 indicates that a very large reduction of rating may occur at 
high altitudes. But actual machines, designed for use at high 
altitudes, would be made with reduced flux densities and lower 
no-load losses than standard machines. Thus, it is more repre- 
sentative of normal conditions to take the total losses as pro- 
portional to the kv-a. rating than as a constant plus K times the 
square of the load. With this assumption, the effect of altitude 
on rating is reduced to that shown in Figs. 2 and 3 of the paper. 

In the second place, the normal ambient temperature falls 
about 5.5 deg. cent. for each thousand-meters increase in alti- 
tude, or by nearly the same amount as the increase in full-load 
temperature rise of a normal machine due to the reduction of 
atmospheric pressure for the same increase in altitude. There- 
fore, if the cooling air is taken from outside the station, there is 
practically no change in rating required by change in altitude 
in the average case. Only when open machines designed for 
use in heated stations are considered is it necessary to allow for 
any reduction of rating. And evenin these cases the maximum 
ambient temperature to be expected is certainly less than the 
maximum ambient temperature that may be met in sea-level 
operation, so that here, too, the reduction inrating need not beas 
great as that indicated by Figs. 2 and 3. 

E. B. Paxton: I think we should thank Mr. Fechheimer 
for pointing out quite clearly the different ways in which the 
altitude correction may be taken into account provided there is 
sufficient information to do so. As he has said, the present 
A. I. E. E. rule takes into account only the case where the tem- 
perature rise is limited ina test near sea-level by the amount of the 
correction for installation at a higher altitude. For this condition, 
the results that he obtains check, fairly closely, theresults obtained 
previously by Mr. Doherty, as well as the present A. I. BH. E. rule. 

I think the present A. I. E. E. rule is faulty principally in 
that it takes care of that one condition only. It is my opinion 
that in a great many cases, a correction is made where it is un- 
necessary, and that, as Mr. Alger has pointed out, the ambient 
temperature will be sufficiently low to offset the correction 
necessary for the altitude. 

This matter of correction for altitude would seem to be a 
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relatively unimportant matter considering the many other con- 
ditions that affect the design and installation of a machine. For 
that very reason, we should be just as sure that any rule whichis 
standardized does not require corrections unnecessarily as we are 
to cover the necessary cases. 

Along this line, about a year and a half ago, I proposed a rule 
for inclusion in the A. I. E. E. Standards which is, I believe, 
an improvement on the present A. I. HK. E. rule in that it does take 
advantage of a reduction in ambient temperature at the higher 
altitudes and covers one of the cases which Mr. Fechheimer 
mentions in his paper. I think we must regard two kinds of 
applications: first, that of a standard machine, and we should 
make rules which will allow its application under all conditions 
where it may safely be used; second, we must recognize that 
there are conditions where it is necessary to use a special machine. 
I should like to see the present A. I. E. E. rule extended to allow 
the use of machines of standard temperature rise at high alti- 
tudes, provided the ambient temperature is low enough to 
compensate for the increased temperature rise. I am con- 
vinced that there are many cases where standard machines may 
be used safely at the higher altitudes without any correction. 


W. F. Dawson: First of all, I want to suggest the probability 
of the ambient temperatures at high altitudes not necessarily 
being lower than at sea-level. I have a record of certain tests 
on a 2550-h. p., 3600-rev. per. min., synchronous motor which I 
designed and tested some four years ago at ourfactory in Lynn, 
Mass., and repeat tests that were made in the Andes Mountains 
at an altitude of 14,000 ft. The ambient temperature during the 
mountain test in January was 21.5 deg. cent., which compares 
approximately with that in this vicinity. Of course, had that 
14,000-ft. altitude been in the Canadian Rockies, the situation 
would have been different, but one must not forget that high 
altitudes exist also in tropical countries. 


It seems to me that the crux of the situation is all ambient 
temperature. If the density of the cooling air, due to greater 
elevation, is lower than standard, its thermal capacity fora given 
volume is proportionately less. The average temperature 
difference between inlet and outlet air on self-ventilated turbine 
alternators at sea-level will be between 15 deg. cent. and 30 deg. 
cent. 


At the end of the test of the machine to which I have just referred, 
inlet air was 28.7 deg. cent. and outlet air 45.8 deg. cent., a 
difference of 17.1 deg. cent. 


According to the formula used in Mr. Fechheimer’s paper, the 
reference-air density was about 0.6 atmosphere which would 
mean that, at the 14,000-ft. station, the temperature rise of the air 
after passing through the motor would be 17.1 deg. divided by 
0.6, or 28.5 deg., an increase of 11.4 deg., and that is slightly 
more than the temperature differences we ordinarily expect. 
It is unfortunate that, while we used temperature indicators at 
the factory, they were not available at the high elevation; but 
we did get a very good check on the field in spite of the fact that 
it was run at the higher current. ; 


In turbine alternators (and this synchronous motor isa tur- 
bine alternator fitted with a starting winding), one of the major 
losses of the machine is the windage loss. Windage loss will be 
from 0.3 to 0.5 of the total. In this particular case, at sea-level 
the total loss passed through the machine at its rating, that is, 
theloss handled by the air, was 57.3kw. Of thatamount, 19.8kw. 
was windage. What happened at the higher altitude? The 19.8 
must be multiplied by 0.6 because the volume is the same at 
higher altitude as at the lower altitude, and the windage lossis in 
proportion to the density of the air, so 8 kw. of that loss are saved 
at the higher altitude. That is one of the credits of the problem. 


The heating by increase in resistance of that field with 93.5 
amperes at sea level was 40.8 deg. cent., of which 12.7 deg. was 
due to windage loss alone, leaving 28.1 deg. attributable to J? R. 
The test at higher elevation was run at 100 amperes. If we 
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fultiply that 28.1 b 1002 . r, the insulation. These factors are of considerable importance 
ply .l by 93.5 J’ ve obtain 32.3 deg. That will when temperatures are determined by embedded temperature 


be the temperature rise due to copper loss, but the total tempera- 
ture rise must allow also for the air friction. This will be no 
longer 12.7 deg. but 0.6 of 12.7 deg. = 7.6 deg. Adding this 
to 32.3 gives 39.9 deg. as the estimated field rise for the higher 
altitude. The value reported from Peru was 40.3 deg. cent. 

My feeling is that the problem does not involve much of 
mathematics, but judgment combined with experience, and that 
it probably reaches its greatest simplicity in turbine alternators 
and similar machines where the air paths are systematically 
directed. The principal difference in temperature rise will be 
due to the fact that the ventilating air, because of lower density, 
will have a higher average temperature at the air-gap and where 
the windings are to be cooled; hence their temperature will be 
correspondingly greater. 

The fact that the low-density air has a correspondingly less 
windage loss must not be overlooked. The full-load efficiency of 
the motor I have just been discussing was 96.45 per cent at sea- 
level. About 8 kw. of windage loss was saved due to rarefied air 
at 14,000 ft. altitude, thus bringing the efficiency up to 96.84 
per cent. 

Sometimes it has been possible to apply the principal of the 
supercharger to machines which otherwise would have to be 
derated for operation at high altitudes. It is only necessary 
to provide special fans which increase the volume of air to 
correspond with its reduced density and thus insure the same 
temperature rise ordinarily obtained at sea level. 
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H. M. Hobart: I am of the opinion that from a standardiza- 
tion standpoint this subject will be best straightened out on the 
basis that the rating will be the available capacity of the machine 
at sea-level. As Mr. Fechheimer suggested, sometimes you can 
take more out of the machine at higher altitudes, and sometimes 
less, according to the prevailing temperatures. That won't 
change the rating. The rating will be the available capacity at 
sea-level and 40 deg. cent. cooling-air temperature. © 

G. E. Luke: Tle present A. I. E. E. rules (1925) for. rotating 
motors and generators, (excepting railway motors), cover altitude 
limitations as follows: 

“Unusual Service Conditions: The use of machines in cooling 
mediums having temperatures higher than 40 deg. cent. or at 
altitudes greater than 1000 meters (3300 ft.) should be con- 
sidered as special.’” ‘ 

A similar statement is found for air-blast transformers; how- 
ever, for self-cooled oil insulated transformers, the correction is 
4/10 per cent per 100 meters instead of one per cent. From the 
wording of the footnote (“‘it is provisionally agreed’), it is as- 
sumed that this correction was subject to doubt. 

Both this paper by Mr. Fechheimer and a previous one by 
Messrs. Doherty and Carter? have brought out the fact that the 
altitude correction is considerably influenced by the ratio of 


copper-to-core loss and “by the temperature gradient through 


22 “For apparatus intended for service at altitudes greater than 1000 
meters (3300 ft.) it is provisionally agreed that the permissible temperature 
rises (to be included in contracts and checked by test at low altitude) 
shall be less than specified in these standards by 1 per cent of the specified 
rise for each 100 meters (330 ft.) of altitude in excess of 1000 meters 


(3300 ft.).”’ 


detectors. 

On the basis of certain assumptions, all of these factors can be 
combined into a group of equations; however, since some of the 
constants are factors of design, the equations are not in a suitable 
form for incorporating in the A. I. E. E. Standards. 

In the discussion of the Doherty and Carter paper, Mr. E. B. 
Paxton suggested a plan whereby the maximum ambient tem- 
perature for various altitudes could be limited on the basis of a 
sea-level rating. Mr. F. D. Newbury’s modification of this plan, 
I believe, offers a suitable solution for this unusual service con- 
dition. Naturally, such a simple solution is a compromise and 
is only approximate. It is warranted due to the very small 
per cent of machines operated at altitudes above 1000 meters 
(3300 ft.) and also to the average decreasing ambient tempera- 
ture with increasing altitude. The accompanying Fig. 2 shows 
the average summer temperature at various altitudes taken near 
Paris, Brussels, Strassburg, and Munich, as given by the Smith- 
sonian Physical Tables. 


Where machines are to be operated indoors at high altitudes 
with ambient temperatures greater than those specified, the con- 
ditions should be regarded as special and the corresponding rating 
can be specified by the manufacturer as calculated by the method 
given by Mr. Fechheimer. 


C. J. Fechheimer: It would seem that Mr. Doherty has 
understood me to be critical of the work which hehasdone. Thatis 
far from my purpose, for I appreciate the value of it. As he has 
pointed out, I have evidently mis-read one statement in his paper. 
Since he is considering the temperature rise of the surface above 
the air adjacent to it, and since his results and mine agree, there 
is no occasion for further discussion on this point; in fact, it is 
gratifying to note that we are in agreement. 

With the simplified equation (36) in his paper, he takes ac- 
count only of the surface drop and must then add the air tem- 
perature rise to it. In general, the air temperature rise is not 
known, particularly if it is taken from the entrance of the machine 
up to a particular point. Consequently, the purchaser of a 
machine is still considerably in doubt as to how to apply the 
equations. The method which I use, of taking a mean between 
the exponent, 1, for the air rise, and the exponent of about 0.75 
to 0.80 for the surface rise, is not mathematically correct; nor 
with the possible variations in air temperature rise as compared 
with the surface drop, is it strictly correct to apply the method 
which I have used. My purpose was to place this complex sub- 
ject on such a simple basis that the A.1.E.E. Standards Com- 
mittee could embody it in its rules. Referring to Fig. 2 in my 
paper, it will be seen that the influence of the variation from an 
exponent of 0.75 to 1. is not very great; consequently, taking as 
an approximation a value of, say, 0.9, the error is not of great 
magnitude. After all, that is all with which we are con- 
cerned. In the present A. I.E. E. rule, as the total temperature 
rise is considered, it is not broken up into its two components, 
and in my opinion it will be necessary, in any revised rule, to 
follow this same practise. 

Mr. Doherty refers to the constant k in my paper, which is 
the fraction of the loss in the core that is proportional to the 
square of the load at sea-level rating. In making up the tables 
in Appendix II, I considered that all the J? R loss that was in the 
embedded part was liberated from the core, or from the straight 
parts of the coils, and that the end windings took care of them- 
selves so far as dissipating their generated heat. That assump- 
tion may not be justified, and for accurate solutions, consideration 
should be given to the longitudinal heat flow along the copper and 
the transverse heat flow through the insulation. That, however, 
puts the problem entirely out of the range of a practical solution. 
Fortunately, this factor & disappears when only the temperature- 
rise ratios are considered. It appears in the equations when the 
ratio of ratings is solved for. After all, those solutions for ratings 
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will be of value probably only to the designer and not to the pur- 
chaser of the machines, and the designer can approximate the 
percentage of heat generated in the embedded copper which is 
transmitted longitudinally or transversely. In the long-core 
machines, he will not introduce much of error if he considers all 
of the embedded J? R loss to be liberated in the straight part. 
More of the error is introduced in the short-core machine. 

I confess that I do not understand how Mr. Doherty has 
reached the conclusion that I considered only the reduction 
in load, and not the increase in temperature. Equations (1) and 
(2) are solutions on the basis of temperature. Equations (3) 
to (6) are on the basis of ratings. 

It is true that I have considered forced convection only. 
In the majority of machines in which fans or their equivalent 
are used, radiation may be excluded, and even free convection 
is of little consequence. My paper is not intended to cover 
such apparatus as self-cooled transformers or motors which 
liberate a large percentage of their heat through the outside 
casing by radiation or free convection. The statement which 
I made in my paper, to which Mr. Doherty refers, 7. e., that the 
equations in his paper were complicated, was prompted by 
such equations as (18) and (30), the former covering the general 
ease and the latter the case for forced convection.. My whole 
purpose in writing the paper in the manner as presented was to 
place it in simple form before the members of the Institute. 

Mr. Alger states that by reducing the flux densities, the ratings 
need not be reduced. That is undoubtedly so, but in many cases 
machines with standard windings will be applied at the higher 
altitudes, chiefly to save the expense of making special machines. 
The other point that Mr. Alger makes in regard to ambient 
temperature would, I think, bear further study. While it is true 
that we have, from the Bureau of Standards, data on ambient 
temperature, and; as Mr. Luke points out in his discussion, from 
parts of Europe, a more thorough study of this whole subject 
could be made by the Standards Committee in order to offer 
suitable recommendations. Undoubtedly, in many cases the 
lower ambient temperature will practically offset the loss in 
rating that would otherwise be occasioned by the lower density. 
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Mr. Paxton’s comments are largely along the same line of 
ambient temperature. He previously contributed valuable 
material in his discussion of Mr. Doherty’s paper, and his 
suggestions are worthy of study by those who will participate 
in the revision of the rules. 


The point that Mr. Dawson makes, that the ambient tem- 
verature at 14,000-ft. elevation in January was 21.5 deg., is 
of considerable interest. However, January is summer in South 
America, and the particular locality was not far from the equator. 
The specific machine upon which he had tests made, 7. e., a turbo 
alternator for which the windage loss decreased considerably, 
is undoubtedly a special case and cannot be treated along with 
the general cases. While special fans may be added to increase \ 
the volume and thereby obtain lower temperature rises at the 
higher altitude, in general such a scheme is not to be adopted as 
it would make the machine so highly specialized that the manufac- 
turers would seldom go to the expense, nor would the customer 
wish to pay for it. 


Since writing the paper, my attention has been ealled to a 
rather unusual phenomenon. It is claimed by some of the 
railway engineers that in a-c. commutator motors, brush-friction 
loss decreases with increase in current. It is even claimed that 
some of these commutators run cooler at normal full-load than 
they do at no-load. I am offering no explanation for the cause 
of this phenomenon, but, assuming that the statement is correct, 
the correction for altitude as given for commutators in Appendix 
IV no longer holds. Not knowing the rate of decrease in brush- 
friction loss with increase in J? R loss, it is impossible for me to 
suggest a solution to that part of the problem. 


One other item of comparatively small importance was not 
considered in the derivation of the equations. With lower. 
ambient temperature, the air density is increased; with increase 
in density, both the air-temperature rise and the surface drop 
decrease. At the higher altitudes, if the ambient temperature 
is lower, the rating of the machine is not decreased so much as 
indicated by the equations.. It is believed, however, that this 
additional correction need not be given much consideration. 


Motor Band Losses 
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Synopsis.—It is shown that railway motor band losses are of 
appreciable magnitude, sometimes sufficiently large to be detri- 
mental to the cooling of the machine. By tests of a small machine 
checked against those of a large one, the band losses are found to vary 
according to the 1.7 power of the frequency and from the 1.35 to the 
1.8 power of the induction, depending on the width and type of 


N most types of rotating electrical apparatus, the 

rotor windings are held in position by some sort of 

slot wedge. However, in the case of d-c. railway 
motors, it is almost universal practise (in thiscountry at 
least) to hold the rotor windings in the slot by means of 
wire bands. These bands, when over the core material, 
are placed in shallow slots in the core. They are from 
1 in. to 4 in. wide and are spaced approximately three 
_in, apart. Much wider bandsare often used over the end 
windings but in this paper we shall be concerned only 
with the bands over the core. 

1. Research Engr., Westinghouse Elec. & Mfg. Co., Hast 
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band. These losses are shown to be due chiefly to the change in 
the radial component of the flux as the band passes by the pole tip. 
For average bands, about 15 per cent of the losses (hysteresis and 
eddy) are due to the tangential flux in the bands. A typical set of 
curves is shown for calculating band losses: 


te ek ee ee ae 


It is often assumed that the band losses are so small 
as to be negligible; and even if they are not negligible, 
the heat is readily dissipated, since the bands are on the 
surface of the rotor. As a matter of fact, band losses 
are sometimes of quite considerable magnitude and they 
occur adjacent to the windings, thus preventing loss of 
heat from the windings and teeth, even though they do 
not actually transfer heat to these parts. Moreover, the 
band losses may materially heat the cooling air in the 
air-gap, thus making it much less effective. 


BAND CONSTRUCTION 
There are many kinds of band construction and band 
materials in use, but here we shall deal with only three 
or four common types. The steel banding wire for the 
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experiments to be described had a diameter of either 
0.0453 in. or 0.0641 in., and a resistivity of about 18.5 
microhm-centimeters. The bands were wound on a 
0.0125-in. soft iron, tinned strip which, in turn, was in- 
sulated from the core by means of a strip of asbestos 
tape. In order to reduce the band losses, in some 
cases each band was divided into two sections, each 
section having its own strip and the two sections 
insulated from each other. The wires of each band or 
section were held together by clips of 0.0125-in. soft 
iron about 14 in. wide, spaced approximately every 
three inches. The wires were wound on the armature 
under considerable tension and the wires, strips and 
clips were soldered together. The solder was of pure 
tin, having a resistivity of about 13 microhm- 
centimeters. 


FACTORS AFFECTING THE BAND LOSSES 


The problem of band losses is much more complicated 
than is evident from a first inspection. So far as the 
phenomena have been analyzed, the following factors 
enter into the problem: 

a. Width of bands 

b. Width of teeth at air-gap 

e. Size of band wires 

d. Amount of solder used 

e. Dimensions of tinned strips and clips 

f. Normal resistivity of wire, solder and tinned 

strips 

g. Temperature of bands 

h. Frequency 

i. Induction 

1. Tooth (radial) 
2. Band (tangential) 

j. Field form 

k. Air-gap 

l. . Depth of band groove 

If the bands are not insulated from the core, the 
losses due to the bands may be anywhere from the 
insulated values to many hundred per cent higher, the 
values depending on the intimacy of contact between 
the bands and laminations. The following discussion 
assumes perfect insulation from the teeth. 

There are several types of band loss for a given total 
armature flux which may be classified as follows: 

1. Eddy-current losses in band wires, solder and 
tinned strip, due to radial flux. 

2. Eddy-current losses in band wires, solder and 
tinned strip due to tangential flux. 

3. Normal hysteresis loss in band wires and strip 
due to tangential flux. 

4, Additional hysteresis losses due to displaced 
hysteresis loops. 

5. Additional armature tooth loss (eddy-current) 
due to the damping out of flux by the bands in the 
region of the pole tips, thus ‘producing flux’ across 
laminations which may result in extra eddy losses. 

The Oe aes losses which occur in the bands 
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themselves, due to item 1, (radial flux), are by far the 
most important, as can be shown by a few simple 
calculations from data available. The induced voltage 
in the bands has much the same wave form as given by 
the familiar case of an exploring coil surrounding a tooth 
and connected to an oscillograph. It has, in general, 
two large positive humps, followed by two large nega- 
tive humps, with many intervening ripples. The 
large humps are produced when the tooth passes a pole 
tip and their shape and magnitude are a function of the 
shape of the pole tips. ° 

The tangential fluxes passing from one pole tip to the 
next, through the bands, are usually of much higher flux 
density than the radial fluxes, but due to the small 
thickness of the bands, the eddy-current losses aresmall. 
However, the hysteresis losses correspond to the 
tangential flux, namely, the maximum induction. 

The bands are subjected to an elliptical field and we 
shall assume that the hysteresis loss is the same as 
would be produced by the maximum tangential induc- 
tion acting under alternating flux conditions. This 
tangential flux is a maximum in the position just before 
the band passes under the pole tip. It is lower at a 
position midway between the poles and zero at the 
center of the pole. This decrease in flux at the mid- 
point between the poles produces a minor hysteresis 
loop. Since this loop is greatly displaced from the 
normal position, there results appreciable increase in the 
hysteresis losses. 

Due to the eddy currents in the bands, caused by the 
radial flux and the consequent damping out of the flux 
through the bands, the air-gap flux must tend. to pass 
around the bands, giving decreased relative induction 
in that portion of the tooth under the bands. These 
fluxes tend to become uniform again under the bands, 
thus producing a flux component at right angles to the 
plane of laminations which may Die appreciable 
eddy-current losses. 


TEst APPARATUS 


The test results to be described were obtained 
chiefly on a typical small four-pole railway motor 
direct-coupled to ad-c. shunt motor. Two armatures 
were provided with the following dimensions: 


Armature A. Armature B. . 


Diameter eee 9 in. 9 in. 
lien o thinkers acep eet ens: eee Te 
Number of slots (open).... 31 16 

Slot width at air-gap...... 0.370 in 0.635 in 
Slot pitch at air-gap....... 0.911 “ ieee 
Slot deptimeew cet st brett 1.00 * 1750.54 


‘ The armatures had three band grooves 0.125 in. 
deep and 0.75 in. wide. The motor was provided. with 
two sets of poles, one normal and the other chamfered 
1/16 in. at each tip. The bands consisted of fourteen 
turns each of 0. 0453-in. wire or eight turns each of 
0.0641-in. wire. Both single and double bands were 


366 


used for the larger size of wire. In the case of the 
double bands, each section had four turns. 


TEST METHODS 


Tests were made with three air-gaps; namely, 
0.1 in., 0.2 in. and 0.3 in. and three speeds; 600, 1200 
and 1800 rev. per min., corresponding to 20, 40 and 60 
cycles respectively. Chamfered poles were used with 
0.0452-in. and 0.0641-in. bands and 0.1-in. air-gap only. 

The d-c. drive motor was supplied by a storage 
battery. No-load losses were determined with the bare 
armature for the various air-gaps and for various field 
excitations. The armature flux-per-pole was deter- 
mined for various excitations by means of an exploring 
coil and d-c. voltmeter connected through asynchronous 
contactor. Corresponding maximum armature tooth 
- inductions were determined ballistically by means of a 

tooth exploring coil and a ballistic galvanometer. 
Also the r. m. s. tooth voltages were determined by 
means of the tooth exploring coil and a Paul dynamom- 
eter type voltmeter which had a very small frequency 
error. From a previous investigation, data were 
available for the actual tooth-voltage wave forms as 
obtained by oscillograph. 

In order to determine the tangential inductions in 
the bands the exploring coil was wound on the center 
band between two teeth. The motor field was re- 
versed and the band inductions obtained ballistically. 
This was done for various field strengths for the posi- 
tion opposite the center point between the poles and 
for the position of maximum tangential induction, 
namely, with the exploring coil a little beyond the tip of 
the pole. Also a curve was obtained for one field 
strength and the various air-gaps between tangential 
band induction and armature position for a rotation of 
90 electrical degrees. 

TEST RESULTS 

While the test results are referred to the average 
tooth-top induction, since this factor probably corre- 
lates best with the band losses, it should be remembered 
that the actual radial band inductions are considerably 
less and sometimes only about one-half the values 
corresponding to the average tooth top induction, due 
to the greater reluctance produced by the band grooves. 

Fig. 1 shows some typical curves for tangential band 
inductions, which inductions are chiefly responsible for 
the hysteresis losses. The radial flux is, of course, 
approximately proportional to the tooth-top inductions 

and has nearly the shape of the field form. Fig. 2 
shows some typical band-loss data for armature A, 
with the armature core, tooth and pole-face losses 
included for comparison. It will be noted that in one 
_. ease the tinned strip was omitted from under the band 
wires. i 

_ Fig. 3, plotted on double log paper, shows band-loss 
calculation curves for a 0.0453-in. insulated band, eight 


wires wide. This method of plotting makes a very 


~ eonvenient form in which to have the results, since the 
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losses vary approximately exponentially with fre- 
quency and induction. From theoretical and some- 
what meager test considerations the band _ losses 
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apparently vary about as the square of the band width. 
If desired, another curve could be added to Fig. 38, — 
giving a factor to take care of the width. j 
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It was found that the band losses varied only slightly 
with air-gap for a given armature flux, due probably to 
the fact that with larger air-gaps, though the radial 
flux increased, the rate of flux change became less, 
thus giving a relatively smaller induced band voltage. 
Also pole chamfering had only a small effect due to the 
fact that while the maximum individual voltages were 
less, the maximum tooth inductions were greater for the 
same total pole flux. 

The following table gives the band loss coefficients, 
tooth-induction and frequency exponents for the A 
armature. 


TABLE I 
BAND LOSS COEFFICIENTS AND EXPONENTS 
Coefficients are for 1200 rev. per min. (40 cycles), 80 kilolines tooth tip 
induction, and 0.1-in. air-gap. 


Band Exponents 
(Diameter of Tooth 5 

wires-in.) Coefficient | Frequency Induction Remarks 
0.0453 in. 71 eee: 1.52 No strip 
0.0453 in. 230 chavel 1.63 Strip 
0.0641 in. 238 1.67 1.73 Strip—one sec. 
0.0641 in. 188 1.85 1.87 Strip—ch. poles 
0.0641 in. 180 1.68 1.34 Strip—two sec. 


The coefficients are the total losses due to the pres- 
ence of the bands for the specified conditions. There is 
some variation in exponents and coefficients for various 
air-gaps and frequencies. The values given are the 
mean results for the exponents. Tests on a much 
larger machine gave approximately the same results. 

In order to show the relation between the various 
band losses, the hysteresis losses due to the tangential 
fluxes were calculated for certain conditions as follows: 
0.0641-in. bands (one section), 60 cycles, 80. kilo- 
lines/sq. in. tooth-top induction and 0.2, in. air-gap. 


Tangential eddy currentloss = 43. watts 
Piysleresis loss a0 ee sists ea =23 ‘watts 
PSII) aan erat 80 Gee heel nis = 66 watts 
PRURTEAL LOBU 10S 9 ot hye 209 2 = 470 watts 


This indicates that for these conditions 85 per cent of the 
loss is due to the. radial flux. 

It would normally be assumed that wider teeth would 
produce higher band losses. Tests obtained with the B 
armature, however, having only 16 as against 31 
teeth and correspondingly wider tooth tops, gave 
approximately the same band losses. By means of a 
ballistic exploration of the tooth-top inductions over 
the leading and trailing portions of the teeth as they 
passed by the pole tips, it was found that most of the 
change in flux as a point on the tooth top passed the 
pole tip occurred over a distance equal to less than 
one-half the tangential width of the tooth top for the 
B armature. This means that for these particular 
poles a tooth top width of from 0.5 to 1 inch or over will 
give approximately the same band losses. For still 
narrower teeth there might be considerable difference. 

Some tests made on the experimental and other 
machines show that if the bands are not insulated from 
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the core, very much larger losses than normal will occur. 
The armature laminations are short-circuited on the 
shaft and the bands touching the laminations at the 
periphery complete an electrical circuit, which may make 
a very good path for induced currents. It was found 
possible to produce losses of several kilowatts in the 
small 7 by 9 armature by this means. It is possible to 
apply uninsulated bands without producing these extra 
losses but only in the case that the slot windings are so 
thick radially that the bands do not touch the core. 
In practise, this procedure is not possible and there is a 
general tendency toward the use of insulating materials 
even though most of the band tension is carried by 
the coils. 


DISCUSSION OF RESULTS AND CONCLUSIONS 


The eddy currents in the bands due to the radial 
flux which are chiefly responsible for the band losses 
are undoubtedly of sufficient magnitude to appreciably 
hinder the change of flux as the band passes under the 
pole tip. This is analogous to skin effect. It will be 
noted that at low and moderate inductions, the two- 
section bands have nearly as much loss as the wide 
single-section bands, although theoretically the losses 
for the former should be 144. This is probably due 
partly to the fact that the losses for the wide bands are 
reduced by skin effect at the lower inductions. At the 
higher inductions, the magnetizing forces become so 
great that the damping effect of the eddies becomes less 
important and relatively more radial flux passes through 
the wide bands, thus giving a higher induction exponent 
for the wide bands than for the narrow. Again due to 
these damping currents, flux may pass around the bands 
under certain conditions, thus altering the eddy-current 
losses in the teeth by producing flux components at 
right angles to the tooth laminations. This is purely 
speculative. These induction exponents are lower 
than would be expected. It may be that heating of the 
bands has much to do with it. 

The frequency exponents are less than two, due, 
undoubtedly, partly at least, to the skin effect in the 
bands. 

It has been impracticable so far to derive a theoretical 
mathematical formula for calculating the band losses 
caused by: the radial component of flux. This is an 
interesting problem for anyone mathematically in- 
clined. The chief difficulty, even without assuming any 
damping effects, is to determine the most probable 
path of the eddy currents in the bands. 

Considerable reduction in band losses may be effected 
by omitting the metal strip under the wires, but this 
gives less satisfactory construction from a mechanical 
standpoint. The insulation under the bands can not 
be dispensed with safely in all cases. 

Non-magnetic band wire may be used if desired, but 
due to its inferior mechanical properties and slight effect 
on the band losses, its use is probably not justified. 

A band wire and a solder of high electrical resistance 
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would be of considerable advantage if they were other- 
wise suitable. 

In large railway motors, the band losses may, under 
certain conditions, amount to two or three kilowatts and 
are therefore not negligible. Band temperatures up to 
200 deg. cent., or more, may occur. At very high 
inductions the band temperature may increase so 
rapidly that the rate of increase of band losses with 
induction will sometimes decrease very considerably 
due to the increased resistance of the bands. 


Discussion 


G. E. Luke: In particular I remember one experimental 
machine designed for high-speed railway work that gave con- 
siderable trouble due to the bands coming loose. Some attrib- 
uted this to the high centrifugal stresses; however, later tests 
proved the trouble to be due to excessive band losses. Careful 
insulation of these bands reduced the stray losses and no more 
such trouble was experienced. After Mr. Spooner had completed 
his first tests on band losses I arranged tests on a 50-h. p. railway 
motor. Small thermocouples were soldered to the bands and 
others placed on the winding and core. These couples were 
brought out to special slip-rings so that the temperature could be 
determined with the,motor running. In this way tests were 
made with insulated and uninsulated armature bands. An 
appreciable temperature difference was found between the two 
tests. In some cases the uninsulated armature had tempera- 
tures 10 deg. cent. higher than that armature with insulated 
bands. 


Due to the many other losses and factors that must be con- 
trolled, work of this nature must be done with a high degree of 
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accuracy and requires considerable patience on the part of the 
experimenter. Mr. Spooner has also put the data in such form 
that they can be used in determining the losses on other ma- 
chines of similar design. 

J. C. Lincoln: Some years ago, a case of trouble from bands 
throwing solder was solved in the following manner: In this 
particular case the machine was an eight-pole machine and the 
bands, as is customary, were soldered entirely around the arma- 
ture. The trouble was corrected by placing four strips for hold- 
ing the wire of the bands together at 90 deg. around 
the armature and soldering the bands only where these 
strips were placed. This left a north pole and a south pole 
between each of the strips and the bands were not soldered be- 
tween these strips. The total magnetic induction between 
the bands was zero. 

In other words, between each typing strip there was a north 
pole and south pole and therefore there was no voltage induced 
in the bands between each of the tie strips. As the result of 
this change, the machinewhich had been throwing solder around 
the bands and giving trouble was corrected entirely. 

P. L. Alger: I should like to ask Mr. Spooner if he has 
made-a study also of the losses in the binding bands on the end 
conductors of rotating armatures, and, if so, whether such 
losses are ever large. 

Thomas Spooner: Replying to Mr. Alger’s questions, 
we have never investigated systematically the losses occuring 


-in bands which hold the end windings of machines in position. 


These losses are often appreciable but we have no quantitative 
data concerning them. 

In the case of Fig. 2 of the paper, the losses there given are 
for the unwound armature. If the armature windings had been 
in position, as they were for certain later tests, the losses would 
have been higher, due to eddy currents in the copper. 
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Synopsis.—!n the application of squirrel-cage induction motors 
to such severe service as frequent start-and-stop or frequent plugging 
operation, it is desirable to know how much loss the motor will be 
required to dissipate, plugging being wnderstood as changing 
the motor from any speed in one direction to any speed in the opposite 
direction, by reversing the rotation of the field only. 

The subject of starting loss is also of interest from the control 
standpoint—such as the application of auto-transformers for starting 
purposes, or where an external resistance is inserted in the primary 
as is done in the control of elevator motors. 

Consideration is given to the part that the primary and secondary 
resistance and the total reactance play in the determination and the 
manipulation of the starting losses; and, as it is true that in many 
applications the time spent in accelerating the rotor from rest is 
useless from the production standpoint, consideration ts given to 
the value of secondary resistance that will give minimum starting 
time for a given field strength. This involves a method for the deter- 
mination of the time taken to attain a given speed in general. 


There are many cases where a motor has already been designed 
and tested, and is about to be applied on a given job where the cycle 
of operation is known and includes either starting and stopping or 
plugging. In such an event instead of working with the various 
test values to get the constants of the machine, it is much more 
convenient and accurate to work from such values as starting torque, 
maximum torque, slip at full load, locked current and primary 
resistance. 

Tt will be shown how the preceding short-cut method, for most 
cases, can be made more simple without sacrificing the accuracy of 
the result to any appreciable extent. 

When a motor is plugged the problem is complicated by the diffi- 
culty that eddy currents flow in the rotor which give a slight increased 
effect to the torque at negative speeds. Although this paper does 
not show how to predetermine its amount, it does show how to handle 
the losses and the time of reversal, if the test speed-torque values are 
known or can be estimated from another machine. 


Poa rte to eS 


HEN an induction motor is started up in series 
with an auto-transformer, the ratio of the loss 
in the motor and auto-transformer at any in- 

stant is a constant. The ratio of total loss over the 
entire starting period must have this same value. As 
this value can easily be calculated by considering any 
particular instant, such as the very start, it is obvious 
that the total loss in the auto-transformer is known 
when that of the primary of the motor is known. 
From this it can be seen that the two problems are 
reduced to that of the motor only. 

It is true that in the vast majority of cases ther. m. s. 
value of starting current is very large compared to the 
magnetizing current and that sufficient accuracy can 
be obtained by neglecting the magnetizing current 
except in so far as it affects the torque. 

Assuming then that the magnetizing current can be 
neglected when finding the r.m.s. value of starting 
current, it follows that the secondary current is equal 


The primary resistance is taken to be per leg of the 
winding, and the secondary resistance in terms of the 
primary can be found by: 


ce (1) 
fib cat Serpentine 
erate 7.04 @ I 
T., = starting torque 
N= synchronous speed in rev. per min. 
@ = no. of phases 
I: = locked amperes per leg 


The secondary loss during the starting period can be 
evaluated by the following: 

Sec. loss (watts X secs. = joules) = ¢ f I,’ 12 dt 
where 


@ = phases 

I, = sec. amperes 

r. = sec. res. per phase (ohms) 
t = time (sec.) 


Proceeding further, let 


to the primary current, also neglecting the iron and S = final slip 
friction and windage loss and provided, of course, that s = slip (in general) 
the secondary circuit is reduced to terms of the pri- T = torque (in general) 
mary. Therefore, at any instant the secondary loss N= synchronous speed (rev. per min.) 
to the primary loss bears the ratio of the secondary (M I) = total moment of inertia in poundals-feet 
resistance to the primary resistance. Since this ratio reduced to terms of the rotor. 
is practically constant for all positive speeds of the Then 
motor, then it can be assumed that Net 
Total prim. loss over starting period I2 = TOL db rs for any two corresponding values 
Total sec. loss over starting period 
Prim. Resistance r, of sand T 
~ Sec. Resistance mitre and nati es 
1. Desion Engineer, Westinghouse Electric & Manufacturing dt jets =~ x a where dt and ds 
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are infinitely small changes of ¢ and s. 
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Therefore, secondary loss (joules) 


- NsT _279 (MI)Nds 
itn Nena. T 
S 
(M I) N? pee e Tp 
é 7.04 60 Jsds 
iM Ty IN 704 SC 60) eis 


= ().00744 (M I) N? (s? — S?) 
Joules loss in rotor = 0.00744 (M I) N? (1 — 8S?) 
1) to speed N (1— S) 
(2) 


Starting from rest (slip = 


Joules loss in rotor = 0.00744 (M I) N? (4 — S?) 
When rotor is plugged (slip = 2) to speed N (1 — S) 
(3) 


hy Se We 
Joules loss in rotor and stator = 0.00744 San 
2 
(M I) N? (1 — 8S?) (4) 
Starting from rest (slip = 1) to speed N (1 — S) 


(inertia being the only resistance to motion). 

The conclusion to be drawn from the above is that 
the secondary loss during acceleration or retardation 
depends only on the total inertia resisting the change 
of speed, and the initial and final speeds; and also that 
when a motor is plugged the secondary loss, and also 
primary loss, is approximately four times as much 
as when the motor is only started up from rest. Fur- 
ther, since the primary loss is to the secondary loss as 
r, 1s to 72 and the secondary loss is independent of the 
secondary resistance, then it follows that the higher 
the secondary resistance the lower will be the primary 
loss during the starting or reversing period. . 


This indicates that if a motor be used for frequent 
start and stop, or reversing service, the full load running 
period being only a few seconds, then a high resistance 
rotor motor may have less average loss than a normal 
motor, in spite of the fact that during the running 
period the motor has a high slip and corresponding loss. 
This not only means a better average efficiency, but 
indicates that the temperature of the motor is lower 
with the high resistance rotor; and further, that it 
could, therefore, be built on a smaller frame with 
approximately the same rise of temperature as the nor- 
mal motor. 


At first sight it is rather hard to understand why the > 


rotor loss is independent of the electrical characteristics 
of the motor, but it becomes obvious if the field be 
taken as the basis of rest instead of the stator. In 
this case the stator would have to be considered as 
revolving backwards at synchronous speed, and the 
rotor with it to correspond with the starting conditions 
of the motor; then when the line switch is thrown in, a 
stationary field is set up which acts as a brake on the 
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revolving rotor and tends to bring it to rest. The 
only difference between a mechanical and an electrical 
brake is that the loss in one is in friction loss and the 
other in copper loss. Since it does not matter to what 
degree a mechanical brake is applied, the total loss is 
equal to the difference of the kinetic energy before and 
after, so in this case the loss is proportional to the square 
of the initial speed less the square of the final speed, 
the field being considered as stationary. 

If the secondary winding of a motor be fixed and the 
primary winding changed so as to give various field 
strengths, and the primary resistance for each winding 
be assumed to vary directly as the effective turns 
squared, which is probable, then the primary loss will 
be the same over the entire starting period for all these 
windings. This is because the total impedance re- 
duced to terms of the primary varies as the turns 
squared of the primary and the torque varies inversely 
in the same ratio. The time taken to change from any 
speed to any other speed varies inversely as the torque 
and, therefore, directly as the turns squared. This 
means that if the turns were increased by 10 per cent 
that the time taken to make any change of speed would 
increase by (1.10)2, the primary resistance would 

; 2 


1 
increase by (1.10)? and the amperes by ( i 10 ) . Since 


the loss is proportional to amperes squared and directly 
as the resistance, it follows that the watts loss goes down 


1 2 
as (— =) but is used for a longer time by (1.10)?, 


giving the same joules as before. 

This can be even more readily seen by considering 
that when the secondary resistance is transferred to 
terms of the primary it is multiplied by the primary 
turns squared so that it varies in exactly the same way 
that the primary resistance was assumed to vary and 
since the ratio of primary to secondary loss is as r; 
to r. and also since the secondary loss is fixed then so 
also is the primary loss (in joules) fixed. 

It might be thought that the starting loss could be 
changed by manipulating the impressed voltage (EF). 
This, however, cannot be done because if the voltage 
were decreased by 20 per cent then the current would 
be 80 per cent of the full voltage locked amperes, assum- 
ing that the leakage paths are not saturated. This 
would make the loss at the moment of start only 64 
per cent of the full voltage locked watts. However, if 
the rotor is considered as changing from slip of unity to 
slip of 0.95 then the increased time with the reduced 
voltage, compared with the time for full voltage, 
exactly compensates for the reduced watts because the 
time to make this change of speed is inversely as the 
torque, which itself varies as (H?). 

A similar argument applies for any other change of 
speed on the entire speed-torque curve. It, therefore, 
applies to the total loss during any change of speed, 


~resistance 
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such as loss during plugging or for toss during starting 
from rest. 

It is true that if the voltage be increased so that the 
leakage paths become saturated when the motor is 
starting, or reversing, the torques are increased by 
more than the voltage squared. This is because the 
current goes up slightly faster than the voltage and the 
torque is actually proportional to the current squared. 
However, the loss also goes up as the current squared 
so that any change of impedance due to saturation 
does not change the total joules loss during the starting 
period. 

It can be seen then that the primary loss cannot be 
lowered by changing the primary winding, except that 
one coil might fill the slot with a greater total section 
of copper than another, or that the throw of one coil 
might be more effective compared with the total 
length of turn than another. 

It is also true that any reactance whether in the pri- 
mary or secondary has absolutely no effect on the loss 
in joules at start or when the motor is plugged. Any 
inerease in reactance makes the time longer to attain 
a given speed. 

It is, therefore, clear that the only way to decrease the 
starting loss of a squirrel-cage induction motor is to 
increase the secondray resistance. This, however, 
cannot be brought to the extreme because if enough 
resistance be added the accelerating torques will be 
reduced so much that the time taken to attain a given 
speed would be excessive and further the full-load slip 
would be too great, giving a very low running speed and 
poor efficiency. 

The question then arises: What is the value of second- 
ary resistance to best suit a given application? 

There are two factors that enter into the determina- 
tion of the answer. First, is the secondary resistance 
to be such that the losses in the motor during a complete 
eycle of operation are to be a minimum; and second, is 
it desirable to start up in the minimum time? 

It is obvious that no mathematics can decide what 
compromise should be made between the two values of 


' secondary resistance obtained from the two considera- 


tions given above; but even though neither ideal is 
finally selected it is well to know what they are, so 
that the secondary resistance can be made some in- 
termediate value. 

To find the total losses during a complete cycle of 
operation, it is only necessary to multiply the running 
losses by their duration in seconds and add the starting 
or plugging loss in joules. This gives the total joules 


loss over a complete cycle of operation and if divided 


by the total time for the complete cycle, it gives the 
average watts loss for continuous operation. 

Before proceeding to get the value of secondary 

nce which would give the least time of start, 

assuming the maximum torque fixed, it is necessary to 


- derive a formula for the time of start for any value of 


secondary resistance. 
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It is true for a constant torque = T., a moment of 
inertia = (M J), and a final speed of N (1 — S) that 
the time can be found by the equation 
24 VET YING (lS) 
ie ii 
(assuming that inertia is the only resistance to motion). 
However, the torque of an induction motor is not 
constant, so the above formulas can only be used for an 
infinitely small change of speed. Then: 


27 (M I) N 


time (seconds) = (5) 


dt =-— 60 x T ds (6) 
and time 
Hee eit *(M I) Nds 
a 60 ¥ T 
but 
7.04 E? ro gs 
ey E \ E 
y[ re E, ) +2 paras (re + X(t] 
(7) 
; 2 
time (seconds) = — 60 (M I) N 
£61 ela rare Wet aCe 
i} [ lian) Te rres tre + */ E, Je les 
: 7.04 EB? r.o8 
1 DA: (M I) N? 
“260° 27.04 E? roo 


f (Ce tent Ge le +9 de 
cE? t Cita Fame Ai )s}ds 


time (seconds) 
2 


spoldeT ee [+ ( I yi (— ) 
—— ial Eo Te E, Og. S 
E (r2+X?) (1—S?) 
vrna-9+(g) “a, | 
7 (8) 
where 
(MI) = moment of inertia of the whole system 


transferred to and including the rotor 
poundals ft. 
N = synchronous speed (rev. per min.) 
E = primary volts per leg 
E 


—— EH a iXy 1 if m 
X,Im = no-load reactance drop in 
primary. 
@ = number of phases 
r; = primary resistance per leg including external 
primary resistance if any. 
r. = secondary resistance per leg in turns of 


primary 


X = total reactance including external primary 
reactance if any. 
S = normal or final slip 

Use 0.0149 for constant. 

Assuming that all the constants of the motor are fixed 
with the exception of the secondary resistance, then the 
minimum time to attain a given speed can be derived 
from the preceding equation, noting that it will then 
be of the form: 

time = constant, 


constant, | 


E constant, + constant; ++ a 


when 
{ = minimum then r, constant. = 2 constant. 
1 EH 
— (— ) (X?+7r2) 1-8?) 
Be odena 
( EK - y il 
log, 
E, Ss 
: (X2 + 772) (1 — S?) 


ar 9) 
x 4.6 (=) Logo ( : ) 


This formula gives the value of r. which would speed 
the motor from rest to N(1 — S) revolutions per minute 
in the least time. 

This, of course, assumes that the rotor has not an 


12 Pole 60f 3? 


Primary 


Starting 


Starting 


Secondary 
(C) 
4 Pole 60f 3% 
(B) 
is Al 


abnormal value of friction at start, which would cause 
a slight delay while the oil film in the bearings is being 
established. In cases where there is likely to be exces- 
sive friction at start, then some higher value of second- 
ary resistance will give the minimum time. 

Oscillograph records were taken of a squirrel-cage 
motor when starting up and when plugged in order to 
check the assumption that the dry bearings at start 
cause a delay which is small compared with the total 
time of start; they were also taken with a view to check- 
ing the time taken to establish the field. 

Figs. 1A and B show the current in the primary 
building up when the motor is started and plugged. 
It can be seen from A that the current is normal after 
about two cycles when the motor is started from rest 


NORMAN: POLYPHASE SQUIRREL-CAGE INDUCTION MOTORS 


Transactions A. I. KE. EH. 


and after four cycles when plugged. From B it can be 
seen that for starting the current has about 90 per cent 
of its full value for about four cycles, and isthen normal ; 
when plugged there is some irregularity but after seven 
cycles the current is stable. This irregularity is 
probably due to one of the poles of the switch making 
bad contact. Later tests with a wound rotor showed 
that one of the contacts was poor as the primary current 
in this particular phase did not start until about one-tenth 
of a second after the secondary current had started up. 
This indicates that a faulty switch can cause excess loss 
in the motor because as soon as two poles make contact 
the motor will draw single-phase current which causes 


Calc. Starting Point 


4 Pole 60f 3? at Half Rated Voltage 
Total Time of Start = 3.9 Seconds 


Total Time of 
) Reversal 
=3.8 Seconds 


VY, Rev. 


‘at Half Rated Voltage 


+Y Rev. 


Calculated Starting 


Calculated Stopping 8 
Point Pa Q Point 


Fig. 2—(A) Four-Pous, 60-Cyciz, at Hair Rarep, Vout; 
age, Total Time or Start = 3.9 Sec. (B) Twetve-Pots, 
60-Crcue, at Hatr-Ratep VouraGce, Tora Time or REVERSAL 
= 3.8 SEc. 


a loss in the stator and rotor but gives zero torque. 
It is only when the third pole makes contact that the 
motor starts up. 

Fig. 1c shows the primary and secondary current of 
a wound rotor motor when started from rest. It can be 
seen that the secondary current builds up inside of 2 
cycles. 

From these tests it can be seen that it is not unreason- ’ 
able to neglect the time taken to establish the field and’ 
the secondary current. acne. 

Fig. 24 shows the primary current waves of a 
squirrel-cage motor when starting up; and above it-a 
line which is displaced after the rotor turns one-quarter 
of a revolution and remains so for the next quarter 
revolution, etc. This line is obtained by mounting two 
contact strips diametrically opposite to each other on a 
paper pulley, each covering one-quarter of the circum- 
ference of the pulley. 

The pulley is mounted on the motor shaft so that 
every time a contact piece passes a stationary carbon 
brush a current is established which actuates the 
oscillograph. Working back from slips of 10 per cent, 
50 per cent and 75 per cent to get the moment of inertia 
of the rotor and pulley and then using the result to get 
the instant of start, assuming there is no delay, the point 
Q is reached. Since the switch was thrown in at the 


» dei oe 


e 
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instant P then the difference represents the delay. 
Fig. 2B represents the same thing when the motor is 
plugged. The delay in this case is for the excess friction 
when the rotor is changing direction of rotation. 
Both these delays are very small compared with the 
total time of start or plugging. 

The usual-value of friction and windage for a motor is 
such that it lowers the efficiency by only a few per cent 
so that it has the effect of reducing the torque exerted 
by the field on the rotor by only a few per cent at full 
load. For greater values of slip this reduction is less 
while the field torque is greater. This shows that it is 
justifiable to neglect it during the accelerating period, 
which has been done in the previous formulas. 


Fig. 3 shows a series of curves each having the same 
maximum torque value, but which are for different 
values of secondary resistance. The various starting 
torques are obtained by using the value of secondary 
resistance obtained by formulas (9) when the slips 
corresponding to A,B, etc., are used. These curves then 
give an idea of what shape the speed torque curve 
should have for the minimum time of acceleration to a 
given speed (assuming that the only resistance to motion 
is in the form of inertia). 


Speed Torque Curves AA 
0.4 Fare for Minimum time of acceleratio 


0 200 AB C_ DE400 
TORQUE (lb.-ft.) 
Fic. 3—Sprerep TorRQUE CURVES 


The formulas (8) for time of start assume that the 
motor will have no cusps and will have a starting and 
maximum torque.on test equal to the calculated torques. 

In the event where there are cusps and the complete 
speed torque curve is taken on test then formulas (6) 
can be used by taking small changes in slip. 

It should be noted that an erroneous conception is 
often held that the time of acceleration varies inversely 
as the average torque. 

This would lead to the conclusion that a single-phase 
motor would start up since it has a definite average 
torque. The fact is that the time for any constant value 
of torque varies inversely as this torque, and this can 
be applied with reasonable accuracy for small changes 
in slip, but for the total accelerating period it should 
be noted that the time of acceleration varies as the 
average of the inverse of the torque, this average 
being obtained by taking the inverse of the torques for 
equal increments of speed. From this it can be seen 
that the time can be abnormal if the torque for any 


' 
ce 
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speed whatever approaches zero and would be infinite 
if it did drop to zero, which means that the motor 
would never speed up beyond this point. 

There is another assumption, this time concerning 
the loss at start, which is often made. This is the shape 
of the current-time curve of the motor. It is sometimes 
assumed that if the value of locked amperes is used for 
zero time and full load amperes for the end of the 
accelerating period then the current curve could be 
assumed to be a straight line joining these two points. 
This is not necessarily true, but happens that for some 
high resistance rotor motors it is nearly so. However, 
it is far from true of the average motor where the start- 
ing current tends to hang on, and in Fig. 4 is shown 
to be as high as 93 per cent of locked value after half 
the starting time is passed. This is the upper curve 
for the low resistance rotor. The lower curve is for a 
rotor with four times as much resistance, and it can be 
seen that the current falls off nearly as a straight line. 


The torque curve for this latter motor would have 
nearly maximum torque at start. 


It will be noted from these two curves how much the 
starting current is reduced for the high resistance rotor 
compared with the normal rotor, and also that the 
average current is still a lower ratio. ‘hes te mers: 
value of the two curves should have a ratio of nearly 
two because the time of start for each case is practically 
the same. The r.m.s. value of each current curve 
when multiplied by the time of start should have a 
ratio of exactly two, which, when squared and multi- 
plied by the ratio of resistances, gives unity, showing 
that the rotor loss is the same in either case, as pre- 
viously shown. 

Since the stator winding is the same for either case, 
and noting that there is little difference in the time of 
start, it can readily be seen that the stator loss is much 
lower for the high resistance rotor than for the normal 
rotor. 


Time OF ACCELERATION USING TEST VALUES OF 
TORQUES 


Taking the case of a normal resistance rotor motor 
when the duty cycle is known, it is true that in the 
majority of cases the motor which is finally selected has 
already been built and tested, or it may be that the 
selected motor is so like another tested rating that the 
torques and other general characteristics can be esti- 
mated with greater precision than by calculation from 
the ground up. 

In such a case it is quicker to use these estimated or 
tested torques, and there is also less likelihood of error 
than if a complete calculation were made of the machine. 

The values required to find the time of acceleration 
from rest to a given speed are the slip at load torque 
equal to the starting torque, the maximum and start- 
ing torques, locked amperes, synchronous speed and 
moment of inertia of the rotor if starting light, and if 
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loaded then the equivalent moment of inertia of the 
whole system, reduced to terms of the rotor. 

Let 

Maximum torque =e 


Starting torque = Ts, 
Slip at load torque equal to 7, = 8; 
Locked amperes = IJ, (per phase) 
Synchronous speed = N 
Moment of inertia (total) = (M I) 
Slip at maximum torque = Si, 
fie Fae (refer to formula (7)) (10) 


where a, b and ¢ are constants. 

As a rule the test is worked up to show the slip s,, 
but it is not a difficult matter to estimate it by pro- 
ducing the curve to the required point. The accuracy 
of the time from the resulting formula is not affected 
to any appreciable extent by the value of s,; not being 
very accurately obtained. 

Assume any two values of slip S; and S», such that 
they give the same value of torque; then from formula 
(10) 


Osa 
b+cS,+S8? 


a a So 
be b+cS:+ S-? 


T= 


and therefore 
bS,+cS,S8_ + S$, S82? = 6S. +c¢S,S8, + S/S» 
b (Si — Se) = Sy Se (Si — Se) 
b 238i Ss 
Therefore, for any two torques of equal value the 


product of the slips is a constant and, therefore, equal 
to the square of the slip at maximum torque. 


Therefore, (a) 
re Were easter oat ane] 


Again 
T = a Sm ls a 
Ree U a ACO pyar picto prniS oy t 
and 
a 
Ri aeh Gaels 


Combining these two equations 
@=Tp(2Sa+c¢) = Ta (6 +c + 1) 
e(Tm — T.1) = 7); (1+ .6)—- 2SnTn 

Substituting s, for b and +/s, for S,, 


Teen ee) Sl 
Tm — Te 
(c) Oo Tor (Oi 1) 


From (a) (b) (c) the values of a, b and c can be found 
and ‘can be substituted in a corresponding formula to 
(8) as follow: 


Time of acceleration (seconds) = 


(b) Cc = 
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(11) 


from rest to slip of S. 
N_ = synchronous speed (rev. per min.) 
(M I) = moment of inertia of whole system reduced 
to terms of the rotor. 


S. .=stinalslip 
a = Das (b ie C tr 1) 
b = §) 


TA epee ne 
Be =, f hay 


bbe maximum torque (lb.-ft.) 

Ts: starting torque (lb.-ft.) 

s, = slip at load torque equal to T,, 
It can readily be seen from the above formula that the 
time to attain no-load speed is infinite. This is not 
false because as this speed is approached the available 
torque for acceleration is practically zero; and as the 
speed is infinitely closer to no-load speed the accelerat- 
ing torque is infinitely small. However, when the speed 


Cc 


I 


I 


AMPERES PER TERMINAL 


COCEEE res 
0.05 0.15 0.20 
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Fig. 4—AmpERE-TIME CuRVES OF Stmi1LAR Motors 


One having four times as much secondary resistance as the other 


reaches 90 per cent to 95 per cent of synchronous speed, 
it can be assumed that it is near enough to be counted 
up to speed; then if 90 per cent is taken the log to the 
base ten becomes unity and if 95 per cent it becomes 
1.301. It makes only a slight difference in the time of 
start, whichever of the above final speeds is chosen. 


APPROXIMATE METHOD USING ONLY MAXIMUM AND 
STARTING TORQUES 


The preceding method can be simplified by assuming 
that the torque curve has a formula 


as 
b+ 3 


It should be noted that the value of a and b will be 
different in this formula from that in formula (10) so that 


Me (12) 
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the part that ¢ plays is not entirely neglected; in fact 
the time as calculated by each is practically the same 
up to 90 per cent speed. Using only the maximum 
and starting torque, the value of a and b as given in 
formula (12) can be found so that the equation will 
give these same torques but will not give the correct 
slip for the load torques. However, as the time of 
starting is affected mostly by the torques for large 
values of slip so consequently this method gives very 
close results. 
The values of a and 6 are obtained, as follows: 
eee Obseal a tO) 


b Se Sm 
1h rie Ne 
Ts ef \ ( SE ) ce ] 


The time equation then becomes: 
time of start (seconds) = 


1 (MI) N if ) a4 
30 a [ 2.3 blog. (—¢ + 


where N 


where Sn = 


= synchronous speed (rev. per min.) 


(60 f 4 Pole Induction Motor 
[Values Plotted as o are for 


REVOLUTIONS PER MINUTE’ 
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TORQUE (Ib-ft) 


Fig. 5—Tersr Curve ror 5-H. P., THREE-PHASE, 60- Cycin, 
Four-Potez, Inpuction Motor 


Values plotted as O are for formula 
ais 
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Values plotted as X“are for formula 
f as 
tM => Ea p= he 


(M I) = total moment of inertia reduced to terms 
of the rotor. 


S = final slip 
Of mae Sm Tn) OT = 


ve 


Fig. 5 shows a test speed-torque curve and the 
calculated values for formula (10) plotted as (©) and 
those per formula (12) plotted as (x). 

SPEED-TORQUE EQUATION FOR HicH RESISTANCE 
Rotor Motors 
The two previous methods fall down when applied 


Lia (b ate 1) 


EF 


st 
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to the case of a speed-torque curve for a high resistance 
rotor motor. 


In the first place, the starting torque 1s often nearly 
equal to the maximum torque so that the evaluation of 
a, b and ¢ by the first method is more difficult besides 
the fact that the slip for a load torque equal to the start- 
ing torque is a doubtful quantity as the test values 
obtained for such a curve are not very accurate for 
large values of slip and are usually not taken for slips 
greater than about 50 per cent with the exception of the 
starting torque. 

The second method falls down completely, because, 
as explained before, it does not give the correct values 
of slip for the load torques, by which was meant the 
torques on the upper part of the curve. But with a 
speed torque curve where the starting torque equals 
or nearly equals the maximum torque, the torques are 
nearly all on the upper part of the curve. 

The value of a, b, and ¢ for this high slip curve can be 
found by taking the angle which the curve makes at 
the point of slip = 0, torque = 0; the slip for some load 


SCC 
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Fig. 6—CurvE ror TESTED VALUES 


Values plotted as O are for formula 
aS 
tI Pipes Sthy 
torque (preferably the torque equal to two-thirds 
starting torque); and the starting torque. 

Fig. 6 shows test speed torque curve for a motor which 
has a full-load slip of approximately 18 per cent. The 
tangent of the angle is taken as being the lb-ft. torque 
divided by the slip for a point on the curve infinitely 
close to the point of zero torque. These values are 
obtained by drawing a tangent to the curve at this 
point. and taking the slip and torque for any point on 
this line. 

The torque and slip for the load point are shown as 
T, and S;. The torque 7, is 82 which is two-thirds 
of T,,. This makes the final evaluation of the constants 
a, b, and c more simple. 

Since 


as 


es b+cs+3 


a 
Ss) 8 bes eS 


and it is obvious that as 7 and s approach zero 


lin a 
StS nD 6 
therefore, 
a 
tan 6 TR and a = b tan 0, 
then, 


a(s)=T(b+cs+s8?) = bs tan 0 


6 tan 6 


when slip = 1, then (6 +¢+1) = 7 
st 


b 
when slip = Si, then ( ea +et+ sty) = 
1 


Subtracting these two equations: 


b(1 — ) ea a ( : —) 
ECR yume yo ce ffs wae 
and 
of Sa TE a | ; 

Sl a Sere hc AD Mem 
then 

1 
b= ae - 


1 “4 (T.:— T1) tan 6 
Sy f EEL E GIES Srey 


Since 7, was selected as two-thirds of 7',,, then the last 
expression for b can be simplified as follows: 


i 
(a) bar ea tan 6 | 
Si ZA St) bee | 
(b) 7 aE 
a (14) 
(c) . Copy a bal | 
as 
and torque = JT = He preanec 


If the torque curve be plotted which is obtained by 
finding a, 6 and ¢ as described, then this curve should 
start from the point T = 0 and s = 0 with the same 
angle as the test curve; it should also pass through the 
point 7, S; and the starting torque point. 

If, then, 7, and S, are selected as previously suggested. 
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and noting that the form of the equation is correct, it 
can be seen that the torques obtained from the equation 
will be extremely close to the test torques. 

Fig. 6 shows the test speed-torque curve in full, and 
points calculated by this method plotted as ©. These - 
points coincide with the test values except two which 
are slightly less. However, it should be remembered 
that this part of the curve is very difficult to obtain on 
test and that it may consequently be slightly off and 
not the calculated points. 

PLUGGING SERVICE 

When a motor is plugged there are eddy currents in 
the rotor which are very pronounced at negative speeds. 
These eddy currents cause an increase in the rotor loss 
over what it would be if measures were taken to prevent 
eddy currents. This increase in the rotor loss makes 
the torque larger and since the eddy currents increase 
as the slip increases it follows that the torques are 
affected more at negative speeds than at positive speeds. 
The increase in torque can be considerable and makes 
quite a difference in time of retardation, and also in 
the joules loss in the primary. 

When it is stated that there are eddy currents in the 
rotor, what is meant is that there are additional cur- 
rents in the rotor bars besides a current which is dis- 
tributed uniformly across the section of the rotor bar. 
These additional currents add in some places and sub- 
tract in others from the uniformly distributed current 
and have the resultant effect of an unevenly distributed 
current across the bar, being of greatest density in the 
top and least density in the bottom of the slots. 

This is caused by the varying amount of flux linkages 
for different sections of the rotor bars, the part of the 
bar in the bottom of the slot having more flux linkages 
than the part in the top. This causes more reactance 
per.unit area for the bottom part than the top and since 
the resistance per unit area is the same for each, then 
the total impedance per unit area will be greater for the 
former. However, the I Z drop for all parts of the 
bar must equal the voltage per bar which is a constant 
for a given value of slip. The current must, therefore, 
be greatest where the impedance is least which is at the 
top of the slot; and likewise is least at the bottom. 

Since the loss is proportional to the density squared, 
it can be shown that the least loss for a given total cur- 
rent per bar is when the current is uniformly distributed. 


The loss must, therefore, be greater for an uneven 
distribution of current and this condition can be re- 
placed by a higher resistance rotor which would give 
the same loss if it had the same total current per bar 
with even distribution. 

As the reactance in the rotor circuit is proportional 
to the slip, then it follows that the impedance bears a 
greater ratio to the resistance at high than at low values 
of slip, and since the resistance tends to make the cur- 
rent distribution uniform and the reactance tends to 
make it varied, then it follows that there will be more 
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and more varied current distribution the higher the 
slip. This means that the effective secondary resistance 
does not bear a constant ratio to the primary resistance 
so that it is no longer true to say that the total secondary 
to the total primary loss during the reversing period 
bears the ratio of their respective resistances. 

It is true that near standstill there is not a great deal 
of excess torque over what would be expected so that 
the equivalent secondary resistance is not very far 
from its normal value and it can be assumed, with 
reasonable accuracy, that the loss during the period 
from rest to full-load speed is divided in the primary 
and secondary as their resistance. This assumption 
was made for the derivation of formula (4). 

However, when the loss is to be found in the primary 
and secondary for the period between the moment of 
plugging and of zero speed, then the changing ratio of 
primary and secondary resistance must be taken into 
account. Since the derivation of formula (2) shows that 
the secondary loss is independent of the secondary 
resistance, then it is obvious that it will also be inde- 
pendent of a varying value of secondary resistance. 

This is the justification for using formula (3). 

It will be noticed that the primary current for a 
motor which has a normal rotor winding is practically 
the same at the instant of plugging as at standstill so 
that if it be assumed that the current is equal to the 
plugging value during the entire period of deceleration, 
the loss so obtained is slightly in excess of the true value 
and is, therefore, on the safe side. 

When a high resistance rotor is used, it is no longer 
true to say that the plugging current is practically 
equal to the starting current. It will probably be 
around 30 per cent greater for a motor that has sufficient 
secondary resistance to give maximum torque at start. 

Therefore, the primary loss during the deceleration 
period for a high resistance motor should not be calcu- 
lated in the same way as for a low resistance rotor motor. 

It should be noted that the reason for not using 


Ts arate 
T2 


formula (3), and multiplying it by to get the 
total loss is because the primary loss is actually lower 
than this formula assumes. However, with a high 
resistance rotor the major loss is in the rotor, so that 
any difference there might be between what this formula 
gives and the actual total loss, is very small. 

It is, therefore, reasonable to use the following 
formula for the total loss during the total plugging 
period, especially when it is remembered that it errs 
on the large side. é 

Joules loss in rotor and stator (when rotor is plugged) 


= 0.00744 nae (M T) N? (4— 8?) (15) 
ne 2 
- for high resistance rotors only. 


For the time of reversal for such a motor there is very 
little mathematics that can be applied except, of course, 
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the method given by formula (6). The following sug- 
gestions, however, will aid in making the problem 
shorter, but not so accurate. Formula (8) or (11) can 
be applied to the acceleration part of the speed torque 
curve and formula (5) to the retardation part, provided 
that the torque in the equation is the effective torque. 

As the torque at negative speeds is very large, and 
the percentage variation small, this effective torque is 
extremely easy to estimate; provided that the test- 
speed torque curve is available at these speeds. 

As there will be less eddy currents in a high resistance 
rotor motor than in a low resistance rotor motor it is" 
very probable that sufficient accuracy can be obtained 
by a formula similar to (8) or (11) where the limits 
of the integral are 2 to S instead of 1 to S. 

For a normal resistance rotor motor the method 
previously outlined should not be followed because the 
primary loss is not small compared with the secondary 
loss. 

Then the total joules loss during the reversing period 
is given by the addition of formula (2) when multiplied 


Py 


by and formula (3) and @ J,?71¢t, where t» is the 


To 


time required to bring rotor to rest during plugging 
and where J, = current at instant of plugging. 
Joules loss in rotor and stator (when rotor is plugged) 


To 


—o.00744«M DNe[ 1-8 +4-8¢] +67,Anty (16) 


T 
for low resistance rotors only. 

All the values in the above formula are known with 
the exception of t,. 

There are many ways that t, can be found if the speed 
torque curve from test be known but some methods 
lead to such complicated equations that their use is not 
justified when it is considered that, with the exception 
of the tedious method given by formula (6), they are 
evolved by some assumption that is only approximate. 

As an example of this, take the most simple equation 
for the speed torque curve that shows excess torque at 
negative speeds and has the approximate shape for 
values between slip = 0 and 2. 


as 
b+3? 


The first part of this formula is the simplest expres- 
sion that approximately follows the actual curve be- 
tween slip = 0 and 1. 

The second part makes the torques gradually in- 
crease as the slip increases and gives the excess torques 
which are noticeable at negative speeds. This equa-- 
tion can be made to follow very closely to the test curve, 
but when the time equation is evolved from it the com- 
plications and chance of error met with make it 
undesirable. 

This equation is given for record only, as its use is 
not advocated. 


Torque = T = + d (s) 
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It should also be remembered that the finding of a, b 
and d adds to the length of time needed to handle this 
equation. 

One of the simplest methods that can be employed 
to get the value of ¢,, and one which gives a result 
equally as accurate as the previous method, is found by 
the assumption that if the inverse of the torques be- 
tween slip = 2 and 1 be plotted against the slip then a 
straight line will be the result. 

This is not true but is approximately so. If there 
were no increased torque effect then the curve between 
slip = 2 and 1 is approximately a hyperbola and when 
the inverse of the torque is plotted it gives an approxi- 
mate straight line, so that the assumption tends to be 
correct for this extreme. 

Theresults of test indicate that where there isincreased 
torque effect the assumption is nearly correct. 

It may be mentioned here that there are nearly 
always some harmonics in the field form that show up 
on the speed torque curve. However, if these do not 
reduce the torque for any speed by more than, say, half, 
then it can be assumed that they cancel themeslves 
out over the entire period. 


Since, as mentioned before, the time of change of 
speed varies as the average of the inverse of the torque, 
then it follows that if 7,, = starting torque 
ft Ase 


and = torque at slip of two, 


: uh th ( ai i ) 
Effective torque 2 \ Tx, i Lee 


Unig 4F ies 
yd Te Ts, 


7 
time (seconds) = 30 (M I) Effective Torque 


For retardation period: 
(slipr= 2 to'slip = 1) 


Te tug == Ts 
het lug dee 


T 
i= 60. (MI)N (17) 
where ¢, = time in seconds, _ 
for inertia loads only. 


This also gives very nearly the correct result for 
cases where the torque for slip of two equals the start- 
ing torque, because in such a case the test values of 
torque are practically constant with the exception of 
cases where harmonicscome into play;and as mentioned 
before these do not affect the time of retardation 
appreciably unless they reduce the torque to less than 
half its normal value. 
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To obtain the time to change from rest to, say, 10 
per cent slip use either formula number (11) or (13). 


EQUIVALENT MOMENT OF INERTIA (IN TERMS OF THE 
ROTOR) 


It will be noticed that every time and loss formula 
includes the term (M I) which is the total inertia of the 
whole system reduced to terms of the rotor. 

As this figure is the result of multiplying every small 
mass by its velocity squared and comparing it with that 
of the rotor, it can be seen that there are many cases 
where the rotor, due to its high speed, plays the major 
part in holding back the whole system from instantly 
coming up to speed. 

The moment of inertia of the rotor should be known 
then if the preceding formulas are expected to give the 
correct losses and times. There are two accurate 
methods for finding this quantity; one is the well 
known method of swinging the rotor from some point 
of known distance from the center of gravity of the 
rotor, the axis around which it swings being parallel 
to the line through the center of the shaft. 

The radius of gyration is given by 


R= [at a ae 


where 
R-~= radius of gyration (feet) 
g = gravity 
1 = distance of axis from center of shaft 


P = period (seconds) for a small amplitude of swing. 
This formula gives the radius of gyration very ac- 


' curately. However, it is difficult to fix the fulerum so 


that.it is absolutely rigid when the rotor is any size, 
besides the difficulty of measuring / accurately. 

The other method lends itself to great accuracy due 
to the fact that the only measurement necessary is the 
period. The other dimensions used are the journal 
sizes, which are very accurately ground to size, and are 
both of equal size and known beforehand. 

The equipment needed is two rails accurately 
machined to a very large radius. These are placed 
parallel to each other and the rotor is placed on them 
so that each journal rides on a rail. 


As the rails are circular the rotor naturally will swing 
back and forth with a harmonic motion. 


Fig. 7 shows the scheme suggested. 


Let 
R = radius of gyration of the rotor (ft.) 
P = period of rotor swing (seconds) 
ry = radius of rotor bearings (ft.) 
1 = radius of the circular rails (ft.) 
g = gravity 
Then, 
: t P?g (l—1r) 
radius of gyration = R =r at Baaipn. Patt 


When this formula is used it will be noticed that the 
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first term under the radical is very large compared with 
the second term, provided that / is very large. The 
accuracy with which R is obtained then approaches that 
of the period P. 

The radius of the rails / should be made very large 
so that the period becomes very large and tends to 
eliminate windage, and also so that for a given ampli- 
tude of swing, the angle of the rails will be small and so 
prevent slipping of the journals on the rails. 

The accuracy of R is unaffected by the fact that the 
rotor might be placed on the rails slightly skewed so 
that when at rest the bearings would not be at the 
lowest point of the rails. 

In transferring the inertia of external moving parts 
to terms of the rotor the following rules are sufficient 
for most cases: 


Fic. 7—ScueMe ror Frnpine Rapivs or Gyration or Rotors 


1. All parts that have only linear motion should 
be transferred according to the following law. 


30V ) 
aw (r. p. mM.) 


: W 

(M I) equivalent =" 5 ( 

Where (MI) equivalent = moment of inertia 
when transferred to the rotor 

W = external weight in lb. 

V = velocity of W in ft. per sec. 

g = gravity 

(r. p.m.) = revolutions per minute of rotor. 

2. All parts that have a rotary motion only should 
be transferred by having their moment of inertia 
multiplied by the square of the ratio of their speed 
compared with the speed of the rotor. 

All the previous formulas pertaining to loss or time 
have been evolved with the assumption that the only 
resistance to motion is inertia. This is approximately 
so in a great many cases, but if any particular applica- 
tion should have a large friction or hauling load to 
overcome then these formulas cannot be used. Any 
friction or hauling load should be applied as a reduction 
in torque and not as some supposedly equivalent 
inertia. 

If the complete current torque curve be not available, 
then it can be built up from the speed-torque curve by 
the following: 
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where s and 7 are the values of slip and torque corre- 
sponding to the current. 

The primary current is practically equal to this, the 
magnetizing amperes being the only difference; and 
for large slips the magnetizing current is much less than 
near synchronous speed. 

Having the complete speed torque curve, the accelerat- 
ing torque curve can be found by subtracting the fric- 
tion or hauling torque. 

The inverse of this torque is proportional to the time 
to change speed at any point. A current-time curve 
can then be built up similar to Fig. 4; or better still, a 
“current squared’’-time curve can be built up without 
the intermediate step of plotting the current against 
time. The arithmetical average of the current squared 
curve over the entire starting period gives the average 
current squared. The square root of this value gives 
the r.m.s. value of current during the starting period. 


CONCLUSION 


For all cases worked out the primary loss has been 
found so that if some type of control be in the circuit, 
the loss can be found for it during a complete cycle of 
operation. The proper sized controller can then be 
applied which will not have an excessive factor of safety. 

When a motor is to be used for either starting and 
stopping or reversing service, the total losses of the 
motor during a complete cycle can be found by the 
preceding formulas. Knowing from test the amount 
of loss that the motor can dissipate for a definite rise of 
temperature, and knowing the loss it will be required 
to dissipate, the temperature rise of the motor can be 
predicted. 

This estimated rise indicates whether or not the 
proper sized motor has been selected. | 


Discussion 
B. F. Bailey: I should like to point out the use of the follow- 
ing formula 


0.142 * Lb-Ft. X Syne. Speed 


Uy Volt-Amperes 


in which 7 is the volt-ampere torque efficiency. By substituting 
the input to the motor in watts for the volt-ampere input we 
have the watt-torque efficiency. This formula is of course 
correct for any speed of the motor, although it is most useful in 
computing the starting efficiency. 

In the case of a squirrel-cage induction motor the starting 
efficiency will usually be about 20 per cent. The wound-rotor 
induction motor will show higher values and a high-resistance; 


squirrel-cage motor still higher values. Split-phase induction 


motors have starting efficiencies of about 10 per cent. 

This formula gives us a ready means of comparing the starting 
performance of different types of motors. * 

It can readily be shown that the starting torque of a polyphase 
motor expressed in synchronous watts is equal to the input to 
the rotor, but the demonstration is based upon the supposition 
that we have a rotating field which does not change shape as it 
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rotates. In practise, the field does change its shape somewhat 
and in fact there may be backwardly rotating components of the 
field which directly subtract from the torque. In addition, there 
is some loss of torque due to bearing friction. The result is that 
the torque as measured by a brake is always somewhat less than 
the torque as computed from the input to the rotor. My experi- 
ence has been that usually the actual torque will be from 85 to 
90 per cent of the theoretical torque, although instances are 
common where somewhat higher or lower torques are developed. 

K. L. Hansen (communicated after adjournment): Aside 
from containing useful suggestions and formulas, Mr. Norman’s 
paper assists materially in advancing problems pertaining to the 
transient phenomena of acceleration and retardation from the 
rough approximation stage on to a more sound, mathematical 
foundation. 

Under the assumption of negligible resistance load, the author 
has found the secondary copper loss, when accelerating from slip 
s to slip S, to be 


Watt-seconds = 0.00744 (M I) N? (s? — S?) 
and the primary copper loss to be the secondary loss multiplied 


In the October 18th, 1924 issue of the Electrical World, I 
published the following formula for the secondary copper loss: 
(on account of lack of space, derivation of formulas was not 
shown) 


W G? N2 (s? — S?) 
4324 
where the moment of inertia W G?is expressed in lb.-ft. Changing 


to poundal-ft. by introducing gravity acceleration 32.2, it 
becomes 


W, = = (0002315 W G2N2(s2 1S? 


W, = 0.00744 (M I) N? (s? — S?) 
which is identical with the one in the paper. An interesting 
point in this connection which Mr. Norman does not seem to 
mention in his paper is that when accelerating from standstill 


the secondary loss is equal to the energy stored in revolving 


parts. 

In discussing motors in intermittent service, I made the 
following statement in my article: 

“Comparing (3) with (1), it will be seen that when a motor 
accelerates from standstill to synchronism, the secondary energy 
loss is equal to the stored energy and the primary loss is the 


To 


stored energy multiplied by As the secondary ‘loss is 


Ty 
independent of, and the primary loss inversely proportional to, 
the secondary resistance, it follows that the ratio of secondary to 
primary resistance should be as high as the rate of acceleration 
permits in order to reduce the energy loss of the system to a 
minimum.” 

It will be noticed that this paragraph covers substantially 
the discussion on the second and part of the third page in the 
paper. 

It might also be of interest to know that I have used the 
author’s speed-time formula and found it satisfactory in appli- 
cations where the resistance load is small and the inertia load 
is high, as, for example, in centrifugal extractors. When there 


is an appreciable resistance load in addition to the inertia load, 


however, other formulas give better results. 

P. L. Alger (communicated after adjournment): Mr. Norman 
has given us a complete synopsis of the starting behavior of an 
induction motor. As he points out, the object of studying 
starting conditions is to design the motor and the control so as 
to secure minimum losses at starting and a reasonable, but not 
excessive, factor of safety in design. 

To bring out some of Mr. Norman’s ideas more emphatically, 
there are two points which seem to be worthy of mention. Both 
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of these points arise from the fact that a motor designed pri- 
marily for starting duty should have different characteristics 
from one designed for steady operation. In order to obtain the 
best starting torque per ampere, it is necessary to have a high 
rotor resistance, and, in order to obtain low starting losses, it 
is necessary to have a low primary resistance. These two things 
naturally result in the designer’s making a starting motor with 
few primary turns and therefore with a very high magnetizing 
current. 

A high magnetizing current results in an appreciable difference 
between the primary and secondary currents during the starting 
period. Though Mr. Norman suggests that this difference can 
be neglected, it is often quite appreciable. As Professor Bailey 
stated in his discussion of the paper, the torque efficiency, de- 
fined as the ratio of the starting torque as measured with a 
brake to that as calculated from the copper loss due to the mea- 
sured primary current and the measured secondary resistance, is 
usually appreciably below unity. If the secondary resistance 
used in calculating the torque is the apparent value obtained by 
dividing the primary input at standstill, less the primary copper 
loss, by the square of the primary current, the torque efficiency 
is 100 per cent. But if the true value of secondary resistance is 
used, the calculated value of torque will be too high, due to the 
secondary current being smaller than the primary current. 

Thus, in the attempt to make a motor with good starting 
characteristics, the magnetizing current is exaggerated, and so 
the accuracy of the simple theory which neglects magnetizing 
current may be said to be less, the better the motor is for starting | 
duty. Mr. Norman also points out that the existence of eddy 
currents in the rotor during starting again makes the theory less 
accurate and gerarally requires some approximations to be 
employed in calculating the primary copper loss. These eddy 
currents are exaggerated in the attempt to obtain high starting 
resistance and low starting current without too seriously impair- 
ing the running efficiency by the increasing employment of the 
double squirrel-cage type of winding.~ However, if a double 
squirrel cage is so designed as to obtain the maximum possible 
starting resistance with a given running reactance, expressions 
for the secondary resistance referred to primary of the form 


R S Xo A : 
ee + pan and for the secondary reactance of the form 
X+ hes may be employed in place of the simpler ones, 


R 
ar and X, and, with their aid, accurate formulas similar to 


Mr. Norman-s may be derived for the time of starting and other 
characteristics. 

H. M. Norman: In answer to Prof. Bailey’s remarks concern- 
ing what he calls efficiency of the starting torque, I should say 
that there is nearly always a discrepancy between the measured 
starting torque by brake and that indicated by the watts loss 
in the rotor at start. The brake value is sometimes lower and 
sometimes higher than that given by the secondary loss. How- 
ever, the average value obtained from a large number of different — 
motors showed that there is only about a four-per cent difference. 


It should also be remembered that there is difficulty in measur- 
ing the input watts correctly, and also in estimating the proper 
value of the primary resistance (variation due to temperature) 
to use for calculation of the watts in the primary so as’ to obtain 
the correct watts loss in the rotor. In view of these difficulties, 
the best guide is the average of a large number of motors. 


I think this is a very important point because it touches on the 
accuracy of the loss formulas in the paper. If it were true that 
this starting efficiency were appreciably below 100 per cent then 
the starting losses would be greater than the formulas in the 
paper indicate. 


> 
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If there is no unbalance of phases, however, then it is my opin- 
ion that any adjustment of the constant 0.00744 in the loss 
equations need not exceed the addition of the four per cent 
already mentioned. 

In reply to Mr. K. L. Hansen’s remarks, I think it unfortunate 
that the same formula should have to be worked out indepen- 
dently at two different times, but in this case it has the comforting 
feature that we are both in exact agreement. 

Regarding the fact that when starting from rest and accelerat- 
ing to synchronous speed the secondary loss is equal to the stored 
energy of the system (this includes the energy of all the moving 
parts). I should like to point out that I purposely avoided 
mentioning this fact as it is subject to misuse for the following 
reason. Suppose that for a given system on account of the nature 
of the application the rotor of the motor has high resistance so 
that the full-load speed is, say, 90 per cent of synchronous speed. 
Then if the secondary loss be taken as equal to the stored energy 
of the system, it would be found to be 81 per cent of what it 
would have been had the system been accelerated to synchronous 
speed. This is not true, however, as the loss in the rotor under 
these conditions is equal to 99 per cent of this value. 


Synchronous 
Speed 


I 90% Neg. Synch. Speed. 


This error is approximately equal to twice the full-load slip 
and even for low-resistance rotor motors is not altogether 
negligible. ; 

Fig. 1 herewith gives a diagrammatic representation of the 
proportions of loss in the rotor of the motor and the stored energy 
of the moving parts. Consider a motor that has been accelerated 
from rest and has reached a speed proportional to F C on this 
diagram where F A represents synchronous speed. The area 
F C D bears the same ratio to the stored energy of all the moving 


parts as the area D E G F bears to thé loss in the rotor. These 


areas become equal if the motor starts from rest and accelerates 
to synchronism so that for this particular cage (and this particular 
case only) the loss in the rotor equals the stored energy of the 
moving parts. 

This diagram also shows the ratio of lost and stored energy 
to the loss in the rotor when the rotor is plugged by extending the 
diagram into the negative-speed region. If a motor is running 
at, say, 90 per cent of synchronous speed and is plugged, the rotor 
reversing to 90 per cent synchronous speed in the reverse direc- 
tion then, (referring to Fig. 1,) the energy lost in the moving parts 
by bringing them to rest is represented by area ff F I, the energy 
gained by bringing the moving parts up to 90 per cent syn- 
chronous speed is represented by area C DF, and the energy 
lost in the rotor by area DEJ H. 
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Referring to Mr. Hanson’s statement that the short paragraph 
in his article covers substantially the discussion in part of my 
paper, I should point out that on the second page immediately 
following the loss formulas, I made a statement of approximately 
the same length and more or less equivalent to that in Mr. 
Hansen’s article, and as I did not repeat myself in the subsequent 
paragraphs, I cannot see that his claim is well founded. Further, 
where there are only a few cycles of operation per minute I do 
not agree with Mr. Hansen’s statement that the secondary 
resistance should be as high as the rate of acceleration will permit 
in order to reduce the energy loss to a minimum. This is 
neglecting entirely the losses during the running period. There 
are so many different cycles of operation that it is not desirable to 
compile an abundance of formulas to give the best value of 
secondary resistance for each, but as there is one cycle which is 
perhaps the most common, I might add the following formula: 


ef 0.00744 (M I) N2 (1 — 8%) 1 
eu tks 


(for inertia starting loads only) 
where 

I, = Secondary load current, 

r, = Value of secondary resistance which gives the minimum 
losses over an entire cycle consisting of a start from rest 
to speed of N (1 — S) and a full-load run for a time 
= ¢ (seconds) and a shut-down of any length of time. 
The constant is the ratio of effective resistance at start 
to that at full load and is slightly greater than unity. 


The value of r2 as obtained from this formula is for the load 
condition, K rz being the effective resistance at start. 


Mr. Hansen ‘seems to understand that I say that my speed- 
time formulas applied to all types of loading conditions. How- 
ever, the method by which they were evolved, combined with 
the paragraph on the last page of my article drawing attention 
to friction or hauling loads, shows this impression to be incorrect. 

In reply to Mr. Alger’s statements, I should like to point out 
that the object of making the secondary resistance high for 
motors which are used for frequent starting is two-fold. It 
not only reduces the starting current, but also reduces the total 
losses during acceleration. The reduction of the primary 
resistance by means of reducing the primary turns has little or 
no affect on the starting losses, however, when measured in joules, 
and motors intended for frequent starting may sometimes be 
designed by changing the secondary winding only. 

Motors to be used for special starting duty can be built with 
either a high rotor resistance, few primary turns to strengthen 
the field, or a combination of both, depending on the nature of the 
application. 

If the starts are very frequent then the first method gives the 
best results as the starting losses are lowered and this results in a 
lowering of the total losses over a complete cycle of operation 
provided the rotor resistance is not increased excessively. 

If the number of starts are very few and high starting torque 
is required on account of, say, excessive static friction, then the 
second method can be used provided the increased starting current 
is permitted and that low power factor is not of any great 
consequence. ; 

When there are limits placed on the starting torque and current 
and the full-load power factor and efficiency, then the combination 
of more rotor resistance and fewer primary turns is used to meet 
these requirements. Again it may be used when the application 
requires high starting torque and a medium number of starts 
and stops. 

From this it can be seen that the designer does not always use 
few primary turns. 

Regarding Mr. Alger’s statement that the use of few primary 
turns exaggerates the magnetizing current and so upsets the sim- 
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ple theory that during acceleration the primary and secondary 
current can be considered of equal value, I cannot agree. Neg- 
lecting saturation, the magnetizing current changes inversely as 
the turns squared. The starting current also changes in the 
same ratio. Therefore, the ratio of these currents is the same no 
matter what the primary turns may be. Should saturation be 
taken into account, then the consequent increase in current ap- 
plies much more to the starting current than to the magnetizing 
current during acceleration because at start the main field is 
only one-half or one-third of its value at synchronous speed, 
while the leakage paths are saturated. 

The difference between the primary and secondary current 
of the motor of average size and speed is about three per cent so 
that the value of the secondary resistance as given by formula (1) 
in the paper is about six per cent too small. Since the secondary 
loss (measured in joules) during acceleration is independent of 
the secondary resistance, then this error does not affect the rotor 
loss. — 

Now consider the primary loss during acceleration: the exact 
value could be obtained by multiplying the secondary loss in 
watts by the ratio of the primary resistance to the true value of 
secondary resistance and then by the mean square of the ratio 
of primary to secondary current over the starting period. 
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It so happens that this ratio of the mean square over the entire 
starting period is very nearly equal to the ratio of the square of 
the primary to secondary current at the instant of starting which 
is also the ratio of the true value of secondary resistance to the 
value obtained by using formula (1) in the paper. Therefore, 
by using formula (1) to get the secondary resistance and assum- 
ing the primary and secondary currents equal, very little error 
is introduced. 

To illustrate how negligible this error is, consider a 50-h. p., 
6-pole, 60-cycle motor. The ratio of the mean squares of the 
primary and secondary currents up to 90-per cent synchronous 
speed is equal to 1.041. The ratio of the true value of secondary 
resistance to that calculated by forniula (1) is equal to 1.031, so 
that thereis only one per cent errorin calculating the primary loss. 
Consider an extreme case of a 50-h. p., 20-pole, 60-cyele motor 
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calculated secondary resistances is equal to 11.17 which shows 
that there is less than two per cent error even in this extreme case. 
From this it is obvious that it is sufficiently accurate to use the 
method given in the paper. 

Mr. Alger seems to be under the impression that the work on 
reversing motors, in which I made correction for eddy-currents 
in the rotor, had something to do with a difference in the primary 
and secondary currents. This is not so; the reason for finding 
the primary loss by the method worked out in the paper was on 
account of a varying ratio between primary and secondary 
resistance while retarding the speed. 

Regarding the statement that formulas similar to those given 
in my paper could be worked out for double-cage windings, I 
think that these formulas would be very complicated and there- 
fore would not be extensively used. Further, it is doubtful if 
such a motor would have any advantages over a high-resistance 
rotor motor as the higher full-load efficiency is misleading, the 
true guide being the total losses over a complete cycle of opera- 
tion. Also there would have to be a decided advantage in favor 
of a double-cage winding to warrant its use as it is more com- 
plicated and expensive. 

I should like to add the following formula which gives the 
radius of gyration for rotors which have journals with bearings 
of different diameter on each end. This measurment can be 
made by using the circular rails illustrated in Fig. 7. Squirrel- 
cage motors have usually the same diameter of bearing on each 
end but it is sometimes necessary to know the radius of gyration 
of other rotors. This can be done with the same equipment. 
Referring to Fig. 2 herewith, 


let 


vy = vel. of center of gravity of rotor. 
R = radius of gyration radially (feet). 
R, = radius of gyration about axis perpendicular to’ the” shaft 
and through the center of gravity. 
wand w, are the respective angular velocities. 


Then gain in kinetic energy 


1 1 1 
PAD nanan ye w? + ps Oe 


Loss in potential energy 


1 To 
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Substituting w; = w ie \ 
D 
l dé 
o = a 
ip t 
D-y o 
v =( D ro + D r) 


’Equating these two quantities and integrating gives: 
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to 2 
The term [ Ry at | can be neglected. 


From this equation it can be seen that the short-cut method 


which suggests itself of taking the average of r and ro and then 
substituting in the formula given on the tenth page of my paper 
does not give sufficiently accurate results. 


with only 434 times starting current and 68 per cent full-load 
power factor. The ratio of the mean currents to 90 per cent 
synchronous speed is equal to 11.37 and the ratio of true to 
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Synopsis.—The present paper treats of the following matters: 

1. Simplification of the physical formula for magnetic attraction, 

2. Definition of magnetic reluctance when the magnetic field is 
bounded by non-equipotential surfaces, 

8. Calculation of the virtual variation in magnetic reluctance 
due to any displacement of the limiting surfaces, 

4. Demonstration of the theorem that the magnetic attraction 
between two ferromagnetic bodies depends only upon their common 
magnetic fluxes ¢ and upon the virtual gradient of its air-reluctances 
Ro, and that the formula 


¢ 6 Ro 
8 1 61 


which gives the attraction along any given direction L is as general 
and as exact as the formulas of physics, 

5. Direct deduction of magnetic attraction from the lines of 
magnetic flux depicted by a magnetic figure without resorting to the 
components of the magnetic field. 

The method used is developed by the application of the well- 
known principles of the potential energy function to the magnetic 
flux in the air-gap. Paths for the magnetic flux are established 


FP, = 


I. INTRODUCTION 


HE resultant magnetic effort, F, which is experi- 
enced by a soft iron body in a medium whose 
permeability is independent of the field, H, can 

be calculated by means of the known formula 


; : 
P= JS 2H@,N)-NU,B)\as (1) 


in which N is the external unit vector which is normal 
to the surface-element dS, H and B being the vectors 
of the magnetic field and induction at the same point. 

By means of equation (1), the resultant force, F, 
can be calculated whenever the distribution of the 
magnetic field along the external surface of the magnetic 
body is known. When that body is surrounded by air 
or like medium, the formula (1) can be further simpli- 
fied; but even in that case, there are no analytical 
solutions in the majority of the cases of magnetic field 
distribution met with in practise, so that, as a rule, all 
that can be done is to obtain the graphical integration 
of equation (1) by deducing the values of the magnetic 
field from a chart of its lines of magnetic flux. It is 
possible, now, to determine these values within one 
per cent’. 

This method of evaluation of the quantity indicated 
by equation (1) is not free from error, owing to the 


points of saturation which occur at the sharp angles and 
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across the air-gap between the two ferromagnetic surfaces bounding 
the air-gap, by decomposing the magnetic flux into elemental tubes 
of magnetic force, the envelopes of which enclose spaces in which the 
flux is constant. The element of boundary-surface intersected by 
each elemental tube at the two boundary-surfaces encloses an equal 
number lines of magnetic flux, irrespective of the magnetic density at 
these points. By replacing the element of boundary-surface by tts 
geometrical projection on a plane normal to the axis of the elemental 
tube, an equivalent equipotential surface is obtained at each end of 
the elemental tube. Any non-equipotential surface bounding an 
air-gap can thus be replaced by an equivalent equipotential surface 
composed of an aggregation of elemental equipotential surfaces which 
produce denticulations in the contour of the boundary-surface. It 
becomes possible, in this way, to evaluate magnetic reluctance and 
magnetic attraction by reference to summations of elemental mag- 
netic tubes and without the necessity of considering directly the 
magnetic density of the magnetic field at any point. The potential © 
energy of each elemental tube of magnetic force depends only wpon 
the potentials at its ends, at the boundary-surfaces, it being entirely in- 
dependent of the path followed by the tube in traversing the air-gap. 


Ho Kee mk ce 


at the narrow portions of the ferromagnetic material 
enclosing the slots. 

For these reasons it seems worth while to inquire 
whether magnetic attraction could not be deduced 
directly from the lines of force shown in a magnetic 
figure without the necessity of first obtaining the com- 
ponents of the magnetic field and then recombining 
them tensorially. It so happens that this is possible 
within the entire range of validity of equation (1). 

In the present paper the only case considered will be 
that of the attraction between ferromagnetic bodies 
that are separated by a medium like air, this case being 
of more immediate interest. 


Il. TRANSFORMATION OF THE PHYSICAL FORMULA 
FOR ATTRACTION 

In (1), let {2H (B,N) —N (H,B)} =P. This 
quantity is a linear vectorial function of the normal 
unit-vector N. By putting this expression in the form 
aP+bH-+cN =O, it is seen that P,H, and N, 
and also B when B||H, are situated in the same plane. 
Moreover, the vector H bisects the angle formed be- 
tween P and N (Fig. 1)? as is seen at once by taking 
the scalar product of P and H, and observing that 
P? = B?H?. This allows P to be written in simpler 
form. 

Let us use the term “directed algebraical product” of 
two vectors, H and B, to designate the vector the length 
of which is equal to the algebraical product of the scalar 
values of H and B, and the angle of which, with the 


3. See, for instance, A. Vaschy, “Théorie de l’Electricité,” 
1896, p. 64. 
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outward normal N, is equal to the sum of the angles, a, 

which H and B make with N; that is to say, 2 a when 

B||N. This vector, which is parallel to the same 

plane as N, H and B, will be symbolized by (B H)2«, 

so that for an iron body surrounded by air, formula 

(1) may be expressed in the following form: 

1) 2 

Faq, J Baas (2) 

Equation (2) may be considered a generalization of 

the ordinary formula of Maxwell, with which it becomes 
identical when a = 0. 


It is seen at once that the algebraical value of the 
quantity to be integrated P, is always equivalent to B? 
whatever may be the angle of incidence, a, of the mag- 
netic field. In air, the tensorial ellipsoid consequently 
becomes a sphere. For the condition a = 0, the inte- 
gration is performed along a level surface, and P = Be 
has the direction of N. For an angle of incidence 
a = 45 deg., the elemental effort P = B, /»? is tangential 
to the surface. Finally, if the integration is performed 
along a surface generated by lines of magnetic flux, and 
more especially along a line of plane flux, we have 


2a = 7, and P = B? is now directed in a direction 
contrary to that of N. Since the direction of P is 
obtained by simply reflecting N with respect to B, 
the application of formula (2) is a very simple matter. 


III. DEFINITION OF THE RELUCTANCE BETWEEN TWO 
NoN-EQUIPOTENTIAL SURFACES WHICH ARE 


SEPARATED BY AN AIR-SPACE 
Let us subdivide the air-space between two non- 
equipotential surfaces, S; and S», (Fig. 2), into n very 
thin aliquot or subsidiary tubes having the reluctances 
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P1y 2% P35 - _, and let us replace the oblique bases 
of each tube by orthogonal bases having the same 
distance between centers. The elemental tubes being 
now limited by orthogonal bases, their reluctances can 
now be defined in the ordinary simple manner. It is 
known, moreover, that, in a medium of constant perme- 
ability, the magnetic energy of a Laplacian or vortex 
magnetic field is given by the volume-integral 


Wn = Ge J BHas 


Integrating across the air-gap, along each tube, by 
tube-elements of sectional area o and length dl, we 
will have 


z = dl 
Wa = ge SS Beal = gz Dee fe 
1 1 


1 n 
Buk > Pr” Pr 
1 
But since the flux, ¢;, of each aliquot tube is equal to 
the nth part of the total flux @, we have 
f : @ 
Wnt airs ae (&,)° >, Pr = go Fo (3) 


1 
whence we deduce the total reluctance 


1 n 
n-t Sn 3 
1 
or, more precisely, 
aden 
Ry = Limit =p Dy ee (3”) 
=" 60 1 


It is evident that, by defining the reluctance p, of 
each tube in accordance with (3”), formulas (3) and 
(3’) will remain rigorously accurate, whatever may be 
the magnitude of the elemental tubes. 

In principle, the reluctance Ry) between two non- 
equipotential surfaces may be defined by the aid of any 
drawing of magnetic tubes. If the fractional coeffi- 


: ® 
cients of the tubes be designated by m, = ae 
1 
® : 
Mz = Ban . we obtain, for Ro, the following 


more general expression: 


(4) 


ies 
mM,” 
; 
The most frequent case is that where an arrangement 


of m tubes, conveying a total flux 6, is composed of 
m—1 aliquot tubes, each containing the flux 


de = 


coi) E co 
ee and a residual flux ¢, =" aay The 


n 


total 


reluctance then becomes equal to 


_ 
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1 n—1 

=_ Pn 

Ba area 1 er (5) 
1 

IV. DEMONSTRATION OF THE EQUIVALENCE OF THE 


$ 6 Ry 
oe yy FORMULA = (2) 


FORMULA F’; = 


Let us represent in cross-section (Fig. 3) the origin 
of a very thin tube, 2-38, and of the adjacent tubes, 
1-2and 3-4. Let us make the plane of the draw- 
ing parallel with the magnetic field in the air-gap B, 


J i 
«=---- T ----» 


Fie. 3 


and with the normal, N, with respect to the surface- 
element, S. The lines of magnetic flux being supposed 
to be very close to each other, no change will be caused 
in the reluctance of the tubes or in the external field if 
the oblique bases are replaced by orthogonal cross- 
sections through the same centers. Let us now dis- 
place the denticulated surface in a direction parallel 
to itself to the distanced z. All that need be considered 
is the projection dx = dz cos of this displacement on 
the plane containing the vectors N and B, because any 
displacement of the surface-element S perpendicularly 
to that plane will have no influence on the reluctance 
of the tube under consideration. By taking any suit- 
able unit of length for measuring the thickness of the 
tube in the direction perpendicular to the drawing, 
the width, o, of the tube in the plane of the drawing 
can be made equal to its sectional area, and the ‘inter- 
sections of its oblique base can be made equal to the 
surface-element, S. 

Let (in Fig. 3) 6 designate the angle between 62x 
and the normal, N, and let a designate the angle of 
incidence of the vector, B. It will easily be seen that 
the displacement of the denticulated surface to the 
distance dz causes in the tube of magnetic force a 
shortening equal to dl = dx cos (a + 8) in the direc- 
tion of its length, and a decrease in its sectional area 
equal to do = dxsin (a + 8) over a length equal to 
ssina. The result is that the reluctance of the portion 


ssina 
o 


of the tube thus modified is changed from p = 


ina— dl Sa 
to p’ = Bae 5 ‘ , so that the variation in reluc- 
oO — 


tance caused by the displacement of the surface-ele- 


ment, S, when o =s cos a, and s =S, becomes 


equal to 
6x 
dp=-— 5 cos (2a + 6) S 
Oz 
TT cos n cos (2a+ 8)S (6) 


co) 
Now, letra r = Bo represent the magnetic flux 
in any tube. The summation of the values 


p? al 0 pk 1 
ee he =— 3 B cos (2 a + 8) 8 along 


the whole surface will then, with the aid of (4), give us 


@? 1 6 pk & 6 Ry 
Fa ars 52) ee Saree 
from which, by passing to the limit, we obtain 
# 6 Ry 1 
oan oe aq J Breos (2a+8)cosndS (7) 


It now becomes immediately apparent that the 
quantity under the integral sign is nothing more than 
the projection of the vector, P = B,,? upon the direc- 
tion of 6z. Therefore, the formulas (2) and (1) lead 
to thesameeffortin any given direction 2, asthe formula 

De 6 Ro 

St Oe ey 

quently equivalent to each other. This result can 
also be expressed vectorially as follows: 

2 


TS 7 


We shall now show that the attraction between two 


,and the three formulas are conse- 


1 eure 
< (Virtual gradient of Ro) = Ee ff Boo? S. 


| 
| 
: 
| 
| 


Fig. 4 


bodies depends only upon the field that is common to 
both of them and that it can be evaluated without 
knowing the leakage-field. 
V. CALCULATION OF MAGNETIC ATTRACTION BY 
MEANS OF THE COMMON FIELD ONLY 
A. Unsaturated circuits. Let us consider the attrac- 
tion in a radial direction between a field-magnet M 
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with salient poles and the armature (or stator) A 
(Fig. 4), on the assumption that u = o in the iron. 
For this purpose, let us suppose a virtual decrease equal 
to 6 x in the air-gap, as if the armature were brought 
closer in the direction of the axis (X) of the pole, and 
let us, for a moment, assume as being true, the physical 
figment that the external field is not disturbed in con- 
sequence of the displacement in question (6 x). Under 
such conditions, the length of each tube of magnetic 
force will be decreased by an amount equal to 6 x cos B, 
where 8 designates the angle between the normal to the 
surface S at the point under consideration and the direc- 
tion of 6x. Therefore, if o is the sectional area of the 
tube as it emerges from the surface of A, the variation 


6 x cos B 


of its reluctance, p, will be 6 p = — The 


o 

portion of the virtual energy pertaining to this tube, 

when ¢ is the flux, consequently becomes equal to 
Oo - 62 Coss B 


Dee Gir o ~ 8a 


6x cos Bo, and the 


elemental force along 6 x will be equal to 


B 
fas gq 7 os B 
which is evidently the projection upon 6 x of the force 
which is normal to o, namely, f = — , In perfect 


accordance with formulas (1) and (2). 

Inasmuch as the common flux @ is generally the 
primary information available in practise, it is impor- 
tant to note that the total force of attraction F’, can be 
obtained without any integration, when the drawing 
shows m isometric tubes, by obtaining, along the 
armature, the value of the sum 


G20 Re oe cos 8 
a — 
8 1 


ee Sis 


All that is necessary, therefore, is to obtain, at the place 
where the end-section, a, of each tube emerges from the 


mM 


polar surface (A), the segments a’ = , which are 


cos 6 
marked off by projection upon a line perpendicular to 
the direction of 6 x (see Fig. 4) by the normals to the 
chord of o drawn (dotted in Fig. 4) between its two 
opposite edges. We thus obtain 


go? 1 1 
8 a Mane = a’ (8) 
The degree of precision of F', naturally depends upon 


the number of isometrical tubes into which the useful 
flux is subdivided. When the drawing comprises 


n= 


nm — 1 tubes, each containing the flux ¢ = —, and a 
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ey 5h 
residual tube containing the flux $’ = Ss ies 


evident that we shall have 


n—1 

e [ 1 1 ibe dy 9) 

SSS 
1 

Let us now reverse the roles by bringing the field- 
magnet closer to the armature by the distance 6x 
in a direction parallel to the axis of the pole. In order 
to make the physical figment plausible, we must now 
assume (Fig. 5) that the magnetic field is displaced 
bodily with its excitation-winding, which is assumed to 
have a fixed relation with respect to the pole (M). 
The line of flux 1-2 which starts from the neutral 
point, will be displaced upward by the distance 6 x 
in a direction parallel to itself, toward 1’- 2’; and we 
now have to find the difference between the reluctances 
between the contours 1-2-—8-4 and 1’-2’-38 
—4’, But, instead of measuring these differences 
along the armature, we shall totalize them along the 
pole and the line 1-2. Along the polar surface, as 
far as the line 1’— 2’, we shall obtain, as before, the 


es (8°) 


segments go’ = , where o designates the sectional 


o 
cos B 


area of the tubes measured where they emerge from 


the pole and 6 designates the angle between the normal 
N, to the chord of o and the direction of 6 x. For the 
tube at the extreme right hand, there will be, in ad- 
dition, a decrease in sectional area equal to 6 x cos y, 
where y designates the angle between the direction of 
6 x and the normal, N, to the line of flux at the point 
considered. The variation of reluctance per element 
of tube of length, \, which results in the case of the last 
tube, in addition to the shortening, will be equal to 
nN oN 


Oipli= > a eee a 
P o— 6x cos y o a 


6 x cos y, 


and the corresponding decrease of attractive force will 
be equal to 


‘yay Oe OW eae ae 
Ji= Ge Cppiaicg ae yh Sosy 


which is the geometrical projection on the pole-axis of a 
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on which is normal to \. The same term 


force, — 


may also be obtained with equations (1) and (2), by 
making the surface-integral pass over the polar face 
and the line of flux 1-2 which ends at the neutral 
point. 

The tube of magnetic force that is contiguous with 
the line 1 — 2 is composed (Fig. 6) of two squares, the 
mean sectional areas of which may be replaced ap- 
proximately by the chords, \; and Az, of their average 


Ne 


The quantities \,’= Ms and A2’= 

cos ¥1 COS Y2 
correspond to and can be obtained directly from seg- 
ments cut off from a horizontal line (Fig. 6) by the 
perpendicular lines erected at their extremities in each 
case; and with the aid of these quantities, we finally 
have, in the case of m aliquot tubes of magnetic force, 


lengths. 


g? Of 
Bete Bie 62 
eine! 


Sau m= 


| > = -( im +) (9) 


It is therefore possible to evaluate the virtual derivative, 


6 Ro 
62x 


without representing the displacement 6 «x and without 
introducing the components of the magnetic field. 

It should be noted that the virtual work is equal to 
the energy contained in the zone involved only when the 
armature is displaced. If, instead, the magnetic 
field-pole and its winding are displaced, the magnetic 
energy contained in the area swept over by the polar 
base of the useful flux, 1- 4 (Fig. 5) should be reduced 
by an amount equal to the potential energy contained 
in the zone swept over by the extreme lines 1 — 2 of the 
common flux. 

Example. Let us take as an example the magnetic 
figure (Fig. 7) reproduced from Fig. 19 in the “Revue 
Generale de UVElectricite,” 1928, NO LY par Dan ool. 
After the fourth magnetic tube, counting from the neu- 
tral point, the lines of magnetic flux are radial, and they 


, from the original drawing of the magnetic field, 
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constitute, between that point and the polar axis, 
6.4 unit tubes; so that the common flux, ¢, per half 
pole consists of 10.4 unit-tubes. The air-gap being 
equal to 1.2 cm., and the polar half-pitch being equal 
to 9 cm., we have, for the sectional areas along the 
armature, reckoned from the neutral point: 

2.85 em.; 0.97 em.; 0.71 em.; 0.62 cm.; 6.4/0.6 em. 

The fractional coefficients are m = 10.4 for the first 
four tubes and m’ = 10.4/6.4 for the last tube; so that, 
for the radial attraction per half polar pitch, we have: 


Sik aga (ale ae eR Te 
== 8a 10.412.85'0.97'0.71' 0.62" 0.6- 
oe 
= Gif ON ieee 


wee ees gp eo ee eee ee ee * 


Fig. 7—DeETERMINATION OF THE MaGNneTIc ATTRACTION OF 
THE ARMATURE 


Fig. 7 A—DETERMINATION OF THE MAGNETIC ATTRACTION OF 
THE FIELD 


Let us now start from the field-pole. The bases of 
the first three tubes that emerge from the polar surface 
are no longer horizontal, and it is necessary to begin 
by erecting perpendicular lines on the chords of o 
and to obtain in a horizontal direction (see Fig. 7A) 


the values of a’ = pads which gives us the following 
cos B 

values: 01’ = 1.57 em.; o2’ = 0.70 em.; 03’ = 0.34 cm.; 

and we can then point off directly the values a4 = 0.55 

em. and o; = 6.4/0.6 cm. We still have to obtain, 
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on the line of median flux of the first tube (shown 
ne 


me cOS acy: 


dotted), the segments \1’ = and )2’ 


COs Y1 
which may be cut off along any horizontal lines what- 
ever by the lines perpendicular to the chords of the 
curvilinear elements \, and }: erected at their extremi- 
ties. These values are found to be: Ai’ = 1.10 cm., 
and \2’ = 3.40 cm. 


The radial effort exerted per half pole pitch is thus 
found to be equal to 


up eee 
Ber 310.22 
ch Sahai a ee SOAP ees era 
a tie Lae ae ee 
¢? 
eT eat 


The difference between this value and the preceding 
one is barely one per cent which seems satisfactory if 
we bear in mind that for the whole of the half distance 
between the two poles only one tube of magnetic force 
has been assumed. The armature in Fig. 7 was as- 
sumed to be rectilinear, instead of curved, in order to 
simplify the comparison with the algebraical formula 
which can be established for that case. The inclina- 
tion of the polar axes does not in any way modify the 
method of calculation, and the same results should 
always be obtained whether we start from the armature 
or from the field-pole. 

B. Saturated Circwits. The physical figment that a 
displacement does not disturb the external field leads 
us immediately, by the aid of (6), to expressions for an 
armature in which there is no current, 


une cos (2a + 8) 
hs 81 > 


macosa ’ (10) 
and for a field-pole which is driving its field without 
alteration, 

d? 
87 


F, = 
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cos (2 a + 8) —(& tb cos 1) 10’) 
d As 
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Let us consider (Fig. 8) the base C D of a tube lav- 
ing the thickness D D’ = o, which emerges from an 
element C D of the surface, S, of the iron, at an angle a 
with respect to the normal DE to CD. We can then 
obtain the projection of the superficial force f,, corre- 
sponding to this tube, in a direction x, forming an angle 
B with D E, by constructing directly 


o 5p  _g cosa +8) 
Je aia 6 Oe. o COS @ : 
But it is often easier to decompose 
6 p if 1 
Dig ais mg ee eo 
_ cos (a + B) tan asin (a + 6) 
o 2 o 


and to obtain a’ and o” from Fig. 8 by cutting off seg- 
ments on the perpendiculars to x emerging from D 
and E through the mean vector of the field B passing 
through C on the one hand and through the normal to 
the vector, passing through D, on the other hand. 
In the case of the field-pole it is still necessary to add 


Xr 2 
the terms eae which come from the extreme tubes 


of the common flux and which are determined as before. 

When the magnetic figure comprises one or more lines 
of equal potential, the calculation becomes simpler 
by making the summation along any contour whatever, 
such as ABC DE (Fig. 9) composed of lines of flux 
and of lines of equal potential, ending at the neutral 
points of the armature, or, in more general manner, 


ending at boundary points of the common field. The 


o 
values of ao’ = cos g and of \! = 


os B cos y a be ob- 


tained, as explained in paragraph A, from the sections 
o on the equipotential lines and the segments \ on the 
isometric lines of flux, by noting that the terms 


~~. oe = = 
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“Gare of the same sign as the areas swept over, where- 


1 
as the terms yr are of contrary sign. 


The equivalence of the process can be easily demon- 
strated by transforming, by means of the generalized 
form of Green’s theorem, the surface-integral (1) into 
a volume-integral: 


Sil AT JS {2H div B — H’ grad u — 2 (B, rot H)} dv 

(11) 
In the space in the air-gap which is traversed by the 
useful flux we have, inside any closed aerial surface, 
div B = 0; grad uw = 0;rot H = 0; therefore, we will 
have 


f PdS =0 (12) 
iS 

Let us now suppose that the air-gap is swept over once 
by the surface of the armature, for a distance equal to 
one polar division 0; J 0. (Fig. 10) and a second time 
by a string of any kind whatever, such as 0; II 02 which 
extends between the same points 0; and 02 of the 
armature. Multiplying (12) scalarly by the displace- 


I 
0, 02 


0 
‘ 


Fie. 10 


ment 6z, and integrating along the closed contour 
0, 1 02 II 0;, we have: 


\f (6 x, Boa?) dS = 0; whence 


f 6a, Bis) dS= { 5a, Bia) dS; (13) 
O:f 0, O:1102 
or, on bringing (13) closer to the identity (7), we see that 
(6 Ro): a (6 Ro) 1 

It is, therefore, possible to determine ‘the virtual variation 
of the reluctance, on the assumption that the air-gap vs cut 
through by any contour whatever passing through the 
neutral points 0; and 0z of the armature. This manner of 
proceeding has advantages in the case of windings 
placed in slots (as in turbo generators). 

The physical formulas for magnetic attraction are 
not much used in practise. Is this due to the hypoth- 
eses used in physics? It cannot be denied that, at 
first glance, our practical intuition, clarified by the idea 
of the magnetic circuit, finds it difficult to accept the 
figment which excludes any disturbance of the field 
during a virtual displacement. But this figment, 


LEHMANN: CALCULATION OF MAGNETIC ATTRACTION 389 


although it may lead to a state of unbalance, is, in 
general, justified by observing that, in accordance with 
Thomson’s theorem, one of the two neighboring states 
of distribution corresponds to a minimum of potential 
energy. 
VI. APPLICABILITY OF THE DIFFERENT FORMULAS 
Theoretically, formulas (1) and (2) enable the at- 
traction to be evaluated whenever the magnetic field 
in the air-gap is known along the whole surface. But 
since no analytical solutions that are of interest in 
practise are available in the majority of cases the best 
we could hope to do would be to obtain the integration 
of these formulas graphically after the values of the 
magnetic flux have been deduced from a drawing of the 
lines of flux. And even this calculation becomes un- 
certain in the neighborhood of the slots for the windings, 
on account of the points of saturation found at the sharp 
corners and narrow parts of the cores that close around 
the slots. On that account the integration is rendered 
possible only when the surface of integration is situated 
at a suitable distance from the limiting surfaces. It is 
therefore necessary to have a complete survey of the 
magnetic field in the air-gap. Moreover, formulas 
(1) and (2) are no longer applicable when the surface of 
integration passes through a medium the magnetic 
permeability of which is a function of H. 


o 6 
Sm. 5Ot 


evaluate the magnetic attraction in the case of any 
ferromagnetic body surrounded by a medium of con- 
stant permeability (air) without the necessity of taking 
into account the components of the field. The perme- 
ability of the body may or may not depend upon the 
field. In the form in which the formula is completed 
by the saturation-term‘, it can also be used when 
the permeability of the external medium depends upon 
the field. It is then possible, moreover, to do without 
the magnetic figures of the lines of flux, provided the 
reluctance, Ro, of the air-gap is known as a function 
of the extent, of the air-gap, It is also more easy, 
by means of this formula, to note critical values of the 
effort of attraction near points of contact, where the 
attraction may become more than double, even when 
the flux is assumed to be maintained constant by means 
of equipotential connections. 
VII. CONCLUSIONS 

The magnetic effort exerted upon an assemblage of 
ferromagnetic bodies and of currents, surrounded by air 
as a medium, is determined by the corresponding fluxes 
@ and by the virtual gradient of their air-reluctances, 
Ro. 


The formula F; = makes it possible to 


0s 


he formula it stga eraqie is as exact and ,as 


4. This case is treated in ‘‘Revue Genérale de lV Electricité,”? 


Vol. XV. 
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general as the formulas of physics. It has the advan- 
tage over them that besides giving an algebraical solu- 
tion, it renders possible the evaluation of magnetic 
attraction by the direct utilization of the lines of mag- 
netic flux of a magnetic figure, without the necessity 
of first determining the components of the field and then 
recombining them tensorially. 

In a general way, the attraction between two bodies 
depends only upon the field common to them both. 
That is still true when the two fields have nothing more 
in common than their lines of separation (the case of the 
ideal short-circuit); and the mutual magnetic effort is 
then determined entirely by the value of the field along 
these lines of separation. 


Discussion 


C. O. Mailloux: This is another of the papers of the kind 
which, like one by Mr. Fortescue! published some years ago and 
one by Mr. Rice? written more recently, serves to advance our 
knowledge of ways and means of attacking problems that have 
baffled all others before these authors, and at the same time 
gives us very interesting evidence of the fact that the methods 
of mathematical treatment of previous generations—say of the 
days of Maxwell, Kelvin, Mascart, Helmholtz, etc.—are still 
capable of giving magnificent results. Mr. Fortescue, in an 
epoch-making paper, showed the valuable use that can be made 
of the principles of the potential energy function and of their 
application to the discussion of equipotential surfaces, ete., as 
a means of mapping out the field of electric force around insu- 
lators that are subjected to high electrostatic stresses. Those 
who may have had doubts at that time in regard to the utility 
of the study of the potential function as a preparation for the 
analysis of phenomena in fields of force, and were disposed to 
look more sympathetically upon the more ‘‘modern” methods 
devised or elaborated by Bjerknes, Lorenz, and others, found that 
their fears in regard to the ‘‘staleness” of the older methods were 
not wholly well founded. What Mr. Fortescue did was, in a 
sense, an extension of Maxwell’s work, and his diagrams of lines 
of electric force in electrostatic fields show at least a family 
resemblance to some given in Maxwell’s treatise. Mr. Rice’s 
able paper furnished further valuable evidence of the great 
usefulness of this method of attack on seemingly difficult prob- 
lems of like character. 

In the present paper, we have the very interesting case in 
which the theory and the principles of the potential function 
enable the author to perform an entirely new tour de force that 
would have done credit to Maxwell himself, showing such a 
simple and practical way of “surveying” and appraising the 
magnetic force in an air-gap that we wonder how such a clever 
expedient has remained so long undiscovered. Every student 
of the theory of the potential function knows that the concept 
of the ‘‘tube” of magnetic force, even though it may be after all 
only a figment of the scientific imagination, does account, in a 
very simple way, for differences of magnetic density and distri- 
bution that are often impossible to describe by any other method, 
notably by the measurement or expression of variations in mag- 
netic density in different parts of the magnetic field. It was an 
inspired idea of the author to decompose the magnetic field in 
the air-gap into elemental tubes of magnetic force, with boundaries 
(or envelopes) enclosing spaces in which the magnetic flux is 
constant. This amounts virtually to the same thing as finding 
paths across the air-gap where the magnetic density may be 
treated as if it were constant. In this way the author found a 
means of getting across the air-gap without having to stop mid- 


1. Transactions A. I. E. E., 1913, p. 907. 
2: Transactions A.1I. EH. E., 1917, p. 905. 
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way to rearrange and readjust the magnetic density; and with 
the aid of the principle of ‘‘solenoidal distribution” and of equi- 
potential surfaces, all of which is a part of the theory of the 
potential function, he had the absolute certainty of being able 
to get across safely before he started. The only problem that 
remained to be solved was that of making ‘‘landings” at both 
ends of the path followed in crossing the air-gap through atube 
of magnetic force when that path is not exactly straight across, 
i. e., when the tube of magnetic force is not “normal”’ to the surface 
of the poles or other ferromagnetic portions of the magnetic circuit 
on the two sides of the air-gap. The author solved that problem 
in the well-known, simple way, familiar to mathematicians, of 
replacing any contour line by an equivalent broken line, on the 
principle that a circle may beregardedasa polygon of an infinite 
number of sides. Now, the fundamental fact that makes this 
method rigorous as well as interesting and effective is the well- 
known principle that whenever a potential energy function exists, 
as is the case in an air-gap, the initial and the final stages of the 
potential developed (which in this instance is magnetic potential; 
that is to say, the conditions determining the strength of the physi- 
cal bond between the two edges of the air-gap) are really inde- 
pendent of the locus of the path through which the tube of force 
is “laid.’ Indeed this far-reaching generalization, a great 
achievement and precious inheritance from the mathematical 
physics of previous generations, was the key that unlocked the 
secret of the wide power and range of the method and that in- 
spired confidence in it by showing how far it can be relied upon. 


The paper deserves to be regarded as a pathfinder, pointing 
the way to new and really wonderful applications of old but 
still ‘up-to-date’? and most effectual methods of attacks on 
difficult problems. It is seen that the figments of the scientific 
imagination, to which I have just referred, can play a most 
important role and can lead to highly useful concrete results as 
they did in Mr. Fortescue’s paper. As in that case (aside from 
the useful practical applications) the result is a contribution to 
general theory and will add value in a permanent way to the 
Transactions of the Institute. 


The paper may not prove as easy of perusal and compre- 
hension as might be, because some of the ideas in it are presented 
somewhat tersely and are not, therefore, placed within as easy 
reach of the ordinary reader as might have been, perhaps, had 
the author realized the desirability of so doing. The mathe- 
maties are simple enough; in fact, they are elementary to those 
who have studied the theory of the potential energy function 
and mathematical physics to even a slight extent, although they 
may seem abstruse, imposing, and forbidding to those who have 
not done so. The paper really deserves to be made accessible 
to a very large constituency. This could have been done easily 
by taking a little more space for the presentation of the mathe- 
matics in slightly more “dilute” form. The objection most 
often made to papers of this type is, indeed, that their authors 
do not sufficiently recognize the importance of making them 
entirely clear to those who do not know or remember as much as 
they do themselves about the ‘‘short cuts’ in mathematical 
transformations and demonstrations. A few notes given in an 
appendix, clarifying the more abstruse portions, would help 
greatly to remove the impression that the paper is merely a 
“high-brow”’ product which will, or can, interest only mathe- 
matical students and experts. In this respect, however, the 
paper will be found to be not nearly so formidable as it may look. 
Moreover, those who are interested in this general subject will 
find such additional information and elucidation in other arti- 
cles by Dr. Lehmann which have appeared in the Revue Générale 
de l’ Electricité; notably in the article published in the numbers 
of July 12 and 19, 1924. This was written at about the same 
time as the present paper and covers substantially the same 
ground, but does it in a more detailed manner, and also throws’ 
fulllight upon the theoretical considerations which the author kept 
in mind and which underlie the methods described in the paper. 
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J. Slepian: It is usual to derive the forces acting on material 
bodies in a magnetic field by starting with the principle of con- 
servation of energy, calculating the electrical energy input and 
the increase in magnetic energy, and assuming that the difference 
in these quantities gives the work done by magnetic forces on 
bodies which are displaced. This is the procedure followed by 
Doherty and Park in their paper.t| Mr. Lehmann, however, 
starts with Maxwell’s expression for the stresses in a medium 
in which a magnetic field exists. ' 

In the time of Maxwell, the great program of physics was 
to explain all phenomena mechanically. Therefore it was very 
natural to try to explain the transmission of force over distance 
through the mediary of a magnetic field by a mechanism similar 
to that by which force is transmitted mechanically through 
material bodies, namely by a system of mechanical stresses. 
Maxwell was led to believe that the following system of stresses 
-would account for the mechanical forces in a magnetic field: a 
tension equal to H?/8 7 per sq. cm. across any surface perpen- 
dicular to the lines of magnetic force, and a pressure equal to 
H?/8 7 across any surface parallel to the lines of magnetic force. 

In applying these stresses to determining the forces on material 
bodies, however, a difficulty arises, for these stresses are sup- 
posed to exist in empty space or in the ether as well as in ma- 
terial bodies. And since the ether pervades all material bodies, 
we cannot tell how much of the stress at any point acts on a 
material body there, and how much is limited to the ether. 
Maxwell resolved this difficulty to some extent by showing for a 
stationary magnetic field that although these stresses do not 
give the actual ponderomotive force at each and every point of a 
material body, when integrated over a closed surface, they do give 
correctly the total ponderomotive force on all the material bodies 
enclosed in that surface. 

Herein lies one of the difficulties which I have found in trying 
to follow Mr. Lehmann, for apparently he integrates the stresses 
over a surface which is not closed. Such a procedure if carried 
out, for example, over a portion of the surface of a wooden body, 
would give a resultant force, and yet we feel quite sure that 
no such mechanical force exists on any portion of such a body. 
If the integration is carried out over the whole surface of the 
body, the correct zero resultant is obtained, but notif the integra- 
tion is limited to a part of the surface. 

It is easy to see that if a body has infinite permeability, then 
integration over any portion of its surface will give correctly 
the mechanical force on that portion, and it so happens that the 
example which Mr. Lehmann has worked out is for a body with 
infinite permeability. But if the method is applicable to the 
case of finite permeability, it seems to me that some further 
justification is necessary. I would be very happy if Mr. Leh- 
mann could clear up this point for me. 

The formula which Mr. Lehmann has obtained is similar 
to that obtained by Doherty and Park by considering displace- 
ment of a magnetic body under constant flux, and I presume is 
intended to apply also for the case of saturation. However, 
Mr. Lehmann does not limit himself, as do Doherty and Park, 
to special magnetic circuits where the flux density is constant in 
the air-gap during the displacement, but suggests that the result 
is general. This is a question of very great importance and I 
therefore considered it worth while to try to derive this result 
from the principle of conservation of energy. In so doing [ ran 
upon a difficulty which Mr. Lehmann hints at in his paper but 
which I have not been able to surmount. Perhaps Mr. Lehmann 
can show how to take care of it. 

T used the following artifice: In the magnetic system under 
consideration, assume that all currents which are flowing are in 
resistanceless circuits so that no impressed voltages are required. 
Now assume that with the bodies in the position for which the 
- force is to be calculated, all bodies which are subject to magnetic 

3. Mechanical Force between Electric Circuits, by R. E. Doherty and 
R. H. Park, A. I. E. E. Journat, March, 1926, page 231. 


LEHMANN: CALCULATION OF MAGNETIC ATTRACTION 


391 


saturation are made infinitely conducting. No change in the 
magnetic force results from these hypotheses. Now let one of 
the saturating bodies be displaced a small amount, Az. Then 
currents are induced in the various circuits and conducting 
bodies, the magnetic field changes, and work is received by the 
moving body. Now, since the electromotive forces are zero, 
there is no input of electrical energy. Hence the work received 
by the moving body must be equal to the decrease of magnetic 
energy. Since the saturating bodies are by hypothesis in- 
finitely conducting, there will be no change in the magnetic field 
within them at any point, so that the magnetic energy in their 
interiors remains constant. Hence the whole change in magnetic 
energy is external to the saturating bodies. This change in the 
external magnetic energy may be resolved into two parts. First 
we may consider the change which would take place if the energy 
density at every point remained constant, so that the motion of 
the saturating body merely changed the boundaries of the ex- 
ternal field. This change may be determined by multiplying 
the energy density at each point of the surface of the body by the 
normal component of the displacement of the surface and in- 
tegrating over the whole surface. This change in magnetic 
energy considered by itself leads directly to Lehmann’s formula. 
However, there is the second part of the change in magnetic 
energy which must be considered; namely, that due to the change 
in energy density at the various points of the field. If A W is 
the change in magnetic energy density at any point of the field, 
resulting from the displacement of the saturating body, then 
the volume integral, 


SSS AWdzdyde 


taken over the whole external field gives the other part of the 
change in magnetic energy. 

If Mr. Lehmann’s result is correct, this integral must be equal 
to zero. However, I have not been able to establish the fact that 
this is necessarily the case and would like to ask Mr. Lehmann 
if he can suggest how this is to be done. 

R. H. Park: Two methods of calculating the mechanical 
forces due to magnetic attractions have been presented at the 
1926 Midwinter Convention; namely, a method of calculation 
based on analysis of flux through circuits, and a method based on 
the analysis of stresses acting at each point of a closed surface 
bounding the volume on which the force is to be calculated. 
Both methods have special fields of application in which they are 
of particular value. In the formula 
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of the paper by Dr. Lehmann, he has given a useful simplification 
of the known methods of calculating force on the basis of stress 
acting on bounding surfaces. For this particular result and also 
for his introduction of the general method of calculating force 
from stresses on bounding surfaces to problems of practical 
character, Dr. Lehmann deserves much credit. Without wishing 
to detract in any way from the practical value of Dr. Lehmann’s 
paper, I should like to mention a few considerations which may 
deserve attention. 

In particular, the application of formula (1) of the paper 
to problems in which saturation exists both within and without 
the volume in which the force is to be caleulated may be open 
to question. In his ‘‘Electrical Papers,’ Volume T, pages 542 
to 553, and Volume II, pages 543 to 574, Oliver Heaviside shows 
definitely that formula (1) applies in the case of saturation 
when there is no saturation outside the region on which the 
force is to be calculated. He also gives a formula which applies 
in the more general case and in the interior of saturated regions. 
This result would indicate that formula (1) of the paper was 
correct in application in the ease when there is iron both within 
and without the region on which the force is to be calculated, if 
the intersurface does not pass through saturated material. The 
arguments employed, however, in establishing these results are 
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not entirely clear since no explanation is given that the assumptions 
on which the proof is based are in accord with experimental facts. 

In regard to Dr. Lehmann’s definition of his reluctance fo, it 
may be pointed out that the determination of this reluctance 
requires a previous knowledge of the distribution of the field 
in the region under consideration. It therefore depends on the 
character of the medium at points outside of the particular 
region under consideration. Also there is a difference between 


the term =f and the ordinary total derivative of 
dR OR 
Ro a The derivative rece corresponds to a change 


in 61 with the flux density and direction of the field fixed at the 
bounding surfaces. 

C. O. Mailloux: With reference to the remark made by two 
of the discussers that the method is of direct application to ques- 
tions where the permeability is independent of the field, that 
statement is brought out in the paper itself. The author 
concedes that point and there is no question about it. At the 
end he does refer to the fact that the formula can be completed 
by a saturation factor, but there is no detailed reference given 
to that, so we may assume that he didn’t feel sufficient confidence 
in that new development to introduce it into the paper. 

The inquiries made by one of the speakers are partly answered 
in the paper itself; notably where the author speaks of a complete 
integration around a circuit and counter-balancing effect pro- 
duced by the integration of the second part of the circuit that is 
already shown diagrammatically in Fig. 10. 


In regard to the detailed analysis of the formula, he preferred 
‘the purely practical method of finding what allowance, if any, 
could be made for the variation of magnetic field, when the 
length of the air-gap is increased or decreased, by calculating 
two cases where it has been done, proceeding with one from the 
inside and the other from the outside. He thus finds the 
difference between the two is within one per cent. 

Now, for the cases with which he was interested in dealing, 
that error certainly is sufficiently small and, while the theory 
might be very interesting in a question of splitting hairs, it is 
not of immediate concern in connection with the present paper. 
I hope, however, that the author will be given an opportunity 
to explain himself to any such extent as he may deem necessary. 
_ In the paper he does not mention the potential function, but 
anybody at all familiar with the subject knows that it is based 
upon that. One of the characteristics of potential function 
is that it goes into no speculation as to action ata distance. 
That may be the difficulty encountered by the gentleman. It is 
independent of all speculations as to the intervening medium or 
the actions at a distance. Had the author wished to go into it, 
he would have to begin by discussing the physics and mathematies 
of a tube of force, itself. He has assumed that as implicitly as 
one would assume the multiplication table in mathematics. 
Hence, if that is accepted as a fact and the explanation is sought 
for in some other books on mathematics, it seems to me a great 
many of the difficulties will disappear. ; 

Th. Lehmann: I am indebted to Mr. R. H. Park and to 
Mr. J. Slepian for giving me, by their remarks, an opportunity 
to define further the scope of my paper. I also thank Dr. 
Mailloux for already having replied in part to their discussions. 

My A. I.E. E. paper is a condensed summary of articles which 
have already appeared in the Revue Générale de I’ Electricité, 
(Paris), July 12th and 19th, 1924, in which I made explanation 
(especially in paragraph VIII) of the fictitious character of 
Maxwell’s stresses and pressures. In writing the A. I. E. E. 
paper it appeared to be desirable to leave out that paragraph 
and certain others to avoid lengthening it too much. In saying 
in the introduction to my paper, however, that I was taking into 
consideration only the resultant magnetic effort produced in a 
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ferromagnetic body entirely surrounded by air, it seemed to me 
that there could be no doubt that the formulas (1) and (4) should 
be integrated along the whole of surface S in the body, especially 
since’the letter S was added at the bottom of the integralfsign 
to show that a surface-integral was intended. 

Maxwell himself observed that the vectorial function, P /8r, 
which appears in the integral expression, is of fictitious character, 
inasmuch as it represents magnetic effort per unit of surface. 
The fact of having shown how this function may be evaluated 
and used in the determination of the true resultant does not at 
all imply that a real entity is attributed to the elemental effort 
per unit of surface, P/8 =. 

This point now having been made clear, I wish to assert that, 
for any closed aerial surface of integration, the formula 


1 
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is equivalent to formula (1), the range of validity of which seems 
to have been determined previously by Oliver Heaviside. In 
any case, formula (4) gives exactly the resultant magnetic effort 
exerted upon a ferromagnetic body, C, having a surface, iS, en- 
tirely. surrounded by air, whether the permeability of the body 
be variable or not and even when the body, C, has hysteresis’. 
In the external medium, (the surrounding air), there may be other 
saturated ferromagnetic bodies and also some currents, pro- 
vided the whole of the surface, S, of the body; C, be separated 
from the other ferromagnetic bodies by an air-zone. 

Here I shall go no further than to state that I have given 
elsewhere (in the Revue Générale del’ Electricité, 1925, Vol. XVII, 
p. 167) the demonstration of the validity of formula (4) for a 
body, C, that is saturated but free from hysteresis, this being 
done by means of a schedule of the virtual potential energy 
involved, obtained by applying the theorem of W. Thomson. 
Another demonstration which does not use this theorem but 
which also includes the case where the body C is not free from 
hysteresis will appear shortly in the Revue Générale de I’ Electricité 
(in the number for September 25, 1926, p. 427). 

The same conditions, as regards validity hold also in the case 
of the formula 


(4) 
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Tf, for the value of the flux, ¢o, we take the circumflux’ and, for 
the reluctance, Ro, the value obtained by means of the formulas 
(3) and (3’), with that flux, then for example formula (7) will 
give the true resultant in the direction of 6/1, on the armature of a 
dynamo. Of course, 5 Ro/sl is the virtual derivative of that 
reluctance, and, as pointed out correctly by Mr. Park, it should 
not be confused with the ordinary total derivative, d R/dl. 
Naturally the formula can be applied also to each pole or to 
each magnetic circuit in turn. The respective magnetic efforts 
thus obtained should then be considered as being component 
portions of the total magnetic effort, and their vectorial sum 
will give the true resultant effort rigorously, whether the magnetic 
circuits be saturated or not. 

The effort actually exerted upon a pole or upon a tooth can be 
determined in the manner which I have already indicated in the 
Revue Générale de l’Electricité. When there is no deformation 
(7. e. when the magnetic effort produces no change in geometrical 
figure) in the pole and in the tooth, the method of procedure is 
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4, It should be stated that A. Liénard has already pointed out (in the 
Revue Generale de l’ Electricite of October 20th 1923, p. 563) that the formula 
(1), when integrated on the air side along the surface of a ferromagnetic 
body with hysteresis, gives exactly the resultant magnetic effort. Moreover, 
A. Guilbert has given a very satisfactory experimental confirmation of 
formula (7) in his paper (Paris, 1926) which was published as a supplement 
to the Bulletin of the Société Francaise des Electriciens for January 1926. 

5. That is to say, the absolute sum of the fluxes per pole which are 
common to all the poles; this, in the case of an armature which is not 


eccentric in the magnetic field, is the same as the product of the number of 
poles and the common flux per pole. ' 
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ag given on page 101 of the issue of July 19th, 1924, in para- 
eraphs VI and VII; and when deformation is produced, the 
method corresponds to the formulas (9) and (11), as given in the 
April 4th, 1925 issue. If Mr. Slepian will kindly refer to these 
earlier papers, I dare say that he will recognize the fact that the 
fictitious character of Maxwell’s stresses and pressures had not 
escaped me in the least. But all this was quite outside the scope 
of my A. I. E. E. paper; in that I intended to take into con- 
sideration only the effort exerted upon a ferromagnetic body that 
is entirely surrounded by air. 

The evaluation of the virtual derivative of the reluctance of the 
air, 5 Ro/sl, should be made by reference to Fig. 4 to 7a whenever 
the boundary air-surfaces may be considered equipotential, of 
which condition the reader is duly warned at the beginning of 
paragraph V (by the condition » = © in theiron). In the case 
of superficial saturations of the pole-pieces of the armature, up 
to B = 18,000 ec. g. s. (or » > 100), the departure of the lines 
of magnetic force passing through the air from the orthogonal 
direction with respect to the boundary surfaces, is still scarcely 
noticeable, and the methods described are still applicable with a 
degree of precision that is amply sufficient for practical purposes. 
The case given by way of example for a half-pole, should, natu- 
rally, be extended to all the poles when the magnetic field is 
excentric; this can be done by making 5 z coincide with the 
direction of the axis of excentricity. When the field or the 
armature is saturated to such a point that the lines of magnetic 
flux are no longer normal to the boundary surfaces, it becomes 
necessary to determine the segments cs’ and o” along the whole 
of the air-surface for each tube of magnetic flux in accordance 

_with the method indicated in Fig. 8; and, in that case, by follow- 
ing the external contour of the armature, we have 
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In making the summation along a portion of the poles and of 
the outermost lines of force of the flux per pole that is common 
to both parts of the magnetic circuit, it is necessary to add, for 
each outer line of force, a term which corresponds to 
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As I pointed out in the Revue Générale de V’ Electricité of July 
19th, 1924, at the end of paragraph VIII, the elemental contri- 
butions per tube should be considered fictitious for the same 
reason as in the case of Maxwell’s effort per unit of surface, 
P/8 =, in formulas (1) and (4). 

As to the last question asked by Mr. Slepian, it will be found 
to be answered fully in the article already mentioned, which is 
to appear soon in the Revue Générale de lV’ Electricité, and in which 
the magnetic attraction between bodies that are saturated and 
that also have hysteresis is deduced from a schedule of the actual 
energy involved, in a virtual displacement, without abstractions 
or hypotheses. 

For the convenience of those who do not have ready access 
to the files of the Revue Générale de l’Electricité, a brief reference 
to the article published in July, 1924,"may be useful. 

As stated in the preface of that article, the following points are 
considered in it: (1) simplification of the physical formula for 
attraction; (2) definition of magnetic reluctance when the field 
is bounded by non-equipotential surfaces; (3) calculation of the 
virtual variation of the reluctance due to any displacement 
whatever of the limiting surfaces; (4) demonstration that the 
magnetic effort between two bodies depends only upon their 
common fluxes, ¢, and upon the virtual gradient of their air- 
reluctances, Ro, and that the formula 


8,Fi = $2 6 Ro/asl 
which gives the attraction in any direction whatever, J, is as 


exact and general as the formulas of physics; (5) direct deduction 
of the attraction from the lines of flux of a magnetic figure with- 
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out having to determine the components of the field; (6) evalua- 
tion of the local magnetic effort exerted upon a tooth or pole that 
is inserted in a groove, when the permeability is a function of 
the field. 

The article contains nine sections, of which the last four in- 
clude material that supplements the A. I. E.E. paper, which 
latter, as a matter of fact, was submitted to the Meetings and 
Papers Committee early in 1924, or before the publication of the 
articles in the Revue Générale de V’Electricité. In Sections VIII 
and IX, many points in regard to the validity and applicability 
of the formulas are made clear. Section VIII, perhaps, ought 
to have been included in the paper. It is reproduced here 
(translated) with equation (13), taken from another part of the 
paper which could not be understood unless reproduced. 

I think that this extract from my other paper will cover 
sufficiently the point raised by Mr. Slepian. 

T am grateful to Dr. Mailloux for his discussion which is a 
really elegant summary of the mathematical principles utilized 
in my paper and of their usefulness I am deeply touched by 
his high praise of my work. 

(Extract from Revue Générale de I’ Electricité) (July 19, 1924) 

“VIII. Digresston. The formulas of physics for magnetic 
attraction are not much use in practise. Are physical hypothe- 
sis at all responsible for this? It cannot be denied that at first 
glance our sense of practical intuition, refined by the concept of 
the magnetic circuit, finds it difficult to admit the figment that 
excludes all disturbance in the magnetic field during a virtual 
displacement. But that figment, although it may lead to a state 
of disequilibrium, can be justified by the theorem of Thomson 
applied to two neighboring states of distribution, one of which 
corresponds to a minimum of potential energy.” 

It may, perhaps, be better not to look so far but simply to 
attribute the above reflection to the dilemmas that one meets 
when Maxwell’s stresses are applied to surfaces which are not 
closed. An example will make the difficulty more clearly 
apparent. 

Let us suppose a mass of soft iron of constant permeability, 
u, and free from all internal currents. The effort exerted upon 
such a body in an air medium of permeability, “o, may be evalu- 
ated according to formula (13) in either of two ways. We have 
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The term on the left-hand side is a surface-integral which is 
equal to (3), or 
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Pe {2H (B,N) — N (H,B)}48 (3) 
The term on the right-hand side in (13) is a volume-integral 
which is obtained by the aid of the generalized theorem of 
Ostrogradsky (see Vaschy, Théorie de UV Electricité, 1896, p. 66). 
The first of the two ways of evaluation is by means of the 


surface-integral, 
8 ww F — f Po d S 
Ss 


and the second (since div B = 0 and rot H = 0) is by means of 
the volume-integral 


(25) 


Lice geen ep (26) 
Vv 

Since the permeability, x, has been assumed to be constant, 

we have, in the iron, grad » = 0, except at the surface S, where 

grad sp = N (wp — wo). For each surface element, dS, the 

volume integral, it will be recalled, will receive the contribution 


(Py — P) dS = N (H, Ho) (u — mo) dS 
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where the subscript zero refers to the surrounding medium. But 
the Maxwellian elemental effort being given (outside of the 
factor 147) by the value of the quantity Py under the integral 
sign in equation (25), in air, it is clear that the quantities to be 
integrated in (25) and (26) cannot both give the true elemental 
effort. It is commonly admitted that the quantity under the 
integral sign in (26) corresponds to the true effort, so that the 
Maxwellian effort Po, considered as an elemental effort, appears 
to be fictitious. and it leads merely to the same resultant effort 
as (26). 

For the condition p = 
effect, 


constant, formula (26) becomes, in 


gat odpm eas (26) 


oe 


a 


But, by virtue of theorem (13), when integrating along the 
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inside contour (the iron side) of the closed surface S, (since 
grad » then vanishes) we have, 


J pas = 0, 


and we thus see that (26’) pepe: becomes identical with (25) 
for any closed surface. 


~ 


If we consider — H? grad » as the true effort per unit of 
ay 
volume, we can then scarcely attribute any real meaning to the 
Maxwellian stresses except in so far as they can be applied in the 
case of a surface of integration that is entirely closed. 3 

The same remarks apply to the efforts deduced from the varia- 
tion in the reluctance, which do not prevent us, of course, from 
assembling the efforts represented by tubes when these are 
considered component parts of the total effort. 
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The Magnetic Hysteresis Curve 


BY HANS LIPPELT 


Member, A. I. E. E. 


Synopsis.—An analysis of the phenomena of hysteresis is 
presented in the paper which introduces the conception of a reactive 
component and a dissipative component of the counteracting force, 
which appears when magnetizable material is subjected to a mag- 


netizing force. Using this conception, equations and curves are 
developed for the hysteresis curve, for the various components and 
for the hysteresis loss. The loss is shown to depend directly on the 
dissipative component. 


I. NATURE OF THE PROBLEM 

1. The purpose of this paper is an analytical study 
of the fundamental character of magnetic hysteresis 
with a view to formulating, if possible, reliable mathe- 
matical terms in convenient form. 

Foremost among the historical works along this line 
is that by Hopkinson (giving a theory of the magnetic 
circuit), which was well augmented by Frohlich as 
published in the Elektrotechnische Zeitschrift of 1881, 


pages 90 and 139; and a treatise by Professor Kennelly 
printed in the TRANSACTIONS of the Ar Tl. Wel ook; 
page 485. 

The most familiar representation of magnetic hystere- 
sis is the well-known loop, as shown in Fig. 1, in which 
the salient features are duly emphasized. 

2. Nature of Forces Involved in the Process of Magnet- 
ization. As will be explained, the process of magnetiza- 
tion of the so-called magnetic metals and alloys seems 
to involve three forces. 

(a). Magnetizing force H, which tends to produce 
magnetic induction in the material in the direction 
of H. 

(b). Reactive force R, which tends to demagnetize 
the material, that is, to reduce the induction to zero. 
It seems to be a force of the nature of internal elastic 
stress, similar to a reactive tension. 

(c). Dissipative force D, which opposes changes of 
magnetic induction. It seems to be a force of the 
nature of (molecular) friction and tends to maintain 
the material in the state of magnetization in which it 
happens to be at the moment. 

The first force, H, is of external origin, being pro- 
duced usually by an electric current. 


1. Thomas E. Murray, Inc., 55 Duane Street, New York 
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When the magnetic circuit contains an iron core the 

total flux per sq. cm. of cross-section is 

B=H+4rl=H+8 (1) 
where 8 = 471 = B — H is called the intrinsic induc- 
tion in the iron. 

To better illustrate the relations, let us assume that a 
magnetic hysteresis curve B, B, has been determined 
by experiment, Fig. 2. Its course is indicated by 
dotted lines, B,; B,. True to definition, corresponding 
curves 8, and B, have been produced by subtracting 
from the ordinates of B, B, the corresponding ab- 
scissas, H. 

3. Manifestation and Character of Forces R and D. 
That the external force H cannot be the only force 
entering into the process of magnetization may readily 
be understood from the axiom of physics, according to 
which any action entails a reaction. H represents the 
action in this case and two forces, Rand D, thereaction. 
That becomes particularly evident from observations 
which are common to the well-known experiment of 
magnetizing iron by an electric current, and which it 
becomes necessary to again review. 


(a). When an electric current flows through the 
spool, a magnetic field H is created within its cross- 
sectional area. This field H acts upon the iron core 
and causes it to become traversed by a strong mag- 
netic flux B of the same direction as H. The iron will 
hold that flux as long as the magnetic field H exists. 
This indicates a tendency of H to produce (impress) 
induction in the iron in the direction in which it 
operates. 

(b). Nowif we interrupt the current, the magnetic 
field H will disappear and with it most of the mag- 
netism 6 of the iron. This abatement of magnetism 
can be explained by the assumption of an internal 
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force R, which tends to drive the magnetic flux 6 
out of the iron, as an elastic reaction (tension) 
would do. ‘Therefore, R is of opposite sign to H. 

(c). If we put the current on again, there will re- 
appear both the field H and the magnetism 6. With 
the presence of R conceded under b, we will now have 
to broaden our conclusion (a) to the extent that the 
field H causes magnetism to be impressed upon the 
iron even against the opposing force R. Since the 
degree of magnetization is the same for the same 
recurring field H, it is likely that R depends on the 
degree of magnetization, the latter reaching the 
steady state when its sequel, the tension R, has like- 
wise reached its original value. On the other hand, 
if R were not present, magnetization should be 
expected to rise to any abnormal value. 

(d). If we increase (or decrease) the field H over 
(or under) the value obtained under ¢, it will be fol- 
lowed by a strengthening (or weakening) of 6, 8 
coming in each case to a steady state when its 
associate reaction R has adjusted itself to the new 
value of H. Therefore, R is surely a function of the 
quantity 6 

R= F () 

If no other forces were contingent upon the process, 
‘there should be R = — H, because in physics the 
reaction is always equal and opposite to the action. 
This also fixes the dimension of R to be the same as that 
of H, namely C- “G” S-. 

It will be shown, however, that these two forces R 
and H do not suffice to explain all the magnetic states, 
nor any one of them completely. A third force will 
exhibit itself when existing conditions are scrutinized 
more thoroughly. 

(e). If the flow of current be interrupted alto- 
gether, it will be found that also most of the magnet- 
ism has been lost but not all of it. Residual mag- 
netism, either B. = + 8 or B: = — Bo, has been re- 
tained in the iron, particularly so when the material 
under test is hardened steel (Figs. 1 and 2). 

Consistent with the above reasoning the presence 
of that residual magnetism 6) ought to entail a 
residual reaction Ry. Since the field H = 0 (when no 
current flows), there would now be no force counter- 
acting the reaction Ry and all the magnetism should 
disappear from the iron. As it does not disappear, 
we are compelled to admit the existence of another, 
a second internal force. We recognize at once one 
of the characteristics of this new force; namely, it 
tends to resist changes in the magnetic state existing 
in the iron at the time, inasmuch as the residual 
magnetism continues to exist in a permanent magnet. 
The nature of that force, therefore, seems to be that 
of a friction. It will be designated by the letter D. 

When the field H = 0, this friction has the special 
value D) and balances up against the internal 
tension Ry). Thus 

Dy -+- Ro = 0 
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and the coincident state of magnetization is expressed 
by one of the two equations 
either 62 = + 60 or Bi = — Bo 
as per Fig. 2. 
The fact that for any other value of H we observe 
likewise two values of 6 (Fig. 2) is proof enough of the 


‘magnetic friction D obtaining for all states of magneti- 


zation. D manifests itself particularly by the differ- 
ence between £; and 8. where the changes of # are 
large as referred to unit changes of H (e. g., where the 
8 curves are steep), and abates where they are small. 
Hence 

D = F; (AB) 

To amplify this reasoning, let us remember that for 
rapid changes of 6 (e.g., A 8 = large), the reaction 
R also changes rapidly. Since H was assumed to 
change in unit steps only, D must necessarily make up 
for the rapid changes of R, which in turn conform to 
rapid changes of 6, thatisto Aé. This argument is also 
consistent with the force D being a “resisting’’ force and 
for this very reason D is negative, when A is positive 
and vice versa. 

It is obvious that the dimension of D is likewise 
C-”% G” S— because only forces of like character can 
enter into a play of action and reaction. 

This force D will after further study reveal itself as 
the actual cause of hysteresis. 

Having conceded three forces H, R and D to govern 
the process of magnetization, we were able to explain 
all and any conditions observed to exist in a magnetized 
material. To do that all of these three forces were 
necessary, but it is also evident that they are sufficient. 
The magnetization (8), however, when in the steady 
state depends on the equilibrium of those three forces. 
That is mathematically expressed in general by 


H+D+R=0 (2) 
and when applied to the ascending branch 6, by 

7,+D,+R, =0 (3) 
and to the descending branch 6; by 

Hy + Do + Ro.= 0 (4) 


Our problem was outlined in the first paragraph 
of Section I. It amounts, among others, to finding a 
formula 6 = f (H), expressing in explicit terms the 
relation between the field H and the magnetization 8. 
After what was said, this problem resolves itself now 
into two separate problems, 7. e., to determine primarily 
the equations for R and D as functions of H; and in 
conjunction therewith functions expressing R and D 
in terms of £. 


II. EQUATION OF REACTIVE Force R = F (8) 


4. Relation of R to B near Saturation. It is known 
that the magnetization 6 of a magnetizable material 
can rise only to its saturation value S as a limiting value. 
When magnetization is approaching saturation, it will 
do so gradually and A 8 is small for large changes of H. 
Small variation of 6, however, entails a negligible 


—— ae 
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force D and such a state of affairs in connection with 
equation (2) will be used as a guide for finding a mathe- 
matical relation between R and 8. 

5. Law of Magnetization near Saturation. As is well 
known, the curve of 8 plotted against the field intensity 
H as abscissa approaches, for large values of H, an 
asymptote, which runs parallel to the H-axis at a dis- 
tance S = maximum value of 8, Fig. 3. 


That figure confirms the statement made in the fore- 


going paragraph (4) that 8 increases only, little for large 


In other words the difference 

Sip = 
decreases rather slowly, because AB is small and so 
is the magnetic friction D. 

Since the large external action H must meet a large 
internal reaction, it becomes necessary to ascribe a 
large value to the internal magnetic tension R. This 
quantitative relation becomes very plausible, when 
comparing the magnetism impressed upon the iron 
with an elastic medium being heavily compressed in a 
suitable container. (See Appendix I). 

A law that is true in physics for compressed elastic 
mediums may apply also in our case of magnetism being 
impressed under similar symptoms upon suitable 
materials. That law applied will fix the internal 
reactive tension R as being inversely proportional to 
the capacity of the material for further magnetization. 
If + S is the saturation value and 6 the amount of 
magnetism impressed by a positive field + H, the 
capacity for further magnetization is 

3 gie te 
(See Fig. 3.) Under our assumption, the reactive 
component R would be expressed by 
K 
~~ --— (5) 
eae fi 
where K is a factor of proportionality depending on 
the units selected for 8 and R. R+ has been written 
to refer it to positive values of H and £. 


increments of H. 


Ry = 


In formula (5) the constant — K is that reactive - 


tension which exists when y = 1. 

We had to place the minus sign before the right 
hand side of formula (5) because R+ is of a direction 
opposite to H (and also 8), which we had assumed 
positive. 


6. Applying Formula R+ = — rele the Whole Range 


of. Magnetization. This relation (5) applies, strictly 
speaking, only to the range near positive saturation. 
So long as the contrary is not proved, it is well worth 
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while to try out its alleged validity for the whole range 
of magnetization and study the effect. Such an initial 
study of R, without paying attention to D, appears all 
the more justified, because R is a force depending on 
the degree of magnetization, while D depends primarily 
on the quality of the material. 

In order to better understand this relation between 
8 and R+, a curve has been drawn up (Fig. 4) corre- 
sponding to formula 5. It proves to be an equilateral 
hyperbola, whose one axis coincides with the axis of 
abscissas 6, while the other is parallel to the axis of 
ordinates at a distance equal to + S, e g., the saturation 
value of B. 

For values of 6 approaching + S, R+ grows infinitely 
large and is of negative sign. For smaller values of 
6 the numerical value of R+ decreases first rapidly then 
slowly until it attains 


K 
when 8 = Oavalue Ri = — —— 


wus) 
According to our curve, Fig. 4, R+ continues to have 
negative values and does not become zero until 


(ea ome! Neo 
Returning now for a moment to Fig. 2, we notice 
that for heavy negative values of field intensity 4H, 
the value of 6 approaches a negative maximum — S. 
Formula 5 and curve Fig. 4 both yield for this value. 
of B=-—S 
K K 
Sy ae 


while we should expect an infinitely large value for R 
in conformity with our previous reasoning. 

7, Adapting the Law of Reactive Tension R to Negative 
Magnetization. This discrepancy of the quantitative 
relation between R and £6, which became evident with 
negative magnetization, may easily be taken care of by 


Ry = — 


Fig. 4 


repeating, for that condition, the application of the law 
of stressed elastic mediums. 

Similar to the process carried out in chapter (5) 
we write now for strong negative magnetization 


K “ K 6) 

ire Cr et a oee tLe 
Formula (6) [as well as formula (5)] represents an 
equilateral hyperbola (Fig. 4), and in this curve the 


Hs 


398 LIPPELT: THE MAGNETIC HYSTERESIS CURVE 


same discrepancy as that encountered above is here 
confronted in reversed form for 6 = + S. 

8. Modification of the Law of Inverse Proportionality. 
The validity of each individual formula (5) and (6) to 
the limited zone of magnetization near-positive or 
negative saturation respectively renders both of them 
unsuitable for general use. The situation is aggravated 
by the duplicity of value for R when 6 = 0, as given 


above ( R+ = = ance een > ). 


Even if it were conceded that formula (5) holds for 
positive magnetization and formula (6) for negative 
magnetization, the discontinuity and an abrupt change 


ra he 


to ++ at zero magnetization is not 


S S 
compatible with the behavior of elastic mediums, which 
had been referred to for comparison (see Appendix !). 

However, continuity is a necessary prerequisite and 
that can readily be obtained by admitting the simulta- 
neous validity of both formulas (5) and (6). Such astep 
finds its mathematical expression in the following form: 


from — 


he he R iy # 
Boge chdak ty tutte Brae Nrawg 
or 2K 8 
Diet; S? — B? (7) 


Formula (7) is the sum of the two terms 5 and 6 and 
so is curve R in Fig. 4 the composite curve of the 
individual curves R_ and f+. 

The new curve has actually three branches, but the 
two external ones, which belong to abscissas whose 
numerical values are larger than S, are at present of no 
utility. Our present consideration shall be limited to 
the range between + Sand — S. 

With our fundamental law modified by formula (7), 
it is obvious that the constant K has now a different 
physical meaning. — K is now that reactive tension 
(R) which exists when 

26 
S2 a B 
A better definition is (Fig. 14) 
iL. 


a 


=1 


P, S? 


We have in Fig. 4 a continuous curve devoid of | 


abrupt changes in values of R. Furthermore for 


B=-S R=+.0 
B= R=0 
p= +58 Upc ea! 


That R becomes zero for 6 = 0 is particularly note- 
worthy, because this relationship affords a smooth 
reversal of the reactive tension R, when the magnetiza- 
tion B changes from positive to negative values. Be- 

6 = 0 
sides, this point | R = 0 is a point of symmetry for 
the curve. 


_ eorollaries with known facts and theories. 
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Otherwise curve R in Fig. 4 and formula (7) answer 
well to the call for a reactive force, patterned after the 
tension in a stressed elastic medium. (See Appendix I). 

For further reference, the first derivative of the 
reactive tension as referred to magnetization shall be 
given here. 


dR Sie. Rk S+e 
16... Wie See es 
ole (ase R? 


Of the unknown quantities contained in equations 
(3) and (4) two may now be considered known, namely 


R ae 9 
Lise A Ree BY ( ) 
R meat Ra 10 

2 = S2 — Be? ( ) 


9. Determination of Constants S and K. One of 
these constants, S; depends surely on the magnetic 
quality of the material under consideration. Experi- 
ments have shown that. 

Whether and to what extent K depends on the 
material is still to be proved by tests. Primarily K is 
a special value of magnetic tension. 

From a few coordinated values of 6 near saturation, 
the saturation value S itself can be found by extra- 
polation with sufficient. accuracy. 

The same test readings of H and 6 will lend them- 
selves to the determination of the constant K, when 
recourse is had to formula (7) and — H is substituted 
for R. 

Another method for Actes mining K is explained 
below in connection with the study of force D. 

10. Conclusions in Regard to Reactive Tension R. 
We have seen that: (a) The reactive component F& of 
the internal counteracting force is a force of the nature 
of elastic recoil. (b) This force R is caused by and is 
a mathematical function of the magnetic induction p. 
(c). The relation of R to 8 may be expressed hypothet- 


2K B 
S?— p? 


ically by the equation R = — (d). 


‘Although 
the reliability of this equation has been demonstrated 
by experimental data pertaining to but one material, 
its plausibility can be enhanced by the agreement of its 
(See Ap- 
pendix I.) 

(e.) For values of 6 near saturation, the equation 


reduces itself to the form R = — (Appendix I). 


Under these same limitations Fréhlich’s law is reduced 


ue , 
to the form H = aa It follows that R+H=0 
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and that magnetic friction D and hysteresis are negligi- 12. Hzxploitation of Experimental Data. For the 
ble near saturation. This conclusion is in harmony purpose of investigating to what laws the internal 
with known facts. friction D (7. e., D; and D,.) is subject, we employ a 


(f). For small values of 8 the equation reduces itself hysteresis curve that shows clearly the properties in 
2K question. By experiment the writer has determined 
to the form R = — @ < 8 which makes it very sucha curve fora material known as hardened tung- 
sten steel. The 6-curve for this material is shown in 
analogous to Hooke’s Law for elastic bodies. (Ap- Fig. 5. 

pendix I.) The method employed was the step-by-step method 
applied to Hopkinson’s Divided Bar, using also a ballis- 

tic galvanometer. 

11. Review and Aspect. The ultimate object before The curve is composed of two branches, 8; and £2. 
the author was the establishment of an equation which Only the 6.-branch has been plotted from observed data, 
relates the magnetization 6 to the field H. Our basic because the observed results for the 6,;-branch may con- 
equation (2) harbors the solution of the problem in so tain errors of observation. Ascertainment of degree of 
far as it ties into a law three magnetic forces which in accuracy is not possiblenow. The {,-branch shown isa 


III. EQUATION OF DISSIPATIVE ForcE D 


turn are related to 6 and H. copy of 6.-branch by virtue of symmetry. 

The force R proved to be a force having the magneti- 13. Numerical Values for K and S. In order now 
zation 6 as its cause and being quantitatively related to apply equations (9) and (10) to our curve, the values 
thereto as per equation (7). of S and K ought to be known. 

The dissipative force D, however, depends on the From the curvature of 8 curve near its highest ordi- 


magnetic quality of the material magnetized. To nates (Fig. 5), S = 16000 is estimated by graphical 
study the character of this force D and its magnitude extrapolation. 

To determine K, curves were plotted first tak- 
ing K as an arbitrary constant which was later 
corrected as will be explained. For plotting these 


= 14,000, C262 $7! a 


Dag 

Se were 
made use of. By theiraid + R could be plotted 
as a function of 6 (similar to Fig. 4). However, 
it was found more useful to plot — F as a func- 
tion of H. The hysteresis curve, Fig. 5, gives 
values of H corresponding to different values of 
8 and by use of these values, taken from the 
hysteresis curve, it was possible to plot — Rasa 
function of H. 

The curves for — R, and — R, so plotted are 
shown in Fig. 5. This Fig. 5, however, shows 
the final corrected curves which were not obtained 
until the correct value of K had been determined. 

As already mentioned, K was first given an 
arbitrary value and the curves for — R; and — 
R. were plotted against H. An inspection of these 
original curves showed that for large values of 
H they approached the straight line Horainate = 
Havecissae Knowing this it was possible to plot 
the curves to their true scale as shown in Fig. 5. 
Also the true value of K could be determined and 
it was found to be K = 0.5682 x 10° for the sample 
f tested. 

pegs 14. Curves for D,and Dyas Depending on Field H. 
necessitates, therefore, a recourse to actual test of Permanent Magnets. As — R = (H + D) it Is pos- 
suitable materials. a sible to get values of D from the — F curves in Fig. 5. 

Should we succeed in developing for this force D mathe- This was done and curves for D, and D,asfunctionsof H 

- matical terms containing D asa function of H or 8, the were accordingly plotted in Fig. 5. (-R — ft = D). 

¥ analytical representation of the magnetic hysteresis Observe that the ordinates of D, are negative, while 
| curve would then become possible. those of D, are positive. 


curves equations (9) and (10), Rk = — 


Scale for D & (H+D) 
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Of special interest is the maximum value, which— 
referring to curve D,;—occurs for 
H, = approximately + 36 C-% G+# S44 
| = approximately — 70 C-% G+* S31 
Furthermore for 
Dee SCUbGs Gass 
H, = 0 we have Peete UPR Od Corsa 
ties G15 Ce Gis me 
When no external field H exists the two internal forces 
D, and R; (also D, and R;) are numerically equal, but 
of opposite sign and therefore balance one another. 

If we now go along curve 6; (Fig. 5) from value 
— 9230 units, where H = 0 to — 8000, which represents 
a decrease in the magnetic flux, we get for this lower 
state of magnetization 


R, = + 47.4 G-2 G” S71 
D, = = 68.4. C-*% G” So 
lal = 4- Pall C-4 G* sa 


This means for this decrease in flux the internal 
friction D, has increased and is stronger than the 
internal tension Ri, which has decreased. Therefore, 
without the addition of H, = + 21 to force R,, the 
magnetism within the iron could not diminish. This 
fact explains the phenomenon of permanent magnets. 
We may put it in this way. 

“In permanent magnets magnetic friction and reac- 
tive tension are equal. For diminishing flux the fric- 
tion increases, while the tension decreases. Therefore, 
the flux cannot decrease as a result of the reactive 
tension.” 

Also for other small and increasing values of H, the 
magnetic friction is both increasing and greater than 
the reactive magnetic tension, being smaller and 
diminishing. Such conditions will obtain until D, 
reaches its maximum value. After that, both D; and 
R, are decreasing, and, as a sequel, the magnetization 
B, of the steel does rapidly decline. 

— D, = + H, = approx. + 59 = 
the coercive force 
iy eS 0. 

For this condition magnetic friction and field inten- 
sity counteract and cancel one another, while the mag- 
netic tension is zero. 

For further rising field strength the magnetization 
B, increases rapidly at reversed (positive) values, owing 
to a rapid receding of D;. The increase in flux, how- 
ever, will soon cause FR, to rise and the increments in 
magnetization, as referred to constant increments in 
field intensity, become smaller and smaller the more we 
approach the highest value of 6;. At the same time 
the magnetic friction D, converges towards the limit 
zero, while the reactive magnetic tension FR, is striving 
towards an infinitely large value. 

15. Mathematical Relation of D and H. After 
having analyzed in a general way the curves plotted 
from observed data, the problem remains to find 
mathematical terms expressing the intrinsic and mutual 
relations of all the forces involved and of the flux. 


For B = 0, we have 
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As regards the D curves discussed above it was 
possible to get a mathematical relation between iD 
and H. The method of deriving this relation is given 
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in Appendix II. It was found that the graphical 
curves D, and D, are closely satisfied by the following 
equations: 


A 
wh hen a cosh 6; (11) 
with 
6,5 =U+ Gi 
thy aie, 7) (12) 
fi=+dvVp+uz 
and . 
A 
eb eea cosh 6. (13) 


a ——. 
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with 
O. = Us + oe 
un = +¢ (He +f) (14) 
G2 =—-QAVptu? 


For the sample tested the constants are as follows: 
Wea 006NC- = GS: f — 42: ¢-= 0.012545; 9 = 
0.003255; q = 2. 

In connection with these equations the respective 
curves have been computed and drawn up in Figs. 6 
and 7. Fig. 6 shows the graphs for wi, ¢1, 4: and ws, 
$2, 02, while in Fig. 7 a copy is given of the D, and 
D, curves as plotted from observed results. 

In curve D, a few small circles indicate such points 
of D, curve as have been computed by formula (11). 

It is seen from Fig. 7 that the agreement between 
the observed values of D: and those computed by 
formula (11) is rather good. For positive values of H, 
a deviation is noticeable. As will be seen later this is 
of little account. 


IV. MAGNETIC FLUX 
16. Relation of 8 to R. By solving equations (9) 
and (10) for 6; and £» respectively, we get in general 


p= +—— -GVETRX® (15) 


Values for 6; and £2 have likewise been computed. 
Between observed and computed values of 8; and 2 
an agreement of even better degree than for D; (Fig. 7) 
is apparent in Fig. 5. And such better agreement is 
due to the fact that quantity R = — (H + D) enters 
into formula (15). If D were not quite correct, the 
error would not manifest itself any more than D par- 
takes in the sum R = — (H + D). 

Deviation between observed and computed values 
is indicated for the @, branch only by a dotted line 
(Fig. 5). 

However, for H,; = + 93.4 the observed value 
6; = + 10435 has been plotted and it falls very close 
to the computed (dotted) line. The above formulas 
may, therefore, be considered as being correct to satisfy 
any reasonable demands. 

The term on the right hand side of formula (15) 
permits a nice transformation. Move the product 
R? S? outside the square root and write: 


le ES 


By applying now the following substitution 


oe = sinh y or y = sinh a (16) 
our formula will turn into 

B = +§[sinh y — cosh y] =FSxe’*= + Sy 
: | (17) 
For the exponential form we have 
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e = 2.7188, the base of hyperbolic logarithms 

y =a positive hyperbolic angle 

_ sign applies when R is positive (8 = negative) 

4+ sign applies when R is negative (6 = positive) 
These relations are represented graphically by full line 
curve in Fig. 4. 

By substituting in formula (15) for R the term 
— (H + D), with D as per equations (11) and (13), 
8 may be expressed in terms of H: 


Dea Sores cee 1 
a 
~ (H+ +) -(H+ 


V ke+(H+—4_)xs (18) 


and this is the equation of the hysteresis curve. 


B= + 


ue 
cosh 4) 


V. Enercy Loss AND OTHER RELATIONS 


17. Loss of Energy. ‘This problem of the hysteresis 
curve would not be completely answered without 
stating the so-called hysteresis loss. 

As known, this loss in ergs is computed by (Fig. 1) 

-Bh 


Vet V 
ee: 2 Lig See = 
ie pee 2 | CH) a3 2) 


(19) 
whereby V is the volume of the magnetized material 
-Hh, 
in cubic centimeters and aie indicates that we have to 
-Hp, 
integrate between the limits from — H, to + H;, and 
back to —H,. 4H, is the highest field intensity 
attained. 
‘Observing now equation (1) our integral dissolves into 
V oe 


-Hh 
2 V 
les (| HdH+—t} Ade 
seo Ar 4 


The value of the first of those two integrals is nil, 
leaving for the loss 


vet 4 
a eee Fe pees 
Une rere CS: Ted (20) 
-Hh 

eee 

=% { H dB represents the area within the loop 6: B2 
-Hph 
of Fig. 2. 


Designating the highest value that 6 attains. by Ba 
and by further transformation we get 


Bi =Bh B2=Bh 
Ps unde f pidii— S : 6,.@H,} (21) 


6; =0 
The following equations (15), (9), (10), (3), (4), made 
use of in the order named, will permit the expression of 
these integrals in terms of H, and eventually yield the 
loss thus: 


402 
BVA se fe ( K cosh 6; 1 
~~ 2a | tJ \Aieosh 6,—A ‘Hy cosh 6,—A * 


V K® cosh? 6; + (Hi, cosh 6, — A)? S* )d H, 


+ Hh 


K cosh 6, il 
Tal CORO aA we Ta cos eae 


x 


hy 


V/ K? cosh? 6.+(H» cosh 0,44 xS)d AL, (22) 


with 6, and 6. as per equations (12) and (14) and 
H = + Hy, when fg, = 0, H = — Hy when, = 0, 
. highest value attained by H is A. 

Although equation (22) represents the answer to our 
call for the loss, its form is not well suited for the busy 
engineer. We will, therefore, prepare another solution. 

d H, and d H, as they appear in equation (21) may be 
quickly derived from equations (3) and (4). 

dH,=-—dR,—dD, 
dH,=—dR,—dD, 

With the aid of these differentials, our integrals in 
equation (21) change to this new form: 


Bh Bh 
ee ee Di, Be RD 
0 0 


Bh Bh, 


, Bh Bh 
=-—2 I~ Sf Bia kit f Bod Re ape Dan Jed 2 


The first two of these integrals are easily taken care 
of by solving general equation (8) ford R, d R, and 
d R, to go into our integrals with the limitation d B, = 
d Bo, resulting in 

(eRe Se ee 


S284? 
BSB? SPaaie 


S2— Be? es 


1 


Bh R, 
dg,+ fe eS 
. 2 


This result leaves us for I only the following term: 
Bh Bh 
ee Are a ee (23) 


two other forms of which will prove of value for the 
purpose of integration. 6, and 6, may be considered 
the common abscissa. 

Bi = Bo = 8 
Therefore 


Bh Bh 
pee aid Deed Dy) mo en eG Dae Ds) 
(24) 
and the loss 


V Bh V Bh 
La Ze 24ed-Di+D.)=—a— fe d(-D. Dy) 


(25) 
Of this formula we will make use in a later paragraph. 
For the present we return to transforming equation 
(24) into ) 


Bh Bh Bh 
E=—2 {[—6: D; +2 Dol +S Di dpi- Sf D, dB} (26) 
0 
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It would not require much explanation to show that 
Bh 
0 


[— B,D: + B2 Dz | = () 


which reduces equation (26) under the strength of 
previous argument to 


Bh Bh 
Ir=-2/f(0,-—D.)d8=+2/(—D,+D.)ds6 
0 0 
(27) 


and the loss 


V Bh 
L= +5, J) CDi+D)a6 (8) 


/ Bs 


7 


+19,000 
D; 


+8000 


aa 

a 

So 

(2) 

oO 
| 


(-D,+D,) 


-250 -200 -150 -100 50 0 45 


-4000 — 
-600 = 
/ 8000 + 
2a 

-10,000 + ! 

ues 7 ae 
1/4, 

~14,00 al i 


Fie. 8—Macnetic Hystrerusis CuRVE 


The solution of this latter integral requires D, and 
D, or (— D, + D.) as a function of 6B. That will be 
accomplished in the next chapter. 

But it may be remarked right here, the differentia] 
of energy loss, according to formula (28), reveals itself 
as the product of the magnetic friction times the 
change in the flux, to wit:—“friction times magnetic — 
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dL 
Formula (28) in this form es 


V 
current.” a 
20 


O 
(= D, Vee 


vr expresses the ‘‘Hysteresis Power 


Loss” as being proportional to the product ‘‘Force of 
Friction times Magnetic Current.” 

18. Magnetic Friction D as a Function of I nduced 
Flux 8. Fig. 8 shows the curves of magnetic friction 
D, and D, over the induced flux 6 as abscissas. 

These curves D,; and D, were derived by transposing 
the ordinates D,; and D, from their H abscissas to such 
8 abscissas as-are coordinated to the H. abscissas. 

No matter between what limits the magnetic cycle 
occurs, for H = + ~ the values of D, and D» are 
zero and those of 8, and @; are + S. 

Consequently our two curves D, and D,. must have 
zero points for the abscissas + S and —S. This 
enables us to consider D,; and D. as two half waves of 
two combined sine and cosine series with higher 
harmonics. 

Referring now to curve D, particularly, its equation 
has been determined on that basis, using a method 
developed and described by Prof. Runge,? namely 


T Bi T By 
D=10" S$ . (0, sin 2 On COSN—G ) 
a Sa Fire 
(29) 
and 
g (0 : T Be T Be 
y= le SIN a ta COSh 
D:=10* S >, es Te ps 
(30) 
with 
Aer ae ae 5 7 9 11 13 iy 
bn = |+0.612| +0. 606| —0.2485| —0.702| +0.0976) —0.030 oma 
—|_-3 89 |-40.014|-+0.345 |—0.195!-+0.0528! +0.020! —0.015_| —0.004 


an = 


19. The Dissipated Energy (Numerical). By virtue 
of equations (28), (29) and (30), we have for the loss 
V Bh 
iad ep eee (31) 
In forming the difference (— D, + D,) all sine 


members disappear and we get 
Bh 


L ee const . us | 
Seg xox) > Fa ear ae j 


Zz 
=,— 10°4:X ree ad (32) 
wherein 8, = approx. 18183; S = 16000 


9. See Electrotechnische Zeitschrift, 1905, p. 247. 
C. Runge, “Theorie & Praxis der Reiben’’, Z 
Goshen at Leipzig, Germany. : 
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ieaule 2) Senge Ree L6 


const 7 6 
US = [ é ie aos | 
: iu sin 7 5 5 ' 


or in our case A = 3.74238 
Finally 


(33) 


2 
=i LO xX 72 16000? x 3.7423 


a 
5 ibe CAGas a? 
V 


= — 194100 — ergrs. per cu. cm. 


G 
The only dimensional quantity on the right side of 
formula (32) is S? whose dimension in the C G S— system 
is (C-% G% S3)2 = C7 GS~ = ergrs. per cu. cm., 
what it ought to be. In that way we geta confirma- 
tion that our theory and results are right. 
According to the well-known Steinmetz formula, 


the hysteresis loss is computed by 
1.6 
1 XB 


The writer does not know the exact value of » for 
hardened tungsten steel; and for that reason the check 
shall not be made on the loss of energy, but on the 
coefficient 7, thus 


in ergs per cu. cm. (34) 


1.6 
194100 =n B =7 (6, + H)6 = 4 13188 + 177)? 
= 7 X 13360! 
hence 
n = 0.04862 

This figure seems to be quite reasonable, which 
means that the two formulas are equivalent. 

If the magnetic cycle takes place between other 
limits, the ‘‘constants’’ in some or all of our formulas 
will change. But we have to conclude that for all 
cycles (for which the Steinmetz formula holds) \ should 
satisfy this equation. 


2 1.6 
Lee Cereryen GL oS Ig ae 


% 


or 
nX10°X 7? gue nXl0?Xm?  (Ha+Ba)** 
= 2° x 92 a 2 G1206 y¢ G94 
Hi; Bu \s 
eh) 
x 10? x 7 ( Ss S 
en CNT Se (35) 


2 So. 


vn eek pial iG 
or by neglecting ~c"; which in our case is 7§o99 


= 0.011, we get approximately 


2 1,6 
, - 1000-9 x = e) Set 


, (36) 
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Further experiments should show to what extent this 
formula is correct. 

Appendix III contains formulas which give the 
energy loss in explicit terms of the leading 
quantities. 

20. Magnetic Friction D as Function of -Magnetic 
Tension R. It is very difficult to determine analytically 


IF ie | T 
D |(H+D) 
+200 at 


150 ] 


4 


eas ID,=funttion of R 
ae 


7250-200 -1 7 +50 \, 20 +150 1200 +250 R 
D,=function jof R 
a5 
\ 
\ 
is Ny 
100 “SR 
7 is air 
YN 
-150 ie = | 
Ni: 
N 
N 
(-Dj+ D2) 
Seale for (.p4p,)]} +1507 +15 Scale for tan @ r 


+50. a +150 +200 +2508 


9-10-11 


Figs. 


the value of magnetic friction D as a function of mag- 
netic tension R. However, D; and D, may be plotted 
as functions of R, and R, respectively by taking values 
from the curves in Fig. 5 which shows — R, and — R, 
as functions of H. Fig. 9 shows the curves so plotted. 
It is possible to obtain from these curves formulas for 
D, and D, as functions of R, and R:, respectively. 
Such formulas were obtained and it was found that the 
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resulting values for D,; and D, check very closely with 
the values of D, and D, in Fig. 5 and Fig. 8. For 
formulas see Appendix III. 

21. Loss of Energy in Terms of Flux B and Tension 
R. Although energy loss is given in equations (28) and 
(32) in terms of 6 and of D, energy loss may also be 
computed in terms of 6 and R. It was computed in 
this manner and for the sample given was found to be 
188,000 ergs per cu. em. which checks well with the 
former value of 194,100 ergs per cu. cm. 

Formulas and computations to augment the above 
statements will be found in Appendix III. 


VI. ALTERNATING CURRENT EXCITATION 


22. Sine Current. In the case where an alternating 
current is used to furnish the magnetomotive force, the 
intensity of the magnetic field will be expressed by 


i 27 a WT 
H-= Hy, X sin t = const X J, sin t (37) 
(a fh 
where 
¢t = time in seconds H;, = max field intensity 
1 
a gine corned. 
Frequency per second 
= Period 


Such a condition will exist in a current transformer 
with its secondary windings open or removed and the 
primary traversed by a sine current. 

What is the curve followed by magnetic flux 6? 

For our particular hysteresis curve (tungsten steel), 
we have 

Hy = T7 

and 


By eee oe 
= sin pt 


For values H thus computed the corresponding 
values of 8 may readily be obtained and plotted against 


H (38) 


iD 


that was employed for the derivation of formulas (29) 
and (30) is here applicable to determine an expression 
for 8 by trigonometric functions. In the present case 
the process has been carried one step further by doing 
away with the cosines and introducing constants into 
arguments of the sine functions. 


: 27 
= 5 > asin (Fe + ws) 


the angle tas abscissa, Fig. 12. The same method 


(39) 


11 
+0.09989 
—102°23.6’ 


+0.9482 
—8° 26’ 


+0. 2324 
=Olnne 


|—_—_——_—_—_______ 


+0.1212 
—106°28.4’ 


|———————_—____ 


+0.07891 
—151°48.6’ 


|__| 


+0.05684 
+163° 3.6’ 


Observe that 


ee 


— > bestia 
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S = 16000 = 1.20755, and 6, = 138250 = highest mag- 
netization attained. 

The coefficients of higher harmonics bear the follow- 
ing relation to fundamental 3rd, 5th, 7th, 9th and 11th 
harmonic. 


+15,000 
B 
+10,000 


—15,000 


coefficient = 
0.245, 0.1279, 0.0831, 0.0539, 0.1053 X coeff. of fundamental 
approximately 
1 1 1 1 i 
4 Sesto GAD oo OY 
The Fourier series (39) has been derived from the 
graph, Fig. 12. If the analytical formulas for 6 be 
used as a basis it ought to be possible to show why the 
lower harmonics (3rd and 5th) are of comparatively 
large amplitude. 
23. Sine Voltage. For the case of a sine voltage 


Vey 
E = Eysn TT t 
being applied to the windings around the magnetic 
material, the magnetic flux must change in such a 
manner that it induces a sine counter e. m. f. in opposi- 
tion to impressed sine voltage. In other words (neg- 
lecting ohmic resistance) 


dB d(H + £) GleT 
err a x const = — Ey sin - t 
hence 


Eo 27 
B= (H+0) = Sorae (— 008-7 *) 


= ae x sin (=e ¢- >") 


or 


B= B, xsin(et--) (40) 


B, = H, + Bs = highest value which B attains in 
cycle considered. in our case B, = 177 + 13250 
= 13427. 

If now the field intensity and current are again 
proportional to one another, what is the curve of the 
current flowing? 
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Formula (1) together with (40) furnishes a suitable 
relation for H, namely 


H = Bysin(7+-—-)-5 


Plot B curve into Fig. 5 as per formula (1). Select 
27 
angular step oye and compute B-values as per formula 


(40). For such B-values take the corresponding values 
of 6 and H from Figure 5. 


The following two formulas satisfy respectively the 
magnetization 8 and field intensity in terms of the time 


PRG 
angle Une: ip 


e=S Sc,sin(42140,) (41) 


with 
n = 1 3 5 U 9 2k 
2.868 0.6956 0.069 0.08924 0.5953 
Oe ety Misa ae 1000 1000. M 1000 1000 hs 1000 
Qn = | —90°14.8’ | +82° 35’ |+60°37.9’ +94° 56’ |+176° 0’ —161°38.4’ 
and 
; VAR 

Hee Ti, : h, sin Set t+ Vr (42) 

with 


7 


—0.00624 
+94°56’ 


ane 


—0.00538 
—161°38.4, 


1 


+0.7559 
—64°43.7' 


3 


—0.2592 
+82°35’ 


—0.00806 
+176°0’ 


—0.0629 
+60°37.9’ 


{| In the formula for 6, the higher harmonics are of 


no account,{while injthe term for H only the 3rd and 
+15,000 +3007 
LN 


+10,000 +200 


+5000 +100 


5000 -100 
-10,000-200 


—15,000-300 


Fie. 13 


5th harmonic are of appreciable value when compared 
with the fundamental wave. Fig. 13 has been drawn 
to show how such relations find their graphical 
expression. ; 

As stated above, the current is proportional to 
the field intensity H. The dash-dotted line curve 
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visible in Fig. 13 would be the curve of the current, 
if there were no steel present within the magnetizing 
winding. Said curve is drawn at random scale, but 
it serves nevertheless to emphasize the distortion 
suffered by the current IJ through magnetic hysteresis. 


VII. APPLYING THE THEORY 
To show the ability of the new theory we shall now 
apply it to the well-known theory of Hopkinson’s Mag- 
netic Circuit, in conjunction with Professor Kennelly’s 
paper on Reluctivity (TRANSACTIONS of thes Sia eE:, 
1891, page 485). 
In said paper (Figs. 4 and 5) the rectilinear character- 


1 
istic of the metallic reluctivity p = Sat when plot- 


ted against H is particularly stressed. 


laeeenah ] 1 
| ¢/3 
I oy 
— | \ | 1920 -Ay\11 x 10 ~ 
| \ 
= 
== 00} —\10x 10 ¢ i 
A] s | 
3 
180} —\9x 102 ¥—_ $f} — | = 
| | Fy 
& 
160]8x 102 = 
140|7x 104 
—120|6x 104 4 —| 
$0K 
100|—/5 x 10 } 
i 
| 
80}4 x 10/+ = <a 
8 ey 
60|3x 104 — St 
| 2x10) oN 
| : 
i | 
= 40 ra J a 
20 a Eiipe anil 
Tis = 0.00444 |= 
3 \} [-20,000f 10,000 10,000 720,000 30,000 
1x10 || 29.984 | 0.00842 +15,964 
| Not to Scale R 
er 
=250  -200 =150 -100 50 0 «+50. «+100: «+150 +200 +250 +300 
| 
= —= 
Fig. 14 


With the results of our theory conceded, calling for 
internal reactive forces R and D, only that part of H 
which is equal — R remains available for magnetiza- 
tion proper. If p be therefore related to — R, instead 
of H, we get for the metallic reluctivity 

il —-R —-R 


Oe Age B 


use — S when R = positive 

use + S when R = negative 
and for the apparent reluctivity 

1 € 
, = = 
a le 
both of which are illustrated in Fig. 14 at two different 

scales for our sample of hardened tungsten steel. 

We note particularly that for large values of R — 
(which differ only slightly from corresponding values 
of H) p is very nearly a straight line whose asymptote 
runs through the origin of the system at an inclination 
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I 
tan7 = cog which in our case 76000 7 0.0000625. 


It is of the same order as the gradient of right hand end 
of curve for “Glass Hard Pianoforte Steel, Ewing 
1890,” given in Fig. 5 of Professor Kennelly’s paper. The 
straight lines (substitutes for curves) in said Fig. 5 do 
not run through origin, however, because those curves 
are plotted against H, which includes the component 
opposing D. 

Even diamagnetism may be explained now, by 
reversing in above formula for p the sign of R. That 
is permissible from the mathematical standpoint and 
conceivable from the physical standpoint so long as 
8 in Fig. 4 remains between the limits + S and — S. 
Reversal of sign of R takes place automatically when 
8 > S, but such a condition cannot be reconciled with 
our definition of S as a maximum value of 8. 


NOTATIONS AND SYMBOLS USED IN THIS PAPER 


B Induction or flux density 

H Magnetizing force; also spatial induction 

8 Intrinsic induction (7. e, B — H) 

S Saturation value, that is the limiting value of 8 

y Capacity for further induction (7. e., S — 8) 

R Reactive component of internal force, opposing 

magnetization in either direction 
D Dissipative component of the internal force, opposing 
all changes of induction 8 

M Maximum value of (— D, + Dz») 

Subscript, indicates appertainment to ascending branch 
of hysteresis loop 

Subscript, indicates appertainment' to 
branch of hysteresis loop 

Subscript, indicates highest value attained 

Subscript) indicates that a related quantity has zero 
value 

6 = u+ ¢,ahyperbolic angle 

a= acircular angle 

v= a hyperbolic angle 

The unit for quantities -B, H, 8, S y R, D, M in 

the C G S—system is C-” G¥% S-; that is, the gauss = 

number of lines of force per square centimeter. 

L = Energy loss in ergs (C?G S~). 

1.856 X 10’ ergs = 1 ft-lb. 

For illustration of leading symbols see Figs. 1 to 4. 


descending 


Appendix I 


Magnetization and the Characteristic Equation for 
Gases. The symbols P, V,,v, 7, C, as used in this 
appendix, refer to gases. 

In Section II under heading 5 the existence and mag- 
nitude of reactive tension R was explained by referring 
to the behavior of an elastic medium under stress. 
Perfect gases are elastic media and lend themselves par- 
ticularly well for this analogy. 


Feb. 1926 


In thermodynamics the well-known characteristic 
equation of a perfect gas is: 


Pressure X Volume 
Absolute Temperature 


= Constant 


which when applied to the case of a gas enclosed in a 
cylinder under a piston (Fig. 154) will read (symbols as 
per Fig. 154 and B) 


Ea (V, == 1) " if 
> Cy ae Coy 4) =>. 
Mele See 
Gar 
For isothermic compression is C T = constant and 
Const 
P bo Wa i) 


This formula is identical with our formula (5), if we 
replace external pressure P by H = (— R); Vi by S; 
v by 8 and Const. by K. The analogy is more evident 
when a liquid is substituted for the moving piston 


a re ry | at 
! } R |s_4:-yr 
Vv T yD Sie ce J 
4 5 . Se 
2 Se, aes C}| Se wa 
[ Tp Displacement H 


of Piston 


DiGeee (5A Kies, 15:3 


(Fig. 158). The liquid received in the cylinder bears 
a greater similarity to the magnetization imparted to 
the iron than does the so-called piston displacement. 

The well-known formula for magnetization near 
saturation as given by Froéhlich* may also readily be 
derived from this example of analogy by mere trans- 
formation of the thermodynamic formula quoted. We 
start out by writing same thus 


The state of near-saturation is analogized by the 
liquid v (or 8) almost completely filling up the whole 
volume V;, (or S), Fig. 154 and B. This condition is 
mathematically expressed by 
= V, 
By dividing these two equations,'we get 
Vi iy i 


g ( Va ) x P 
Ged) ; 
which, when solved for 2, yields: 


V; 
yom 


a) 


3. Blektrotechnischz Zeitschrift, 1881, pp. 90, 189. 1882, p. 71. 


7 = V. or by virtue of analogy, Fig. 15a, 


oy oS wii *i 
a eS, Pe : 
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B, writing “a” for 


Mel yee 2a Ith 
CT 2/6} == 1S) eae and that 


is Fr6hlich’s Law. 


The analogy cited pertains to formula (5) which is 
correct only near saturation. For the whole range of 
magnetization formula (7) is to be used. The physical 
process of magnetization and its reactive tension R, 
as embodied in that formula (7), has a like analogy 
in thermodynamics. The case has been sketched out 
in Fig. 16. 

A thin piston moves in a cylinder, which is closed 
at both ends. When the piston is in its middle position, 
the gas pressures on either side are the same. When the 
piston is moved out of its neutral position by an external 
force P, internal pressures P, and P, are being set up 
to which the following relations apply: 


= IP, (— VW = v) 
For upper chamber p =5 GOr 
IP. SS (G ap Vas =F 
— P, (—V,— 2) 
For lower chamber T =" CPOE 
1p OE See 
aS ie —V, at) 


Hence the total internal reactive pressure is 


2 Gt Laced 


(P; + Po) = —- V2— vw 


and by changing over to notations of magnetizing 
process, we arrive again at formula (7). 


2K 8 
Fe S2— B 


It is worthy of note that for small magnetizations 
g2 is negligible in comparison to S? and our formula 
changes thus into 


2B ZS 


Same” Wiel sib 


which is the same as Hooke’s Law, pertaining to elastic 
bodies under small stress. 
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DERIVATION OF EQUATION FOR CURVE D 


The Theory. The dissipative force, when it first 
occurred in the analysis of the hysteresis curve, ap- 
peared in the form of two graphs D,; and D:, having 
the field H for abscissas, Fig. 5, and the problem arose 
immediately to find a mathematical function which 
would satisfy these curves, D; and D». 

With that problem in view we will limit ourselves 
for the present to curve D, only. 

Although that curve is unsymmetric when referred 
to its maximum ordinate, it was assumed at the outset 
that a symmetrical curve, but otherwise of configura- 
tion similar to D:, would hold the key to a mathematical 
equation for the unsymmetric curve Ds. 

Instead of considering the distorted curve D, as 
the resultant curve of several superposed symmetrical 
curves‘, it was preferred to look upon curve D, as being 
intrinsically a symmetrical curve, which is satisfied by 
some explicit function whose argument is the abscissa. 
The distortion is considered as being due to the argu- 
ment being a function of the abscissa. 

Disregarding, with that object in view, the unsym- 
metry of our proposed curve Dz, its great similarity is 
conspicuous with the graph of the function 

A X sech wu 


when plotted against H as abscissa. (Fig. 17). The 
scale in Fig. 17 has been chosen such that the curve 


+200 +250 


A sech wis generally of thesame proportions as curve Ds 
in Fig. 5. This limitation implies wu to be linear func- 
tion of H, whose zero point, 0, is to the left of origin 
O of the system of coordinates. Calling OO, = — f, 
the equation for u will be in general 
u=c(H+f)=cH +cf 

where c is the trigonometric tangent of the angle that 
uw forms with the axis of abscissas. 

Considering now two ordinates of the graph A sech u, 
which are located symmetrically to the maximum 
ordinate A, the abscissas are O H,’ and OH," (Fig. 
16) with the limitation that H,” 0, = 0,H,’. The 
ordinates are 


4. Electrical World, July 29, 1909, p. 262. col. 2. 
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H..” s, = H,' s; for the sech u curve 
— wu. and + wu, respectively for the w-line. 
The ordinates of the proposed curve D2, however, 
which stand at the same abscissas are respectively 
H." dy < He" s, and H,' d, $ A.’ 8; 

If curve D. were to be represented mathematically 
by a sech-function, same would have to read for 
(compare Fig. 16): 

ordinate H,” d, = A sech (— U2, — As u) 

ordinate H,’ d; = A sech (+ U2 + A: u) 
Underscored letter indicates a definite fixed value in 
contradiction to a variable. 

The values A, u and A, w may readily be considered 
values of a function ¢», thus that 

— AU = @2 = — fo (U2) 

For simplicity let us call Aiu equal A. u; e. g., 
considering ¢, a curve being symmetric to the ordinate 
O; A (Fig. 17). 

The deviation of D, curve from the sech w curve 
is small along right hand side of the maximum ordinate 
and increases toward the left. Consequently ¢2 must 
attain larger values the more remote they are to the 
left from that maximum value. For the right hand side 
(uw, + Au) must be numerically nearly equal ws. 
These two requirements jointly do not tolerate the 
+ sign in (wv; + Au). The minus sign only is possible. 
A-function which meets both requirements is 


a= 0 Dt Ue 


where g and p are constants. With a hyperbolic 
angle 6, consisting of the basic element 


oa EG (H otf ) 
and the above corrective element ¢2, namely 
6. = U2 + G2 = U2a—- AV P+ U’ 
(curves for u, g and @ for the sample tested are shown 
in Fig. 6), the function sech 6, should be flexible 


enough to cover the proposed curve D,. Thus 
=f 
D,.= +A Xsech 6.= +A Xsech [u2+ ¢»] = anh es (13) 


The five constants A,c,f,q and p should insure 
agreement between the graph D, and this formula 
at five suitable points anyway and near-agreement 
for the rest of the curve. 

Similar arguments apply to curve D, and selenite 
(11) and (12). 

Numerical Evaluation of Curve D:. Equation (13) 
and its companion equation (11), when duly trans- 
formed, will prove suitable means for determining the 
numerical values of the respective constants occurring 
in those equations. 

Referring now to curve D, (Fig. 5), we rewrite its 
equation in this form 


$=m +91 =¢(Ai—-f)+qVvp+e (Mi - fy? 


= + cosh * 


1 


(a) 
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We select now such pairs of abscissas H,,’ and H,.” 
(Fig. 5) whose ordinates D, are equal. For any such 
pair of ordinates equation (a) will read thus, when 
square root is avoided: 


nA 2 
ip +o (Hu! — frl= [eosh " -e A | 


ae Hu] 


Ate Tate [ cosh 


Carrying out the multiplications, rearranging terms 
and subtracting the lower equation from upper one 
produces 


A 
¢ (q@? — 1)/{H.” + Hi — 2f] =— 2 cosh D 
1 


Taking now from Fig. 7 the following special values 


H,,.” =O — 65.63 — 109.8 
H,,’ = + 54.9 + 77.98 + 92.6 
D, =— 61.165 — 34.0 — 20.4 
and applying them to equation (b) 
A 


c (q?— 1) [O + 54.90 — 2f] = — 2 cosh™ G7 765 


—A 
Cc (q?—1) [— 65.63 +77.98—2 f] = cosh-! a1 


=! 
c(q?—1)[—109.8 + 92.6 —2 f]=—2 cosh™ — 20.4 


After eliminating the constants c, qg and f by due process 
of algebra an equation results of this form 


—A 
eosh— ———s ae — cosh“! —aa 
ini =16l16D — 34.0 


cosh— —___— — cosh 
= 94,0 = 2) .4 


—] 


Sn 


which is satisfied, within good enough accuracy, by a 


value 
A = 70.061 


With A thus determined, the above special values of 


cosh-! D 


may be considered known and the problem 
‘ 

of finding the other constants is thereby reduced to 
solving simple algebraic equations. ' 


Appendix IIT 
NOTEWORTHY RESULTS 


Special: Values of the Leading Quantities. As the new 
theory has produced new forces, special values of the 
latter will be of interest. Numerical values given 
below refer to the sample of tungsten steel tested. 

Associated with residual magnetism are residual 
friction for H = O 
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(b) 


(— D, + D2) = M sech vy = 116.479 sech v 
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A 
ac ———— 
cosh [tef+qvV/p+e f?| 
Residual Tension: 
Res De=.+.611656..4° Sa 
Residual Magnetization: 


K ] Sins HS a BET 
Boo eeppena ade Vo Pes? = — 9230 CG Sal 


= 61.165 C-% G¥ So 


Coercive Force H, occurring when R = O to be com- 
puted from 
FA 


= icosiae putes 


or 


cosh 270, Ueectad pee ACs (H. + f)” + D 


FA 
=H; 
H, = +58 

The maximum value of D, occurs for 
Ay = 3988 “Donn = — 69721 
6 = — 5880 C-* G4 Sa 

Equal numerical values of D1 and D. for common 
value of H occur for three values of H. 


R = + 30.341 


ene H a 847 0 —84 
oH, | | for@ = 1586 0.583 1.586 
Bie D=278 61.5 27.8 


In connection herewith check up in Fig. 6 the inter- 
section of — 02 with + 41. 

Equations Relating D to R. Fig. 9 shows curves typi- 
fying the relation between the magnetic friction D and 
the magnetic tension R. To render such relationship 
available for more exact analysis a few pertinent 
formulas will be given below. 

(— D, + D.) = M cosa = + 116.479 cos a 
tan a = 1.671686 
X% 10-5 (R§ + 13 X 10° R§ + 179058 X LOR R)2 2288 


(43) 


(44) 
(D, sp Dz) = 
R RN 
pret 110.065 (s50) + 17.266( <a>) 
itrR+sk Rae Loony 
111. 810f 2) + 2.613(——— 
+1.812( 795 )+ (00 


Compare herewith Figs. 9 and 10. 

By adding and subtracting formulas (43) and (45), 
terms will be arrived at which permit the calculation of 
D, and D; individually. : 

Analytical work is often simplified when the quanti- 
ties under consideration are proportional to one 
another or nearly so. With such ‘simplicity in view the 
following terms are mentioned here and are augmented 
by Fig. 11. 

(46) 
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1 565821 4.354 _ —1/21 
» = 0.0173 R [ 1+ ja ) | (47) 
R = 57.80 v[ 1 + 63.10 9-8-8 | v2 (48) 


Energy Loss. By making use of the above relations, 
the energy loss may be calculated as follows. Recourse 
is made also to equation (25) on page 8. 


L M [ ike M f ee 
U7 ae ed Opin oan e/a tan er 
ergs. per cu. cm. (49) 


Formula (49) is a sequal to formula (43), involving 
D, R,8. The actual integration is hard to execute. 

The inherent simplicity mentioned above in con- 
nection with formula (46) manifests itself when em- 
ploying that formula for computing the energy loss. 
The necessary integration can be carried out for one 
part exactly and for the remainder with sufficient 


approximation. Relying again on equation (25), 
ip beep 
vee = Bd M sech v 
1 — M 


on 200173 XK 


g T ) Bh 
| eure ke vec ieee tan-! e” | 
0 


IO. Le 


Bh 
i yl f[ v Ja y 
+ On *2x00173Ky Leosh v1?" 


+ 23.40 108 


Bh 
1 _M (ee ae |ag 
Ola eRe 0.018 Ky s| amouer tae cle 
— 125.90 x 10° 
Total — 199.4 x 105 


eve R165 
V ~ 12m 2X0.0176X0.5682%1 


0° X (—199.4 x 108) 


= — 188000 ergs per cu. cm. 


This is about 3 per cent less than the value given 
above. The difference, no doubt, is due to the fact 
that the corrective value of parenthesis in formula 
(47) has been disregarded, e. g., substituting for the 
curve v (Fig. 11), its asymptote. 


Discussion 


S. L. Gokhale: I believe that Mr. Lippelt’s analytical con- 
ception of reactive and dissipative components of magnetic 
forces within a magnetic material, if carried to its logical conse- 
quence, will eventually do for the magnetic circuit what the 
conception of ‘‘energy component’’ and ‘‘idle component”’ have 
done for the electric circuit. Mr. Lippelt also deserves credit 
for his ingenious method of evolving from an unsymmetrical 
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hypothetic equation another of symmetric form. This method is 
likely to have a very wide and useful application in other fields. 

As to his equation (7) which is one of the two important equa- 
tionsin the paper, I take the liberty of disagreeing with the author. 
His line of reasoning, as I understand it, is as follows: 

a. Near saturation, hysteresis practically disappears, making 
= — H. 

b. Near saturation, the relation of H to 6 follows the law 
H = + K/y. 

c. Therefore, near saturation, the relation of R to 6 must 

also be represented by thelaw R = — K/y. 
Mr. Lippelt’s final equation for the magnetic hysteresis curve de- 
pends entirely on proposition ec, and therefore ultimately upon 
proposition b, which he accepts as an established and indisputable 
fact. 

At this point I differ from Mr. Lippelt. I have in my hands a 
few hundred magnetization curves, to demonstrate that the 
relation of H to 8 cannot be represented correctly by the equa- 
tion, H = K/y; that relation can be represented much more 
closely by the equation log y =f —gH, or H =a — blog y. 
It is not possible to present the full evidence in a brief discussion 
like this, and I shall therefore limit myself to a single illustration 
for the present. 


R 


0200400600800 oo 99/H) 
| ' | 


(yj eer 
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Fig. 1 represents the curves for intrinsic induction (Curve No. 
1) and permeability (Curve No. 2) for a sample of electrolytic 
iron. This sample was included in a paper by Dr. Yensen.! The 
sample was tested at the Bureau of Standards, Washington. The 
material as well as the test data are therefore of the highest pos- 
sible reliability. A study of Curves 3 and 4 of Fig. 2 shows 
conclusively that the relation of H to 6 for this material does not 
follow the law H = K/+, but instead, follows the law log y 
=f -—gH. As this material has a remarkably low hysteresis, 
it follows that near saturation, the hysteresis should be prac- 
tically negligible so as to suggest that the true law of reactivity 
should be log y = f + 9 R. 

If, after a careful study of these and several other curves, Mr. 
Lippelt decides to revise his views as to the equation of re- 
activity near saturation, he might have to revise his equation for 
hysteresis also. 


As to the equation for the dissipative component, viz., 
D = — A/ecosh 6 
= —A/eosh { (CH +f) + qvh+(cH +cf)?} 
I notice that the term 6 h,— that is, the peak value of G for the 
hysteresis loop,—is conspicuously absent. We all know that 


hysteresis depends in some way on the peak value of 8; any 
formula for hysteresis in which Bh is absent is, therefore. not 


1. The Magnetic Properties of the Ternary Alloys Fe-Si-C, Dye» 
Yensen, TRANSaAcTions A. I. EB. E., 1924, page 145. 
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likely to be the true formula, even approximately. On this 
point, I believe we need some explanation before we could accept 
Mr. Lippelt’s equation. 

In the course of the presentation of his paper, Mr. Lippelt 
claimed to have established a rational equation for hysteresis; I 
am unable to follow him at this point. If I understand his argu- 
ment correctly, he has attempted to formulate a rational equa- 
tion for R and an empirical equation for D. 
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TABLE I 


MAGNETIZATION TESTS ON ELECTROLYTIC IRON 


Test made at the Bureau of Standards—Test No. Tem. 41893. Data for 
H and B received through courtesy of Dr. T. D. Yensen. The other 
columns of the table are obtained by computation. 


a 
H B B Y (= B/H) i) Log 7 
0.2 460 
0.4 4600 
0.5 7300 
1.0 11150 
PaO) 14230 
4.0 15770 
20.0 17020 17000 4500 850 0 .0002222 3.6530 
100.0 18700 18600 2900 186 0 .0003450 3.4625 
200.0 19960 19760 1740 99 0.0005745 3.2405 
400 .0 21320 20920 580 52.3 0.001724 2.763 
600.0 21900 21300 200 35.5 0.005000 2.310 
1000.0 22500 21500 0 21.5 inf. 2 
1500.0 23000 21500 0 14.3 inf. 7 
2000.0 23500 21500 0 LOT. inf. 
2500.0 24000 21500 0 8.6 inf. 


Notation: In this table 

B-H 

S —B (Where S = 21500). 
6/H (Intrinsic permeability). 


In Section VII (Applying the Theory), the author shows that 
Kennelly’s law of reluctivity follows as a corollary from his 
theory. 

Kennelly’s law is only another form of Frolich’s law. Mr. 
Lippelt’s hypothesis is admittedly a form of Frolich’s law, and 
must necessarily agree with all other torms of that law, including 
Kennelly’s law. Such agreement implies nothing more than 
this—that any hypothesis in harmony with any other hypothesis 
will agree with that hypothesis in all its forms. Such an agree- 
ment has obviously no evidential value in support of the hypothe- 
sis in question. 730 

Mr. Lippelt’s hypothesis (H = K/ 7) is analogous to Boyle’s 
law for perfect gases. But in formulating the law on this basis 
he has to assume that magnetization consists of charging the 
molecules with something that is not in the molecules to start 


Va 
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with, viz., the magnetic induction$. Such an explanation of the 
equation would therefore be in agreement with Poisson’s theory, 
but not in agreement with Weber’s theory, whichis, at present, 
the generally accepted theory. 

Hans Lippelt: It is obvious that in presenting this paper 
I did not intend to advance a final and conclusive treatise on 
magnetism. Of the experimental data which I had on hand, 
only those appertaining to one magnetic eycle of tungsten steel 
appeared to be best suited for the study. With such funda- 
mental limitations, it cannot be expected that the results ob- 
tained and conclusions drawn will cover all possible cases of 
magnetization. This state of affairs is reflected in Division 10, 
under ‘‘Conclusions,”’ by the statement that Equation (7) ishypo- 
thetical. At the same time it should be noted that this equation 
is rather plausible and is also rooted in well-known laws of 
physics. Mr. Gokhale’s apprehension that Equation (Z) is 
“indisputable” does not seem to be claimed in the paper. 

Mr. Gokhale expresses his disagreement in particular with 
Hquation (7) and rests his point of view on research work of his 
own and on premises mentioned under a and b and on a 
conclusion, @. 


In deriving Equation (7), use has been made of the relation 


aN F 2 
, but it has been used merely as a stepping stone for 
A 


evolving Equation (7), which constitutes the improved form of 
the relation between R and y. 
The paper in exploiting the test data makes no use of Mr. 


r 


Gokhale’s relation e: R = — , but employs Equation (7) 


x, 


exclusively. The effect will be understood when, for example, 
both relations are applied to the case of B, = 13183, the highest 
value of magnetization which the tungsten steel attains in its 
magnetic cycle. 


K z 
Mr. Gokhale’s relation (¢) R = — = — us 
x S— 6B 


0.5682 x 10° 
Eee. 21902: wr 1 
16000 — 13183 Case Stet 


2 x 0.5682 X 10° X 18183 
160002 — 13183? 


= — 182 correct value. 


As per Eq. (7) of paper, R= - 


The difference amounts to 11 per cent of the true value. 

Referring now to Curves 1, 2, 3, and 4 submitted by Mr. 
Gokhale, essential characteristics of those curves, not mentioned 
yet, should be stated before making further use of them. The 
equation of Curve 4 is 


log y = log (S — 8B) = 3.6996 — 0.002331 X H (d) 


from which follows (see also Curves Nos. 4 and 1). 


for H =07 =S-—6 = 5007 and therefore B = +6. = + 16500 

for H = 1588 log y = 0; oS = b= eB = 121000, 1 

H=0 would make 7, = Sand log vo = 4.3324 
| which is not situated on the straight 


B=0 ? line No.4. 


The fact that for H =Oa residual magnetization By = + 16500 
occurs, renders the cited curves unsuitable for comparison with 
the hysteresis curve of the paper. Curve 1 looks more like the 
descending branch of a hysteresis curve, while Table I showing 
test data indicates that the H. -values progressed from H = 0 to 


simultaneously 


- 2500, characterizing it as an ascending branch. 
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TABLE II 
Comparison of Equation (7) or rather (15) of the paper with Equation (d) of discussion 
—-R=H K =0.1205 < 10° S = 21500 
K 1 ———_—___ 0.1205 xX 108 1 5 ; ; ; , 
SS =o 2 2 2 =) = + vy (0.1205 x 10°)? + 215002 x H? corresponding to Equation (15) 
H St H VK* + S* XH H H ( 
H -R 20 60 100 200 400 600 1000 1588 
8 as per above Equation (15) 16303 19586 20331 20906 21200 21300 21380 21424 
B as per Equation (d) 17000 17872 18573 19789 20925 21300 21477 21499 
Difference —697 | +1714 +1758 +1117 +275 (0) —97 —75 
Due correction should be made, because ‘‘Weber’s theory” also 2K ee oe B ‘e) 
implies that the magnetizing effect of a field H depends on the Rp, = wa < (Ss? —p2)" = =, r 


configuration of molecules at the beginning of the process. 


On the other hand, if the low hysteresis is to be neglected alto- 
gether, there should be8 = 0 for H =0. 


Fig. 3 herewith has been drawn up to facilitate, as far as 
possible, comparison between Mr. Gokhale’s results of research 
and the theory of the paper. Curve 1 has been copied from Mr. 
Gokhale’s Fig. 1, and Curve 5 is a magnetization curve com- 
puted on the basis of Equation (7), or rather Equation (15), 
which is another form of Equation (7) of the paper. Numerical 
values are given in Table II. K as it appears there is a value 
adapted by mathematical trial to Curve 1. 


1,100 
1,200 
1,300 
1,400 
1,500 


1,600 


Now inspecting Fig. 3, if, as called for, Curve 1 were duly 
corrected to start at the origin of the system, the two curves 
1 and 5 would be close together for values of 8 from 0 to about 
18,000 and from 21,000 to saturation. A difference, however, 
is conspicuous for values of 8 from 18,000 to 21,000. The 
agreement between the two curves would be better yet, if 
Curve 1 would start at a residual magnetization B = — Bo, 
e.g., including that amount of hysteresis which exists in the 
electrolytic iron under test. In the latter case H would be re- 
placed by — R and a conclusive comparison of the two pertinent 
Equations (d) and (7) could be made. If, then, a need for 
improvement of Equation (7) should come into ouiiente, it 
might be taken care of by adding an exponent n, possibly thus 


In this form, the dimensional homogeneity of the equation would 
be retained. Curve 6 shows the corrective effect of a coefficient 
n = 0.949 upon Curve 5. Further research work along the 
lines of the new theory, however, should establish a term for R 
which covers all cases of magnetization. 

Such a revision of Equation (7), or one similar, should have 
only a limited effect upon the equation for the dissipative com- 
ponent D, on account of the anticipated near agreement between 
the curve as per Equation (7) and the graph of the improved term. 


Since, however, the molecular friction (and hysteresis) de- 
pends very much on the material under test, it is to be expected 
that for different materials the D-curves will have different 
configurations. The many constants in Equations (11) to (14) 
give quite a great latitude in this respect and should accord to 
Equations (11) and (14) more than transitional importance. 


The quantity 6, does not occur in Equations (11) to (14), 
because they relate D to H. B is. very much in evidence in 
Equations (33), (35), and (36), and in calculations of loss in 
Appendix ITT. 


The empirical character of the equations tor D is admitted, 
but the Curves D; and D, are rational inasmuch as they are the 
outgrowth of rational theory. 


Section VII (Applying the Theory) was added to show 
first, that by reason of functional appertainment, the magnetiza- 
tion curve should be referred to Rand not to H, and secondly, that 


1 
tan T = me which was not known before. 


Regarding Mr. Gokhale’s reference to Weber’s theory, ac- 
cording to which the magnetism is resident in the molecules, the 
gist of that theory will not be much altered by assuming that the 
molecules are ordinarily devoid of magnetism, but in magnetiz- 
able materials they can be polarized in one direction only. 
When magnetized to the extent of 8 = H (for those molecules 
the polar axes of which happen to be parallel to H) and toB< H 
(for those molecules the polar axes of which are not parallel to H) : 
they tend and begin to aline their axes parallel to the field H and 
thereby also deflect the molecules from their original position. ° 
In so doing they encounter the friction D. At the same time the 
flux within them increases in accordance with their “magnetic 
ability.”” Each molecule then represents only a link in one of the 
many parallel chains constituting the magnetic flux of the circuit. 


A further refinement of the theory will have to settle the 
question as to whether the polar axes are rigidly fixed to their 
respective molecules or whether they permit a certain shift 
around them. 


As the flux enters the molecules and alignment of the polar 
axes takes place, areaction Ris encountered. While mathemat- 
ical terms are given in the paper for D and R, the writer believes 
himself justified in assigning the cause of those forces Rand D to 
the thermodynamic and mechanical state of the material under 


J 
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test. Such conclusions are drawn from results of research 
published by J. A. Ewing.” 

Fig. 4 (herewith) shows the development along its axis and 
& cross-section through a rod of magnetizable material. Cer- 
tain notations are also given which are necessary for further 
explanations. 

The outstanding feature of the aforesaid conclusions is that 
magnetic reaction R, magnetic friction D, and, as a sequel, B, 


3 l tal =Exl 
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Heat 


t? = Cause of f, 
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Field { 


B = Cause of fi, 


a 
ACTIVE FORCES REACTIVE FORCES 


Heat Mechanical force \ thi 7 Elastic reaction; the cause of R 
caused by heat J ,, : 
H=Hr+Hp |Mechanical force) t/a =f Mechanical external force 
caused by 3 =f 
Fig. 4 


depend very much on the relative distance between the molecules. 
There are various forces affecting that distance. 
Briefly stated 


R= Fi (¢,.«) (f) 
D = F; (e, &) (g) 
In general, e. g., if not counteracted otherwise, 


Separation of molecules (Al = + el = positive) by ex- 
pansion lowers D,, R. 


2. “Conclusions drawn from references in Magnetic Induction in Iron 
and other Materials’, by J. A. Ewing. Third Edition, 1900, D. Van Nos- 
trand Co., New York. 


EFFECT OF HEAT ON MAGNETICS 


Page 171, Magnetization of Iron at Various Temperatures, Fig. 77 with 
H =0to2.5. Fig. 78 H =0 to 50, D decreases with increasing tempera- 


Qn 
0 ang eae aes For large H and 8, €m 


dp 

de de 
is approached, hence saturation value goes down. Observe that 6 adds 
to the elongation when within a certain value. Compare Fig.126. H < 280. 

Page 172. Fig. 79, same case, but H =0.3 = constant: tf = 0 to 800 


dD 
deg. For low temperatures: Ta rae 


ture; therefore 


<0 = negative, but D remains too 


large. The weak H =0.3 < D cannot accomplish a parallel alignment of 
polar axes. R therefore remains near zero value. Above 700 deg. D is 
getting so small, (D = 0) that under the weak H, alinement of polar axes 
is accomplished, involving also a a > OandH = — R, which brings 
about further elongation e« = F3 (), carrying ¢ to critical value ém, thus 
reducing® . 6 = H. 

Page 173. Fig. 80, H =4.0 = constant. Fig. 81, H = 45 = const. 
Same process as in Fig. 79, but quantitatively different, inasmuch as the 
stronger field overcomes D at lower temperatures. 

Page 176. Magnetization of nickel at various temperatures. Fig. 86, 
H =0 to 80, t held constant at various values ¢ = 13 deg., 245 deg., 284 
deg., 298 deg., 308 deg. 

D abates with rising temperature, which also entails increasing «. As 6 
grows larger due to the growing field intensity, D is falling off. ¢€ = F3 (8) 
adds to the thermal elongation until the critical value is being approached. 
The greater the elongation by heat, the less elongation € = F 3 (8) is neces- 
sary to reach the critical value €m. 

Page 177. Fig. 87, Field kept constant at various values H = 2.5, 
10, 30, 50; while temperature varies from 0 to 310 deg. Explanations are 
similar to those for Fig. 79. 

Page 183. Fig. 89. Bar magnet subjected to heat cycle 8-160-10 deg. 
Curve shows the abatement of 6 with separation of molecules by thermal 
expansion. Such separation also permits better alinement of axes of 
molecules, which is reflected in higher 6 values when the magnet cools off. 
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Mutual approach of molecules (Al = el = negative) by 
compression increases D, 8, R, each at its own rate. 
If counteraction does take place, as, for instance, when me- 


chanical pressure opposes thermal expansion, the effect upon 6 
depends upon 


dD <ay dR 2 dB h 
de < aie ae a ae by 
dD es dk 2 dp 

da < d a . < da (i) 


For ¢, a critical maximum value em exists. When enis exceeded, 
the effect is similar to that of a large air-gap or a broken magnetic 
chain. 


To augment the above equations (f and j), the following two 
well-known relations should be cited: 


= F; (fons o,f) (k) 
Fa (te;ts) (1) 


Observing now that « = o H and a = 7; G, it isobvious that 
Rand D depend on the elastic quality of the material. 


It is understood, of course, that the two fundamental laws of 
thermodynamics also apply. They must be referred to, for 
instance, when explaining the change of magnetization through 
heat in a permanent magnet. Here they force the conclusion 
that heat energy is transformed into magnetic energy. 


ay 


ll 


The recurrence of 8 and its stored magnetic energy leaves no other inter- 
pretation than that heat has been transformed into magnetism directly. 
This experiment should be repeated with a winding around the magnet 
and connected to a suitable galvanometer for checking the flow of coulombs 
in and out. In that form the outfit would be an apparatus adapted to 
change heat into electricity. 


EFFECT OF MECHANICAL STRESS UPON MAGNETS 


Page 204. Fig. 98, Nickel under compression. H varies from 0 to 160, 
while compressive stress is held constant at various values, e. g., 0, 1.9, 3.5, 
6.8, 10, 13.8, 19.8 kg/mm. Rate of magnetization increases with com- 
pression, e. g., with mutual approachment of molecules. 


Reh EN — ically | th Zs 
dase an ese) numerically larger than Poe 


Residual magnetism -+ 80 increases with pressure, therefore we have 
dD 


Tapes 


Tension applied to nickel has the opposite effect (¢ = positive). Com- 
pare Fig. 95 on page 200. 

Pages 197, 224, Villary effect:—In iron, when subjected to a weak field, a 
mechanical tension will cause f to rise; when in a strong field and put under 
tension, 8 will decrease. 

This Villari effect in iron seems to indicate that in iron a negative 
maximum for ¢ exists. The neutral point between (— €m) and (+ €m) 
occurs when a certain external load is applied. 

Page 243. Fig. 121, Nickel under tension and torsion. Tension alone 
(Curve cc) separates the molecules and therefore holds 6 low. Torsion 
added brings about lateral compression and a mutual approachment of 
molecules, and also an increase of D, the molecular friction. As soon as H 
has reached a value (12 in Fig. 121) to overcome this larger D, alinement of 
polar axes of molecules takes place ‘‘en masse,’’ accompanied by a large 
increase in 8. The molecules remain then in alinement for the descending 
branch, owing to the high value of D, and a high residual magnetism is the 
result. 

Page 208. Fig. 102. Nickel in (successive) constant fields. H = 6.9, 
21.8, 53.5, 118. Pull = 0 to 12 X 2.75 kg/mm*, Separation of mole- 
cules lowers 6 and stored magnetic energy. Removal of tension brings 
back # and its energy. Case is similar to bar magnet under influence of 


heat, page 183. 
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New Fundamental Relations 
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Synopsis.—The properties of a wnit length of single, straight 
conductor, far removed from all other circutts, are investigated to 
endeavor to find whether such a unit is a basic, fundamental one, 
on which deductions and a method of mathematical treatment could 
be based, as was advocated by Ampere, to supplement (not to 
replace) the Maxwell system based on a complete circuit, and to test 
the correctness of some of the postulates now in common use, based 
on the latter system. By several new, simple, and direct proofs 
based only on a few well-established and accepted relations, chiefly 
the internal stresses in a conductor, but excluding infinities, self- 
inductances, induction, and any postulates, a constant is deduced for 
the energy stored by a current in such a unit length, which seems to be 
one of the most fundamental, basic constants in electrodynamics, 
from which many useful deductions can be made, some of which are 
given. This energy of the flowing current corresponds to the 
m v2/2 energy of moving masses. 


INTRODUCTORY 


N science, as in engineering and mathematics, it is 
always desirable to have two independent methods 
of getting a result; they not only afford a very 

desirable check on the result and on each other, but 
each one often has advantages over the other in the 
different fields for which it is best adapted. For the 
analytical treatment of electric currents and circuits, 
the “complete circuit’? system of Maxwell has been 
taught universally and exclusively and for so many 
years that the strong though wrong belief has arisen 
among many that it is the only possible one, and that 
every case must be treated from that and only from that 
standpoint. In some cases this has not only misled 
us but has sometimes even led us away from useful 
facts and relations. 


There is a second and older system, the one advocated 
by that great mathematical physicist Ampere, which is 
based on the single conductor, and which has many 
advantages over the other in specific fields for which 
it is better adapted. Neither system should be used 
to completely replace the other; they should be used 
to supplement each other, each in its own field. An 
electron may start from rest, move to another point 
and come to rest again there, as in a bolt of lightning; 
while moving, it is a current and generates a magnetic 
field in which energy-is stored, quite analogous to the 
m v?/2 energy stored in a moving body. The “‘com- 
plete-circuit’”’ system is a misfit in such a case and 
involves complications which are burdensome and 
confusing to the student, while the single-conductor 
system applies directly. 
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Some of the results differ from those which have been in use; 
explanations are offered of the cause of these differences, and it is 
shown how the results may be brought into agreement, involving 
some changes in our previous conceptions. It is shown that with 
flua lines a distinction ought to be made which is analogous to that 
which distinguishes the wattless ampere from the one in phase, or 
between a true resistance and an impedance; it is shown why what 
might be called watiless flux, ought to be recognized. It is shown 
that self-inductance is used in two senses which may sometimes lead 
to different results, and that a distinction should therefore be made 
between them somewhat analogous to that between resistance and 
impedance or reactance. This, itis believed, would clear up the 
ambiguity now existing in that term. It is believed that some of 
these results could not have been obtained from the Maxwell com- 
plete circuit system, which rather leads one away from them. 


* * * * * 


On the other hand the complete-circuit system 
lends itself well to integrations around a completed 
path. It has served its purpose well and is very vseful, 
and in most of the usual circuits it is quite reliable. 
But in a search for the true, basic fundamentals, there 
is no such a thing as a fundamental or unit or limiting 
circuit; the nearest approach to one is a circular cir- 
cuit in the form of a tore or torus whose centerline 
radius is equal to the radius of the wire, like a doughnut 
with an infinitely small hole through it. This is the 
shortest circuit which can be madewith awire of given 
diameter, hence is at least a limit, but for various 
reasons this is not satisfactory as an ultimate 
fundamental. 

The writer has therefore concluded that the only real 
fundamental is a unit length of a long straight, single 
conductor, far removed from all others, as this embodies 
absolute ultimata; it is the form which is most free from 
all external influences, and besides the current, it 
involves the least number of variables, in fact only one, 
the radius of the wire, and even that one falls out in 
some cases, as will be shown below, for relatively to 
the infinite free space around it for the magnetic flux, 
the small finite radius of the wire becomes negligible. 

The purpose of the present paper is to examine 
analytically the properties of such a unit length of this 
fundamental conductor, without involving infinities, 
the limitations of complete circuit mathematics, self- 
inductances, induction, postulates, or any but well 
established relations, and to deduce from these prop- 
erties any useful relations and constants that may 
exist. 

To do so by considering a straight line as a special 
case of a circle of infinite radius, is unsatisfactory, as 
it introduces that dangerous quantity, infinity, with its 
serious pitfalls into which many otherwise able men 
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have fallen’. Ina French book by Fleury dealing with 
infinity he says: “Infinity has no other property than 
that of being impossible. Any calculation based upon 
absolute infinity, or upon any function whatever of 
absolute infinity, is itself absurd.”” The writer agrees 
with him in this, in part. When the results of two 
methods fail to agree, ‘‘look for the infinity’ he says, 
and you will probably find the error. 

When absolute infinity occurs, as it does, in mathe- 
matical deductions, there are two ways in which it can 
be safely applied in practise. The first one applies (as 
Fleury admits), when it is possible to assume that the 
quantity is simply so large (though finite) that others 
which depend on it may safely be taken as the same 
as they would be if it were infinitely large; this is often 
the case. For instance, in starting a current in circuits 
containing some small inductance, a few seconds is 
generally quite safely taken to be the equivalent of the 
eternity required theoretically for the current to reach 
its final value even in very accurate tests; the currents 
in even sensitive tests made in New York do not ap- 
preciably affect simultaneous researches made in 
Philadelphia, the 90-mile distance being practically 
infinite. Our atmosphere should extend theoretically 
to infinity, according to the laws of gases, yet beyond 
the relatively short distance of 50-60 miles there is not 
enough left to consider; the moon, sun, planets and stars 
encounter no friction in our atmosphere, even though 
it should extend theoretically to infinity. 

The second one applies when some property of an 
infinite quantity can be found which is finite and 
therefore can be practically applied; thus the 760-mm. 
pressure of our atmosphere is finite, though according 
to the theory of gases, the atmosphere must extend to 
infinity; or similarly, the radial magnetic pressure on 
the surface of a singlestraight conductor, by the flux sur- 
rounding it, is known to be finite, although the flux, like 
the atmosphere, should extend theoretically to infinity. 
It will be shown later that under certain conditions 
the flux energy is also finite, though the flux is infinite. 

One of the pitfalls in dealing with infinities obtained 
mathematically is that sometimes the real result is that 
the quantity is merely indeterminate and not infinite; 
this may arise when a factor has been suppressed or 
dropped because it is unity, but it is physically still 
present. : 

By treating the circle as a special case of a straight 
line, instead of the reverse, infinities and their pitfalls 
are avoided, which is another reason for preferring to 
start with the straight line as the fundamental. 


THE SINGLE CONDUCTOR 


In dealing with the single straight conductor as the 
fundamental, the real’ underlying condition (besides 
the straightness of a reasonable length) is not that it 


9. This was well brought out in a discussion by Dr. C. O. 


~ Mailloux, Trans. A. I. E. E., Vol. 42, 1923, p. 328, col. 2, par. 4, 


to p. 329, col. 2, par. 2. 
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must be infinitely long, but merely that the unit length 
is assumed be so far removed from all other currents, 
or magnets, that they will have no appreciable effect 
on it; such currents include its own return circuit. 
Hence in a complete circuit in theform of alarge square 
the sides may be made so large that a unit length 
l, Fig. 1, in the middle of a side, is no longer affected by 
the return current in the opposite side L. 

The only three effects which neighboring currents can 
have on the unit length /, are attraction, repulsion and 
induction, which decrease as the square of the distance, 
and although they may also increase as the length L 
increases, yet the action of both combined is always a 
decreasing function, hence a distance may always be 
reached at which the effects are small enough to be 
neglected, as is always done when two or more indepen- 
dent tests with complete circuits are made at different 
places at the same time, even though with great 
accuracy. 


Hence such a square can always be conceived in 
which the field at its center may safely be taken as 


rca 


KiGae 2, 


zero, and therefore a unit length / in the middle of 
a side is practically as free from the effects of neighbor- 
ing currents, as though it were a single conductor, and 
the flux and flux energy inherent with it are practically 
those in the disk-shaped space D between two parallel 
planes one unit apart, just as they are in a single con- 
ductor. Such a unit length / may therefore be taken to 
represent a unit length of a single conductor to any 
degree of accuracy desired by merely making the square 
large enough. Such a square circuit is therefore a 
connecting link between a unit length of a single, 
straight conductor and a complete circuit; and the 
condition of infinite length, so often used in order to 
degenerate the single conductor to the realm of im- 
possibilities, is no longer justifiable; some of the pit- 
falls of infinity are thereby avoided. 

Maxwell himself determined (Art. 478) the now classic 
law for the flux density around a single conductor, 
with such a closed circuit; Northrup’s determina- 
tion of the internal pressures in a single conductor 
produced by the flux, is not based on the condition of 
infinite length, but as he says, merely on freedom from 
the effects of neighboring currents, and the accuracy 
of his expression was checked experimentally in a 
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closed circuit. Ampere’s able analytical researches 
with the single conductor were no doubt based on the 
same conditions; so is the generally accepted 7?/4 
energy of the flux in the interior of a conductor. Many 
other like cases could be cited, showing that the infinite 
length is not a necessary condition. The same condi- 
tion of freedom from all external influences is assumed 
in all accurate electrical tests, hence it is not an un- 
reasonable or impossible condition. 
ENERGY 


Energy is the one physical quantity which is common 
to all physical phenomena and processes, and its abso- 
lute unit, the erg, applies to them all; hence it is the 
best and in fact the only connecting link between all 
the different groups of physical phenomena. Forces 
may be electromotive, magnetomotive, or pondero- 
motive (tending to move masses), each of which is 
physically different from the other, and their units are 
different and are not directly convertible. Moreover 
some forces are vector quantities, have components 
and resultants, can be generated or annulled and 
follow different laws, while energy is always a constant 
quantity no matter what form it may be in and its 
laws are common to all its forms. Energy is therefore 
the best physical quantity to use as a fundamental and 
the best connecting link between different physical 
phenomena. 

ZERO RESISTANCE 


In searching for fundamentals the number of factors 
or variables should of course be the least possible. 
At absolute zero of temperature the resistance of pure 
metals is eliminated, as it is zero; a current once started, 
as by induction, will therefore continue (theoretically) 
to flow forever, just as a body set into motion will 
continue to move when it meets with no resistance. 
Zero resistance will be assumed in the present 
discussion. : 

In the electric case this stored energy, which was 
stored while the current was started, is represented 
entirely by what seem to be stresses or strains of the 
ambient ether, which are called magnetism, hence it is 
magnetic energy and seems to be very closely analogous 
to the mechanical stresses or strains in compressed or 
stretched elastic rubber, and is static or potential in its 
nature. This stored energy of a current is closely 
analogous to the m v?/2 energy stored in a moving body. 
When any of this stored energy, at zero resistance, is 
released, as by doing external work, the current also 
decreases, as shown in a paper by the writer,’ and when 
it has all been released the current will become zero. 

Such a condition of zero resistance simplifies greatly 
the considerations and conception of some electrical 
phenomena involving flux and energy, as there is then 
no external source of energy to mask the conditions 
when some of the stored energy has been released, as is 
the case when a “constant current” is specified in 


3. Trans. A. I. E. E., Vol. 42, 1923, p. 325. 
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stating the laws, as it usually is, in which case the 
released energy is at once restored again, and there is 
also a continuous flow of energy. At zero resistance 
and with no connected source, the variables are reduced 
to their minimum, hence they are the best conditions 
for studying the fundamentals. The permeability is, 
of course, assumed to be unity, in all such fundamentals. 


UNIT RELATIONS 


Thevery basis of the absolute or c.g.s.system is to make 
as many as possible of the numerical relations between 
different fundamental physical quantities, unit relations; 
that is, the coefficient is unity, in which, however, the 
factor 2 often resulting from integrations, and 7 which 
cannot be avoided, must be included. If, therefore, 
in the search for new fundamentals and relations 
between them, the latter turn out to be unit relations, 
the presumption is strong that they are correct, 
though it is not necessarily an absolute proof. A 
number of the relations deduced below will be seen to 
be unit relations. 


THE FUNDAMENTAL CONSTANT 


One of the most basic fundamental quantities in 
electrodynamics therefore seems to be the energy 
represented by, or inherent with, or stored in, a unit 
length of single, straight conductor by a given steady 
current, under the most basic conditions; if this 
quantity leads to unit relations its fundamental 
character is confirmed. 

Determination of this Constant. The problem which 
the writer endeavored to solve therefore was to deter- 
mine this basic fundamental constant and to do so by a 
method which does not involve any physical quantities 
other than energy, mechanical forces, and currents, 
hence excluding completely that ambiguous quantity 
called self-inductance, and the theory of linkages 
(perhaps still incompletely proved) in the case of self- 
produced flux, both of which are so often relied upon 
absolutely in such energy calculations; nor does it 
involve any infinities or “postulates’’! and it is more- 
over very direct and simple; there should, therefore, be 
no difficulty in either confirming it or pointing out 
precisely the error in it, if there is one. This energy 
should of course be the same no matter by which 
process it has been determined; if not, an explanation 
must be looked for and it ought to be possible to find it, 
especially if it lies in this simple proof. Fleury’s 
advice in such cases is to “look for the infinity.” 


_ While this method is new and different from the 


orthodox ones, it involves no new or unproved laws. 
The method is based on the recently discovered and 
now well-known fact that when a current passes through 
a conductor internal stresses and strains in the form of 
radial pressures and longitudinal tensile stresses are 
produced, quite analogous to those in a magnetic field; 
4. A postulate is defined in the dictionary as ‘‘a proposition 


accepted without proof; something that must be assumed in order 
to account for something else.’”’ (Italics are the author’s.) 
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but as the former act directly to tend to move the 
material of the conductor, they produce truly pondero- 
motive forces (tending to move masses), as is readily 
shown when the conductors are liquid and the current 
is large enough, as they increase with the square of the 
current, like most other electromagnetic forces. Being 
true mechanical forces they can be correctly specified 
and measured in dynes. Hence by letting these 
known mechanical forces act through known distances, 
the corresponding amounts of energy may be deter- 
mined. Unfortunately neither Ampere nor Maxwell 
had the advantage of any knowledge of these internal 
stresses. 


INTERNAL STRESSES 


Many years ago the writer noticed these stresses 
when large currents were passed through liquid con- 
ductors in electric furnaces; the forces were sometimes 
strong enough to completely rupture the circuit by 
crushing it radially or tearing it longitudinally, and as 
this always occurred in one place by depressing the 
liquid where the cross-section of the open channel 
happened to be least, the phenomenon was colloquially 
called the ‘‘pinch effect’? by which term it is now 
generally known. These forces are now used very 
effectively in hundreds of electric furnaces for lifting 
and circulating the liquid metal. 

Later, Dr. E. F. Northrup, to whom the writer had 
described this peculiar phenomenon, developed the 
mathematical formula for the quantitative value of 
these pressures, in a very able paper.’ He based it on 
the attraction of the filamentary conductors for each 
other, and also on the radial force acting on each 
filamentary conductor due to its being in the magnetic 
field inside of the conductor; both methods gave the 
same result. It is important to note that it was also 
confirmed by him later experimentally to a high degree 
of accuracy (using, of course, a complete circuit), 
showing that the pressures were true, mechanical ones, 
and that their units in the formula are in dynes per sq. 
em This formula or law may therefore be safely 
accepted as quantitatively correct, reliable and accurate. 
The present writer showed later that in the ¢.g.s. 
system this law is a unit relation for the pressure at the 
center of a round conductor which, though it may not be 
a proof, is always strongly confirmatory of correctness. 
This easily remembered relation is p = 72/S in which 
S is the section. 

Northrup’s general law for the radial pressure p in 
dynes per square centimeter at any point in the interior 
of a round conductor of radius FR at a radial distance r 
from the center, and carrying a current 1, is 
p = 72 (R?— 7?) + 7 Rt, the now well-known “pinch” 
pressure formula; all’ the quantities are in c.g. 8. 
units.’ This gives the mechanical stresses or strains 1n 
the form of radial pressures in any part of the cross- 
section of a round conductor, produced by a current 


5. Physical Review, June 1907, p. 474. 
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flowing through it. The curve of these pressures is a 
parabola, Fig. 2; hence for the whole section the 
curved surface of the loci is a paraboloid of revolution. 
This mechanical pressure is zero at the circumference, a 
maximum at the center, and the mean over the whole 
section can readily be shown to be half of the maximum; 
the formula also shows that this radial pressure is 
independent of the length of the conductor. This 
formula is based on the condition that, as Northrup 
himself states it, the conductor is a part of a very long 
straight conductor of circular section “very far sepa- 
rated from its return conductor,” hence is not limited 
to the impossible infinitely long conductor. 


PROOFS 


There are several proofs of this constant, 2?/2 ergs 
per cm. all of which lead to the same result and there- 
fore confirm each other. They are rigid, being free 
from approximations, dropped factors, infinities, in- 
ductanee, self-inductances, or mere postulates. One 
is based on the radial pressures, oneon the longitudinal 
force, and other shorter ones based on what some may 
consider allowable assumptions. The energy referred 
to is that which is required to start a steady current; 
it is constant while the current is flowing, and is set 
free again when the current stops; it: is quite inde- 
pendent of the energy which may be transmitted while 
the current is flowing; it is quite analogous to the vis 
viva or the m v?/2 energy in a moving body, like that 
required to bring the cable itself up to its normal speed 
in a cable transmission. By the first method, based 
on the radial pressures, it is measured as it is set free, 
while the current decreases to zero; it involves only 
two of Maxwell’s undisputed laws. By the second’ 
method, based on the longitudinal force, it is measured 
as it is being stored by a constant current in an in- 
creased length of the conductor; it involves only the 
Northrup and the so-called Kelvin laws. In both, 
the conductor is assumed to be a liquid, and the energy 
is measured by the mechanical work done by this 
energy. 

Radial Pressure Method. A steady current is 
assumed to have been started by an external source, 
in a circuit of zero resistance, hence would continue to 
flow without a connected source until all its vis viva 
or stored energy has been consumed by transformation 
into some other form of energy. This stored energy 
is quite analogous to the m v?/2 energy stored in a body 
moving at a constant velocity and without encounter- 
ing any resistance. 

An experimental proof that the energy stored in a 
body moving at a constant velocity is equal to that 
given by the well-known formula m v?/2, might be 
obtained by opposing the motion of that body by a 
constant pressure or force until it comes to rest, when 
its energy is exhausted; then the product of this force 
and the distance over which it was applied before the 
body came to rest, would evidently be equal to this 
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mv/2 energy, thereby proving that this expression 
gives the correct amount, or that this amount might be 
determined in that way if that formula were unknown. 


The present method is quite similar. Assume any 
given length J of such a straight, single, liquid con- 
ductor of circular section having a radius R and a 
current I (c. g. s. units); or it may be the whole circuit 
of length J, if only it is large enough that each unit 
length is far enough from the return circuit not to be 
affected by it. It is well known and could easily be 
shown, that-such a liquid conductor will tend to 
shrink radially, due to the pressures produced by this 
stored magnetic energy. 

From Maxwell’s H = 2J1/R for such single con- 
ductors, and his H?/8z pressure formula, this radial 
magnetic pressure on the outside surface is easily 
shown to be J?/2a R? in dynes per sq. cm.; this is the 
total, resultant pressure; it will be explained below why 
this is the resultant and under what conditions Max- 
well’s H?/8 a pressures are true mechanical pressures 
in dynes per sq. cm. Whatever may be the detailed 
explanation of the mechanism of this shrinkage, say 
through a radial distance d, it is true in any case that 
this pressure must have then acted through this distance 
d and has thereby done work. Let the outflow of this 
liquid due to this shrinkage be assumed to be opposed 
by a constant mechanical pressure on the liquid 
(analogously to the constant pressure referred to above 
opposing a moving body), as for instance by making the 
liquid which is ejected by this shrinkage raise a weight, 
as it does in hundreds of electrical furnaces in daily 
use.6 This opposing constant outflow pressure is made 
equal to the above radial pressure. 

In thus acting on the outside through the distance d 
this constant radial pressure has set free a known part of 
the energy originally stored in the flux; this is de- 
termined from the distance d and the known force 
equal to this constant pressure multiplied by the mean 
area. Hence there is then left less flux energy and 
therefore of course also less current. Let this shrinkage 
at constant outside pressure against an equal, constant, 
outflow pressure, continue until the conductor has 
shrunk to a line, that is, to zero. 

At these radial and outflow pressures, assumed to be 


6. If necessary to picture the details (though they are 
immaterial and do not affect the theory involved) let the liquid 
be supposed to be ejected through a tube leading to a cylinder 
foreign to the conductor, having a piston which raises a constant 
weight; as the pressures in the interior of the conductor are known 
to be different at different distances from the center, this tube is 
assumed to be applied at that radial distance r from the center 
(namely when 7? = R?/2) at which this particular pressure exists 
and is constant during the shrinkage, hence it must be assumed 
to be moved toward the center as the conductor shrinks. When 
this is done, and only under those conditions, the quantitative 
mathematical relations become extremely simple, as will be 
shown. This shrinkage against an opposing pressure must of 
course be assumed to take place simultaneously throughout the 
whole of that circuit, though only a portion of it needs to be 


considered mathematically. 
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constant and equal, it can be shown that [?/7? = Rar 
in which i and r are the current and radius after a 
shrinkage; for the first pressure P is [?/2 a ? and 
the pressure p after this shrinkage to a radius r is 
i2/2 a 12; when these are made equal to each other the 
above relation follows. Hence I/i = R/r, that is, the 
currents will diminish in proportion to the radius, and 
therefore the current, and with it of course the energy 
also, will become zero, when the radius has shrunk to 
zero. This shows that all the stored energy has thus 
been consumed in crushing the conductor to Zero. 
The remaining energies are proportional to the squares of 
the currents or radii, but this is not an essential relation 
in this proof. 

It also follows that for any given length / of the 

conductor the total radial force, as distinguished from 
pressure (force = pressure X area), diminishes in pro- 
portion to the radius, that is, F/f = R/r, and it is 
therefore also zero when the radius is zero. These 
simple relations hold only when the outflow pressure is 
made numerically equal to this constant radial pres- 
sure; this outflow pressure always exists at a distance 
from the center equal to the outside radius divided by 
the square root of 2, as shown by the Northrup formula, 
and his experimental demonstrations show that these 
forces are true, mechanical forces in dynes agreeing 
quantitatively with Maxwell’s formulas. 
-.As the original radial pressure is P = 12/2 a R? the 
force at first is F = 27 RP1l=1I1°/R in dynes, and 
as it diminishes in proportion to the radius, the work 
done by its acting radially to the center is the mean of 
the original and zero, hence is | J?/2 R, which acting 
through the distance R gives as the original stored 
energy W = 1 I?/2 ergs or J?/2 ergs per cm., which is 
the basic, fundamental constant sought for. This quan- 
tity was thought by our forefathers to be infinity, as 
deduced from the “complete circuit’? system; the 
explanation why there is this disagreement will be given 
below. Attention is called to the fact that this total 
72/2 ergs, is just twice that long known to reside in the 
inside of the conductor. 

The same result could be obtained by the calculus, 
and the liquid might then be assumed to be ejected 
continuously at the center where the pressure will vary 
from twice the radial pressure at the start, to zero 
at the end; the opposing outflow pressure must then be 
assumed to vary accordingly in order that at every 
moment there is equilibrium. The radial pressures will 
then no longer be constant but will decrease, and the 
current will decrease faster than in proportion to the 
radius. Itis then analogous to stopping the movement 
of a body by means of a variable, instead of a constant, 
force. . 

Longitudinal Force Method. A steady current is 
assumed to be kept flowing in a liquid conductor of 
zero resistance, zero weight, and constant diameter, by 
a continuously applied source. Instead of allowing the 
mechanical stress to act radially to set free the stored 
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energy as before, it is now allowed to act longitudinally 
to lengthen the conductor of constant diameter by a 
specified amount, whereby the source adds to the 
circuit the energy stored in this added length. This 
added energy is calculated by letting this known 
longitudinal: force lift a known weight through a 
known height while lengthening the conductor by the 
latter distance; the source thereby does a known amount 
of external work, and according to the so-called Kelvin 
law it then simultanously adds to the stored energy 
of the circuit an amount equal to the external work 
done. Hence the energy stored in this added length is 
equal to this known external work done. 

The force is calculated from the pressures given by 
the Northrup law, which is generally recognized as 
correct, both relatively and quantitatively, and the 
pressures have been shown experimentally to be true 
mechanical pressures in dynes per sq. cm.; it may now 
be safely classed under the “classic”? laws. The 
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Kelvin law, though not always referred to by this 
name, seems to be a universal law in dynamics and 
when properly worded, may also be safely classed under 
the “classic” laws. The conditions of the circuit are 
that only the additional length need be liquid, the 
parts near it must have the same diameter, the part that 
moves must be considered as weightless and of course 
it must be straight for a reasonable length and the 
return circuit must be far removed. 

In Fig. 3, let S be conceived to represent an in- 
finitely thin cross-sectional layer of a circular, liquid 
conductor of radius R. Let W bea weight, which may 
be shaped as a paraboloid of revolution to correspond 
with the pressure loci in Fig. 2, though merely to 
simplify the conception, as a cylindrical body of half 
the maximum height and the same base would have 
the same weight or volume and would answer quite as 
well. Let a current 7 be conceived to be passed axially 
through this section, the rest of the circuit being shown 
diagrammatically only. Let the layer S be assumed 
to be connected at its circumference, where the pres- 
sure is zero, to a supply reservoir of more liquid dia- 
grammatically represented by T; the liquid is assumed 


to be weightless and the supply from the outside is 
assumed to exert no pressure and to involve no energy. 

The conductor S being a liquid, the radial pressures 
of the Northrup formula will act equally well axially, 
let it be said by hydraulic action, if that is preferred; 
hence they will raise the weight W, the additional 
weightless liquid necessary to provide for the lengthen- 
ing of the conductor being supposed to be supplied 
from the outside under no pressure. The pressure 
formula will be seen to be independent of the axial 
length, hence these axial pressures will always remain 
the same as the weight is raised, that is, the total 
vertical lifting force is a constant, for a constant: 
current. This axial lifting force is being used in hun- 
dreds of electrical furnaces in daily use lifting many 
tons per day, hence is well known and not a mere 
theoretical force on paper; its quantitative value is 
also well known. 

Let the weight be lifted / cm. (Fig. 3). The surface 
of the loci of the pressures being a paraboloid of revo- 
lution, it can readily be shown’ that the average pres- 
sure over the whole section is half the maximum at the 
axis. At the axis r = 0 (in the Northrup formula), 
hence the maximum pressure there is p = 7?/m R?; 
multiplying half of this by the total area 7 R?, gives 
72/2 as the force in dynes; that is, the total lifting force, 
ana therefore the weight W which it will lift, is numer- 
ically equal to 72/2 dynes. Having lifted it / cm. the 
external energy expended on the weight is: energy = 
force X distance = 1 7?/2 or 77/2 ergs per unit length. 
Hence according to the above mentioned Kelvin law, 
the stored magnetic energy of the conductor per centi-. 
meter of length, must be 2?/2 ergs also, the source having 
supplied double thisenergy. This is the basic fundamen- 
tal constant sought for. 

Other proofs. A given radial pressure can always be 
replaced by its corresponding circumferential tension. 
If P is the radial pressure on the outside of a conductor 
as given above, it can be shown that the tensional 
force (not pressure) in a band encircling a unit length 
of the conductor and producing the same radial pres- 
sure, is P R in dynes, in which FR is the radius. If a 
stretched, elastic band having this tension be assumed 
to be developed into a straight line (equal to the cir- 
cumference) and then allowed to shrink to zero length, 
following the law of the perfect spring, namely that the 
tension is proportional to its length, it can be shown 
that the energy set free thereby is again the same, 
72/2 ergs. 

From the Northrup formula the pressure in dynes per 
sq. cm. at the center is just twice the 7?/2 7 R? pressure 
in the same units, at the periphery, from outside. As 
the outside pressure must also act at the center, it 
might be argued that the inside flux has added an equal 
amount, hence that the energies residing inside and 

7. It is well known that the volume or weight of such a 


paraboloid of revolution is equal to that of a cylinder having 
the same base and half the height. 
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outside are equal, therefore the total is double the well 
known inside energy 77/4. 

At the periphery the two mechanical forces balance, 
as there is no tendency to movement there, according 
to the Northrup formula; there is no resultant there. 
As the forces are equal the energies should be also, as 
both forces must be considered relatively to the same 
center, hence as acting through the same distance, the 
radius. Again the total is twice that inside. 

The very basis of the c. g. s. system is that the funda- 
mental relations are unit relations, at least as far as 
possible. If it may therefore be assumed that the self- 
inductance (in its true energy sense) of a unit length of 
the fundamental conductor, is unity, then if Z in the 
usual expression L 7?/2 for this energy, is made unity, 
the energy becomes 7?/2. A self-inductance is stated to 
be physically a length, and in the c. g.s. system it is 
correctly measured in centimeters. Under fundamental 
conditions this length and the length of the conductor 
should be the same thing. This constant then follows 
directly. 


Those who recognize the existence of the longitudinal 
force will find that in a fundamental conductor of 
uniform diameter it is numerically equal to 77/2 dynes, 
from the Northrup formula, and that in this funda- 
mental conductor it is independent of the diameter or 
the length. Hence when this force acts to stretch or 
lengthen its conductor without doing any external 
work (though generating a counter e. m. f.), the energy 
is being stored, just as it would be when the speed of a 
moving body is increased. If lis this added length, the 
added energy will of course be /7?/2 ergs, which for 
a unit length again gives 27/2. 

Doubtless still more proofs could be found which are 
also free from the pitfalls of infinities, the ambiguous 
self-inductances, and the shortcomings of the complete 
circuit theories, which had misled us in the past. 


DEDUCTIONS FROM THIS CONSTANT 


It will be seen that this constant is independent 
of the diameter of the wire, and depends only on the 
current, both of which have long been known to be 
true of the flux energy residing in the interior of the 
conductor, 22/4. For any length / the energy is 1 7?/2, 
that is, it is directly proportional to the length. This 
7/2 ergs is apparently one of the most basic fundamental 
constants in electrodynamics, and from it interesting 
deductions follow. 

This 22/2 is the total stored energy, outside of the 
wire and inside. It has long been known and is easily 
proved, that the amount stored inside of the conductor 
is 72/4 ergs per cm. It follows therefore that of the 
total, half of the energy resides in the inside and half 
on the outside, as one might expect nature to distribute 
it. . 

This constant also shows that the energy of the flux 
is finite, though the flux itself is of infinite extent, in 
the same sense that our atmosphere extends to infinity. 
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It is one of those cases in which a property of an infinite 
quantity is finite and therefore affords a means of 
treating an infinite quantity mathematically without 
danger of falling into the pitfalls of mathematical 
infinity. Another finite property of this theoretically 
infinite flux is what might, in a certain sense, be called 
the resultant or equivalent flux, as will be described 
below. 

Reduced to the units used in practise the general 
formula becomes W = 0.00001524 / J? in which W is 
the stored energy in watt-seconds or joules, / is the 
length in 1000-ft. units, and J is the current in amperes. 
This shows how extremely small it is. 

A very interesting and important deduction, showing 
another new unit relation, is that in the c. g.s. system 
each unit of current generates one unit of flux around 
such a conductor, in each unit of length, and indepen- 
dent of the diameter; it includes all the flux inside and 
outside. But this flux must be specifically defined, as 
it is a resultant, equivalent, or condensation of all the 
very large number of lines into which it divides itself 
as it spreads out into space; these resultant lines might 
be termed fundamental maxwells. This condensation 
is such that these resultant lines when combined with 
the magnetomotive force in common to them all, repre- 
sent the true stored energy in that field. It is somewhat 
analogous to supposing our widely diffused atmosphere 
to be condensed into a thin solid or liquid layer around 
the earth, which has the same mass. Or these con- 
densed lines may be imagined to be those originally 
generated by the current and then spread out into space 
according to the laws of distribution, but without any 
change of energy contents, just as the condensed atmos- 
phere would spread out without change of mass. Such 
lines are a means of summing up an infinite quantity 
by one of its properties (energy in this case) to get 
something finite. They are useful in calculations of 
flux energy and they clear up some ambiguities, but 
they are sometimes distinctly different from those 
entering into calculations of the induction of e. m. fs. 
by cutting or linking. This will be further discussed 
below. 

The proof of this equality is as follows. The energy 
residing in a complete circuit of flux is: ergs = max- 
wells < gilberts/8 7. The magnetomotive force in 
gilberts around a single conductor is 4 7 7, and as the 
energy per unit of length is 27/2, it follows that 72/2 
= 4a27f/8m in which f is the number of lines in 
maxwells; hence 7 = f. This unit relation is a funda- 
mental one and applies rigidly only to the fundamental 
conductor, and of course, not at all to bi-filar non- 
inductive circuits, nor when the permeability is not 
unity. The ‘“‘complete circuit’? mathematics leads us 
away from it rather than toward it. It seems to mean 
that in the ¢. g. s. system current and flux are merely 
different physical representations of the same quantity, 
as far as energy is concerned, though, of course, only 
when the resistance energy is zero; or that magnetism 
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is merely an effect of current at a distance, the energy 
residing in the moving electrons. 

For a unit length and unit radius the total radial 
force (not pressure) from the outside, is numerically 
equal to 7? dynes, hence is another unit relation; for 
other radii it is inversely proportional to the radius. 
This force multiplied by half the radius (because it is 
radial) again gives the constant 27/2. 

The stored magnetic energy in any part of a circuit 
is generally calculated from the formula L 7?/2 in which 
L is the self-inductance of that part in centimeters. 
In the fundamental conductor this energy is 1 7?/2 in 
which / is the length in centimeters. Hence in such 
conductors the self-inductance (in the energy sense of 
that term) is the same thing as the length of the circuit, 
that is, the distance over which the current flows; 
another interesting unit relation. This explains why a 
self-inductance is physically the same kind of a quantity 
as a length, a purely geometric quantity, at least under 
the most fundamental conditions; the permeability is 
of course taken to be unity in all fundamental cases. 
It also shows why in the c. g.s. system it is correctly 
expressed in centimeters, or in 10,000. kilometers for 
thehenry. Italso follows that under these fundamental 
conditions the self-inductance is independent of the 
diameter of the wire, which would seem to follow also 
from the long-known fact that the energy of the flux 
in the interior of the wire is independent of the diameter. 

This stored electromagnetic energy, / 77/2 ofacurrent, 
is quite analogous to the visviva or stored mass energy 
m v?/2 of a moving body. In the c. g.s. system both 
are equal to 14 erg when all the quantities are unity, 
and one may write li? = mv, which means that if all 
the electromagnetic energy stored by a current i} 
flowing for a distance J, in such a single conductor, be 
converted into moving mass energy, the relation of the 
mass to the velocity must be such that mv = Lies 
Thus for say 1000 amperes flowing in such a conductor, 
the stored electromagnetic energy in every foot is 
the same as the mechanical energy stored in.a weight 
of 0.723 or nearly 34 Ib. moving at 1 ft. per sec., 
or 0.181 Ib. at 2 ft. per sec.; all are equal to 0.01124 
foot-pounds or 152,400 ergs. This is the energy, per 
foot of conductor, set free when the current is stopped. 
For ang other length of conductor this equivalent mass 
increases as this length. 

It is of interest to note that for 1 ampere this energy 
stored per centimeter is equal to that of 5.10 millionths 
of a gram raised one centimeter, which is extremely 
small, and shows why the least resistance in such a 
conductor stops a current almost instantly after the 
e. m.f. ceases. Yet our forefathers claimed that this 
energy was infinitely large, which it seems is still being 
taught. j 

Another result which this constant, 7?/2, has led to, 
is a better understanding of the true nature of flux 
energy and calculations pertaining to it, as explained 
_ below. 
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When this stored magnetic energy per unit length of a 
single conductor is deduced by means of the mathe- 
matics of the complete circuit and by some of the older 
methods and postulates, or by means of self-induetance 
formulas (always only approximate), the result is that 
even for a very small current this stored energy per 
unit length is infinite, while 72/2 is generally quite small. 
But as the above proofs are simple, brief, rigid, and 
involve nothing but well established laws, it does not 
seem possible to find any error in them in a long dis- 
cussion since the writer’s first publication of this result,* 
deduced by a similar though more involved process. 

The discrepancy therefore must be looked for else- 
where. The mere fact that the result differs from our 
older views, cannot of course, be accepted as a proof 
of an errorinit;if that were done in this and other cases, 
further progress in science would be checked. 

The writer believes that this discrepancy can best be 
located and explained, and that the criticisms of the 
above proofs can best be answered, by first getting a 
clearer conception of the various factors and elements 
involved, and by endeavoring to show how and where 
some of our older conceptions had misled us, and which 
of them may be questioned and should be modified or 
revised if wrong. The new result, if correct, may well 
be used as a test of the correctness of some of the older 
laws and postulates. 


THE SQUARE CIRCUIT 


As explained above, a circuit in the form of a very 
large square (Fig. 4) is the best form of complete 
circuit for studying the properties of a unit length of a 
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single conductor. A number of the criticisms involving 
the “rest of the circuit” are also answered by this form. 


If the lengthening of the circuit. described in the 
second proof above, be assumed to take place simul- 
taneously in the middle of two opposite sides, as in 
Fig. 4, and the material of the circuit be considered 
weightless, many of the criticisms made will be met. 
The only additional flux and flux energy will then be in 
the unit disks D and D; those in and around the rest of 
the circuit will not have been changed in the least. 


8, “A Single Straight Conductor as a New Fundamental”, 
Jour. Frank. Inst., Feb. 1925, p. 235. In this article the first 
part of the paragraph forming the upper half of p. 243 contains 


an unfortunate arithmetical error and should be deleted. 
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It is of interest, and answers some criticisms, to 
suppose the reverse movement to be forced to take 
place, that is, that even when only a small steady 
current is flowing in such a circuit as Fig. 4, it be 
forced to be shortened by a unit length (half a uniton 
each of two sides) or even less. According to the older 
views that the stored energy inherent in a unit length 
of such a circuit (or even less) is infinite, it would have 
to follow that an infinite amount of energy had been 
set free by this small motion and sma!] current, which of 
course would be absurd. 

It has been claimed that the other sides L L repel 
each other, thereby tending to lengthen or stretch the 
others, and that this force must be added to that exerted 
in the unit length. The very premises are, however, 
that they are so far apart that their repulsion effect 
on each other along their whole length (which is due to 
their own flux) may be safely assumed to be zero. 
It is true, however, that no matter how long the other 
sides 1,1 are, the force which lengthened the unit 
length, caused by the mutual repulsion of the parallel 
disks of flux, exists along the whole length and therefore 
acts on L and L also, to repel them at their ends, as 
they are the abutments. But as this is the same 
force, it would be an evident error to add it to itself. 

This may be illustrated by the following mechanical 
analogy. Let T, Fig. 5, be a tube of any length, even 
very long; it is conceived to be filled with some elastic 
material under pressure which is just resisted by pistons 
acting against the abutments BB which therefore 
seem to tend to repel each other. If now some more of 
the compressed material be introduced at A the 
abutments B and B will move apart, but the force that 
moved them is that applied at A,and must not, of course, 
‘be added to the prior force which seemed to repel 
the abutments, as it is one and the same force. When 
a rope supporting a weight is lengthened the force 
in it must not be added to that in the rest, as it is the 
same force. 

FLUX AND FLUX ENERGY 

A unit line of flux, a maxwell, by itself represents no 
specific amount of energy, any more than anampere does 
(after it is started); it might therefore be “‘energyless”’ 
like a wattless ampere, though for different reasons. 
Amperes represent energy when combined with the 
electromotive force in phase with them; a maxwell repre- 
sents stored magnetic energy when combined with its 
magnetomotive force in gilberts (or with ampere- 
turns). The energy in ergs is equal to the maxwells 
multiplied by the gilberts and divided by 87. The 
magnetomotive force in gilberts in a complete magnetic 
circuit around ‘a long straight wire, is numerically 
equal to 4 7 7 (7 is the c. g.s. unit of current equal to 
10 amperes); hence one gilbert = 10/4 a ampere-turns. 

But there is a very important difference in the 
analogy between the amperes in an electric circuit and 
the maxwells in a magnetic circuit. In an electric 
circuit the filamentary amperes, each multiplied by 
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their voltage in common and in phase, may correctly be 


added together to get the total energy; but the writer 


maintains that this cannot always be done correctly 
with the maxwells. 

The reason for this is best shown by analyzing the 
flux around and in a straight conductor. In Fig. 6 let 
C be the cross-section of a conductor; then according 
to the well known law, H = 21/r, the ordinates of the 
Curve F give the flux densities Hat any distance r from 
the center, outside of the wire, while the ordinates of the 
straight line f give the H inside of it. At the surface 
the two are, of course, exactly equal, namely h, as they 
are in equilibrium there. 

The flux lines outside may be said to act by their 
contraction somewhat like layers of stretched rubber 
bands, the outer ones exerting a radial pressure on 
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all those between them and the surface, just as the outer 
layers of our atmosphere exert a radial pressure on all 
those below them. Hence the magnetic pressures 
(H?/8 7 according to Maxwell) at the surface of the 
wire, are the resuliants of all those outside of the wire, 
just as the atmospheric pressure of 760 mm. is the 
resultant of all the pressures above it. This radial 
pressure from outside contributes to the flux density H 
(Curve F’) which is greatest at the surface. As H 
means maxwells per sq. cm. there are true maxwells 
in all this space around the wire, theoretically all the 
way to infinity. 

But to combine all these maxwells with the gilberts 
and add all these energies together to get the total, as 
has been done by some (which of course gives infinite 
energy) is, in the opinion of the writer, neither justified 
nor correct. It is adding things again that have already 
been added. The magnetic pressure at the surface 
is already the sum (integration) of all those beyond, 
just as the pressure at the bottom of a wall of bricks is 
the sum or integration of all those at the individual 
layers above the bottom; it would surely not be correct 
to add together the total pressures at each layer of 
bricks to get the total at the bottom. 

The stored energy is a function of this pressure; 
Maxwell’s formulas give the pressure in dynes per 
Square centimeter as H?/8 m and the energy in ergs per 
cubic cm. as the same H?/8 7. Hence if it is wrong to 
add the pressures, it is equally wrong to add the energies 
deduced from them. If one calculates the energy from 
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a resultant, one cannot again calculate it for all of the 
components which make up this resultant and then add 
them together (or integrate) to get the total. It is 
either one or the other but not both. 

If, for instance, arubber rod of a square centimeter 
section, were stretched say a centimeter, the stretching 
force would exist in all parts of its length, and energy 
would be stored in every centimeter of its length. But 
if 1t be then cut, and contracts for one cm., all its 
stored energy would be released in the cubic centimeter 
space in that cut, even though it had formerly been 
distributed along its whole length; it is the energy of the 
resultant; the cut could be made anywhere along its 
length with the same result. To then multiply the 
energy in that cubic centimeter by the length of the 
stretched rod to get the total stored energy while 
stretched, would evidently be wrong, as it would be far 
ereater than the energy expended in stretching it elt 
would be adding again what had already been added 
in the resultant. 

Maxwell’s energy formula H?/8 7 per cu. em., is, in 
the opinion of the writer, analogous to this case. It is 
not denied that this much energy could be released 
from a cubic cm., but the writer claims that it is energy 
based on a resultant, and if released, then other parts of 
the magnetic circuit that had contributed to it, would 
lose their energy also. What has misled us is that 
constant current has generally been assumed, in which 
case any energy taken out of a system is at once re- 
stored again by the source. In studying such funda- 
mental cases one should conceive, as stated above, the 
conditions of zero resistance at which a current once 
started continues without a source of supply of new 
energy. If in such a case a part of the stored magnetic 
energy is set free, the current will fall as was described 
above. The squares of the currents will be proportional 
to the remaining energies. 

The following analogy (though not quite perfect) 
will help to understand the physical nature ofthese 
magnetic stresses, and will perhaps help to clarify some 
disputed points. * Let C Fig. 7 be the section of a long 
cylinder with a very thick wall and an infinitely small 
hole along its axis; let it be conceived to be made of 
something very elastic like rubber, in the sense that 
rubber is elastic. Let water be forced into the hole until 
it expands into the large hole h; the ends are closed, and 
may be neglected in considering a unit length in the 
middle. 

The compressive and tensile strains or stresses in the 
wall around h will then be closely analogous to the 
magnetic strains or stresses in the ether around the 
outside of a straight conductor, h representing the con- 
ductor. They will be greatest at the surface of the 
column h, decreasing to practically zero on the outside 
surface of the rubber. If the mechanically elastic 
properties of the rubber were the same as what might be 
called the magnetically elastic properties of the ether, 
(Maxwell’s statement to the effect that the tensile 


stress along lines of force is equal to the repulsion 
between like lines, seems to define these elastic prop- 
erties), the analogy would be more perfect, as far as 
the stresses and energy are concerned; but it does not 
extend to the water, as the stresses in it are quite differ- 
ent from those in the inside of the conductor; nor does 
the conductor have to collapse to release the magnetic 
energy; it is the current in it which becomes zero when 
the field becomes zero (for zero resistance). A com- 
plete mechanical analogy does not seem to exist. 

The energy stored in this stressed rubber per unit 
length is certainly finite, this cannot be questioned, and 
it is exactly equal to that which was required to force 
the water into the hole; it therefore cannot possibly be 
infinite. The radial pressure at the surface of the hole 
h is the resultant or summation of all the components 
beyond it; when it is allowed to act, as by letting it 
force out the water, the stresses in other parts disappear 
also, as they formed a part of the total. If the energy 
is set free by the action of the resultant of component 
forces, it evidently cannot then be set free again by the 
component forces also; either one or the other but not 
both, can act to set free the energy. To integrate these 
pressures in successive infinitely small, concentric 
layers would be summing up what had already been 
summed up before, hence would give erroneous results, 
far too great. Hence integrating the energies in such 
layers, based on the pressures existing there, would be 
equally absurd, yet this is what has been done in the 
electrical case as an alleged proof to show that the stored 
energy per unit length is infinite. 

The above seems to show that, while there are lines 
of flux, maxwells, in the space surrounding a wire, it is 
not proper (as has been done) to combine all these 
maxwells with their magnetomotive forces, to get the 
energies represented by them, and then add all these 
energies to get the total. Hence it seems to be proper 
to apply to some of them the corresponding term used 
with amperes, and say they are wattless (to some extent) 
in the sense that they cannot all represent the energy 
attributed to them when considered individually. To 
do so would be to add to the energy of a resultant the 
energy represented by the components which make up 
this resultant. When a resultant exists, the energy 
in a system is that represented by this resultant, and 
no more. 

Amperes are wattless when out of phase with their 
e. m. f. while maxwells are wattless when their energies 
are represented by, or attributed to, that of their 
resultant. The e. m. f. induced by the linkage or cut- 
ting of lines, is independent of whether they are wattless 
or not, as will be explained below. 

There being no such thing as a magnetic insulator, 
the lateral spreading of flux due to the repulsion of like 
lines can be resisted only by other flux; the magnetic 
properties of iron are, of course, always excluded in a 
study of fundamental laws and properties. The radial 
magnetic pressure from the outside, at the surface of 
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a round wire, must therefore be exactly balanced by an 
equal and opposite radial magnetic pressure from the 
inside, due to the lateral pressure of the inside flux. 
This is known to be the case and follows from what was 
shown in Fig. 6, in which the densities H just outside 
and inside of the surface, represented by the ordinate 
h, are equal, and therefore the pressures H?/8 7 in 
dynes per sq. cm. in opposite directions, are also equal 
and therefore in equilibrium. Hence during the steady 
state there is no resultant radial pressure between these 
two at this surface, though this surface, considered as a 
thin layer, may be said to be compressed magnetically 
as though between the jaws ofavise. Thisis confirmed 
by the Northrup formula in which the mechanical radial 
pressure at the surface, when r = R, is zero. This has 
been the subject of some discussion, as it was thought 
that the tensile stress of the outside lines ought to 
exert a radial mechanical pressure from the outside. 
When a weight is supported on a hand there is no 
resultant force which can do any work, the upward and 
downward forces being equal. But when the upward 
pressure is reduced by only the slightest amount, the 
weight will descend and do work equal to the weight 
multiplied by the distance. Similarly when the pres- 
sure in the inside of a conductor is slightly relieved, as 
for instance if it were a liquid, part of which was forced 
out, then the outside pressure will act. The conditions 
are somewhat analogous to those in a lever. 

The inward pressures from the outside flux are 
balanced by the outward pressures of the inside flux; 
hence the former are represented by the latter, and are 
transferred to that flux, and it is in this interior flux that 
the conductors tend to move to the center, thereby 
exerting the pressures in the Northrup formula. It is 
for this reason that the mechanical pressures on the 
inside, and therefore the energy deduced from them, 
are based on the total pressures, inside and outside, and 
therefore represent the total energy. 

Maxwell's H?/8 7 Pressures. Doubt has often been 
raised as to whether these H2/8 a pressures and tensions 
are really in dynes per sq. cm. for if they are, they are 
real, ponderomotive or mechanical pressures, and not 
mere mysterious magnetic pressures. The fact that 
these magnetic pressures exist radially on the outside of 
a conductor though there does not seem to be any 
mechanical force there, under stable conditions, has 
been explained above. Northrup’s experimental mea- 
surements of the actual mechanical forces in the interior 
of a liquid conductor, produced by these theoretical 
electromagnetic forces, demonstrated that the latter are 
correctly expressed in dynes per sq. em. Hence these 
?/2 am R® radial pressures from the outside ‘are true 
mechanical pressures provided they are properly 
interpreted. 

To be mechanical these H?/8 7 stresses must of course 
act on some mechanical abutment; the ether cannot 
act as one. The lack of proper consideration of such 
abutments no doubt has given rise to much confusion; 
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they do not appear as factors in calculus calculations. 
The two unlike poles of nearby magnets are the abut- 
ments for the tension of the lines between them. 
The only abutment of the endless lines in space encir- 
cling a conductor is, of course, the surface of the material 
conductor against which they exert radial pressures, 
as a stretched rubber band would do. 

In the writer’s opinion this H?/8 a expression can be 
applied correctly to parts of fields only when the density 
is uniform, which it can be only when the lines are 
straight and parallel; the pressures of none of them are 
then resultants of the pressures of others. Even then 
they cannot be added, as by integration, any more than 
one could add together the pressures at successive layers 
of a confined compressed gas. When the lines are 
curved, those on the inside of the curve support the 
pressures of those outside of it besides their own, as 
superimposed rubber bands would; hence to add them, 
or the energies deduced from them, by integration, 
would be adding again what had already been added. 
In differentially small parts of fields uniform density 
may no doubt be assumed. It seems that the H?/8 7 
pressures and tensions in the differentially small layer 
next to the surface of the conductor, which forms their 
only abutment, can safely be taken as true mechanical 
stresses in dynes per sq. em. but those radially beyond 
must not be added to them. 


INDUCTION 


Attention is called to the fact that the e. m.f. in- 
duced by cutting or linking a definite number of lines 
of flux per second is entirely independent of the energy 
inherent in that flux; hence conversely it is not proper 
to draw any conclusions as to the energy in that flux 
from this induced e. m. f.; yet this has been done. 


Imagine a field between two parallel rectangular iron 
pole faces; let there be F linesin this field and let it be cut 
by or linked with, a moving circuit, in a given time. 
Now let the pole faces be doubled in length or width 
but contain the same number of lines F and be cut or 
linked in the same time as before. The induced e. m. f. 
will be exactly the same, yet these same lines in the first 
case will have four times the energy in them that they 
had in the second case, as their density H is twice as 
great. Yet in the case of self-inductance, from the 
counter e. m. f. induced by a rising current, very posi- 
tive conclusions have been drawn concerning the energy 
inherent in the self-produced flux lines that have been 
cut or linked. 


This, in the opinion of the writer, is not justified for 
the reasons just given, even though it is generally 
accepted and important conclusions are based on it. 
It seems that this is partly the explanation of the disa- 
greement between the writer’s results and those based 
on mere “‘postulates” and on some of our older theories. 

It is true that in the case, for instance, of a large 
single-turn circuit, without iron, of course, the ampere- 
turns are the magnetomotive force of the flux circuits 
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around the wire and linked with the loop; also that the 
energy of flux is proportional to the product of the max- 
wells and the ampere-turns; but in the opinion of the 
writer the latter is not true when the energy in some of 
the flux lines is the resultant of the energy of some of 
the others, that is, when the pressures of some lines are 
components of the pressures of others, hence some of 
them must be considered as wattless in the sense above 
described; if not, as explained above, it would be 
adding again what had already been added before. 
In a very large single-turn circuit, for instance, the 
flux encircling a unit length of circuit would not differ 
greatly from that around a unit length of the funda- 
mental straight wire, in that the flux distant from the 
wire exerts a pressure on that nearer to it, and that the 
pressures of those lines nearer the wire are therefore 
resultants of those beyond. The e.m.f. induced 
by the linkages or the cutting of such wattless lines 
is the same as with the others, but the energies repre- 
sented by them are not. Hence it does not appear 
to be justifiable to draw such definite conclusions as 
have been drawn about the energy of the flux lines, from 
merely the e. m. f. induced by them, and the m. m. f. 


SELF-INDUCTANCE 


In the writer’s opinion this term self-inductance has 
been used in two different senses, one when applied 
to energy and the other when applied to the induction 
of a counter e. m.f. in its own circuit when its own 
current varies. 

When the energy per unit length of a circular circuit 
of, say, one turn, is calculated (as it generally and perhaps 
always has been) from the self-inductance as deter- 
mined from the usual formulas, it becomes larger as the 
radius increases and is infinitely large for a straight 
conductor considered as a circle of infinite radius. 


- But all self-inductance formulas for such circles are 


only approximate (some factors having been dropped as 
too small), and seem to involve empirical constants. 
To extrapolate an approximate formula to infinity 
is evidently not rational. Moreover in extrapolating 
even a rigidly exact expression to infinity the result 
may sometimes have been interpreted as infinity when 
it really is an indeterminate; a suppressed or dropped 
factor may make this difference. 

Hence the explanation of the disagreement of the 
writer’s result with that obtained in the older way 
from such formulas, is better looked for in the latter 
which involves infinities, as the method used in the 
former is mathematically rigid, and involves no in- 
finities or indeterminates. These self-inductance for- 
mulas have no doubt been tested experimentally and 
have been found to be (or have been adjusted to be) 
correct to limited extents, but this applies only to the 
range of circuits tested, beyond which it is still an 
extrapolation, hence involves the pitfalls of that process. 
Within the ranges tested, the self-inductance per unit 
length no doubt increases when the diameter of the 
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circuit increases, but the writer maintains that when 
the circles become very large it must start to decrease 
again reaching the above theoretical limit for a straight 
conductor. It is of interest that for the limit in the 
other direction, the smallest possible circuit (the 
torus referred to in the beginning of this paper), the 
usual formulas approach quite closely to the above 
theoretical limit. 

If a flexible wire is curved, a current in it will tend to 
straighten it; this is due to the greater pressure of the 
disks of flux (due to a greater density H) against 
each other on the inner side of the curve; or to the 
longitudinal force which tends to stretch and therefore 
straighten it; Maxwell’s pressure formula H?/8 7 
shows this greater pressure, the abutments of the force 
being of course in the wire as the ether cannot act 
as an abutment. By this straightening it expends a 
part of its stored energy; hence it must have less when 
straight than when curved as claimed above, even 
though according to the approximate self-inductance 
formulas (though beyond their tested ranges) it ought 
to have more then. As this would take place with 
zero resistance, when a current once started will 
continue to flow without connection to any source, this 
straightening is done at the expense of its stored energy 
and it is therefore not a case under the Kelvin law, 
there being no source to supply additional energy. 

Even for very large circuits the energy calculated 
from these approximate formulas is not enormously 
greater than the writer’s small result and it is nowhere 
near infinity; hence it would take but a small change of 
curvature of the curve to make them correspond for a 
straight wire or a very large circle. In a small circuit 
the “return” part of the circuit tends by induction to 
increase the current in the other part; by the very 
definition of the fundamental conductor, this kind of 
induction no longer exists. As a circuit becomes larger 
this induction may become larger due to increasing 
length, but it diminishes as the square of distance, hence 
must decrease as the circuit becomes larger. 

The error pointed out above, due to adding the 
pressures of components to those of their resultant 
which already contains them, seems to grow less as 
coils become smaller .and especially when they are 
solenoids; it may, therefore, be small in the coils used in 
practise, which may explain why it was not noticed 
before. It may nearly disappear in the torus (a 
solenoid with a circular axis) in which the field is 
nearly uniform. When quite uniform this error natu- 
rally disappears. 

Self-inductance is usually defined as flux per ampere, ~ 
hence as a derived quantity and not as an independent 
one, which it seems to be in the energy sense. This 
definition makes it dependent on only the flux 
and the current, and nothing else. It is known, however, 
that in practise it is dependent also on such factors as 
frequency, shape, skin effect, phase difference, etc. 
From the physical dimensions it is true that flux 
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divided by current is a length; and in the fundamental 
conductor the “resultant’’ flux (in the energy sense) 
is the product of the current and the length of its path 
in c. g. s. units. 

A resistance (which is physically an independent 
quantity) was formerly considered to be defined cor- 
rectly as aderived quantity, namely volts per ampere, 
but it is now known that although this is sometimes 
correct (for d.c.), it may be so very wrong (when the 
volts and the amperes are not in phase) that this 
derived quantity was given a special name, impedance. 
The wattless ampere resulted from this distinction. 
Today we can realize the confusion and misfits that 
must have existed before this distinction was recog- 
nized by Kennelly over 30 years ago. But the true 
quantity, called self-inductance, is a purely geometric 
one, a length, hence is really an independent quantity, 
like a resistance, independent of any flux or current. 
Why should it be defined then as derived from these? The 
only reason seems to be, that like in the case of resistance 
this quotient sometimes gives the correct result. But 
again, as in the case of resistance as a derived quantity 
may this not sometimes give incorrect results; may 
there not be a difference between two self-inductances 
analogous to that between resistance and impedance; 
and if so, would this not lead to wattless flux (as de- 
scribed above) just asthe difference between resistances 
and impedance has led to the wattless ampere? 

The counter e. m. f. in self-inductance induced by the 
self-generated flux of a varying current depends only 
on the number of lines cut or linked and is independent 
of whether they are wattless or not, as was explained 
above.. The lines in the interior, however, can have but 
a fractional value of those outside, as they do not cut 
the entire conductor. 

The writer believes that the disagreement between 
his result and that deduced by the older views, is due 
largely to the fact that self-inductance had been defined 
as a derived quantity and that a similar distinction 
should be made as was done in the case of resistance. 
That kind of self-inductance which it is always correct 
to use in energy calculations, should be distinguished 
from the kind which it is always correct to use in in- 
ductance and for the latter the term self-inductance 
might well be retained as it describes it correctly. 
Sometimes these two self-inductances may be equal, as 
in the case of resistance and impedance, but sometimes 
they may differ, and then some wattless factor is 
involved. There seems to be nothing unreasonable 

in this. 
THE LONGITUDINAL FORCE 


In the second proof above it was assumed that the 
radial forces, (which, being perpendicular to the con- 
ductor are in accordance with past teachings and there- 
fore have been accepted), acted hydraulically to produce 
the axial forces which lifted the weight. For many 
years’ the writer has maintained (as Ampere did) that 
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there exists also a force in the direction of the axis, 
hence a longitudinal force, which, acting in both direc- 
tions, he termed a “stretching” force tending to elongate 
the conductor. Maxwell in Art. 526 discusses it 
briefly and does not there deny its existence. The 
writer showed by experiments” that this force acted 
also in solids, hence can not be only hydraulic; also that 
theory demanded it; the newer electronic theories also 
seem to demand it. This force is due to the mutual 
repulsion of the lines of force encircling a conductor, 
which forces have their anchorage or abutments in the 
material of the conductor, the only place where they 
could be. The existence of this force, which cannot 
be denied, is now receiving more general acceptance. 

In the opinion of thewriter the recognized perpendic- 
ular force and this disputed longitudinal one, are in 
fact really the same force, as the ether seems to act 
like a liquid or gas, in the sense that a magnetic force 
exerted on it in any direction, acts in all directions, as a 
mechanical force does in liquids and gases, in which the 
parallelogram of forces no longer applies. Maxwell’s 
conclusion that the tension along lines is numerically 
equal to the repulsion between them, seems to bear 
this out. 


AMPERE’S METHOD REVIVED 
That great mathematical physicist, Ampere, endeav- 


ored to develop a mathematical treatment of electric 


circuits based on straight elements of conductors. 
Maxwell (Art. 526) did not approve it and preferred his 
complete circuit system, which has been very useful; 
but it has unfortunately led us away from the Ampere 
system, the development of which has been neglected. 
Ampere had not the advantage of knowing anything 
about the more recently discovered internal stresses in 
a conductor (the so-called pinch effect), which have led 
to the above basic constant, and which, together with 
the Ampere system, leads to a possible mathematical 
treatment of electric circuits, which while not replacing 
the Maxwell system, should be developed as an alterna- 
tive system to use when the Maxwell system is inade- 
quate, or misleads (due sometimes to infinities) or fails 
to disclose important factors, such as this constant and 
the wattless elements. Many interesting and useful 
developments seem to be possible now in such a system 
of mathematical treatment in which the fundamental 
is the single conductor (Ampere’s method), in place of 
the complete circuit of Maxwell, and some of the results 
in the former could not have been deduced from the 
complete circuit system. 


CONCLUSIONS 
In the opinion of the writer, the above proofs, de- 
ductions, and discussion, will show that a new system 
of treatment of electrical problems can be based on the 


9. “The Stretching of a Conductor by Its Current.” Jour. 
Frank. Inst., Jan. 1911, p. 73, Also other later papers. 

10. Electromagnetic Forces, Trans. A. I. E. E., Vol. 42, 
1923, p. 311, see more particularly Figs. 6 and 9. 
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single, straight conductor, as distinguished from that 
based on the Maxwell complete circuit; not to replace 
the latter system but to supplement it, and to test the 
correctness of parts of it. The single conductor system 
leads to some new and useful results and shows that we 
should modify some of our former conceptions; also 
that in flux lines there is an analogy to the wattless 
ampere which ought to be recognized. It also shows 
that the term self-inductance has been used in a dual 
sense and that a distinction should be made analogous 
to that between resistance. and reactance. Some 
heretofore unknown and useful relations have been 
deduced from what is believed to be one of the most 
fundamental constants in electrodynamics, the value 
of which is determined by simple proofs. Some of the 
results deduced could not have been deduced from the 
complete circuit system, which has, in some cases, been 
misleading. 


Discussion 


S. L. Quimby: In the classical electromagnetic theory, self- 
inductanee is specifically defined and invariably calculated as a 
property of a complete electric current circuit. No theory con- 
sistent with the facts revealed by experiment has yet been de- 
veloped to make possible the calculation of the self-inductance 
of any portion of a circuit. 

I now propose to analyze the two experiments described by 
Dr. Hering and to point out the way in which the energy relations 
derived by him differ from those which are in accord with the 
electromagnetic theory. 

I shall first consider the second of these experiments. Dr. 
Hering bases his analysis of this upon a theorem aseribed to Lord 
Kelvin. This theorem states that if any system of current cir- 
cuits in which the currents are kept constant by batteries is 
allowed to alter its configuration, then, of the work done by the 
batteries in keeping the currents constant, one-half will appear as 
increased magnetic energy of the system of currents and one- 
half as mechanical work. 

Fixing our attention upon Dr. Hering’s apparatus, we imagine 
that, initially, the weight is locked rigidly in place and furthermore 
that the whole conductor is perfectly rigid. A current flowing 
in this conductor now supplies us with a definite system of 
current circuits, namely, the very large number of filamentary 
conductors into which the finite conductor may be imagined to be 
divided. With the weight still locked in place, we now suppose 
that the conductor is no longer rigid, but elastic. Under the 
action of the pinch forces, it will shrink, radially. Its. self- 
inductance will therefore increase by an amount AL, and the 
magnetic energy of the system will increase by an amount 
1/2. AL.#. Atthesame time, acertain amount of mechanical 
energy is stored in the elastically strained conductor. Kelvin’s 
theorem tells us that this energy of elastic strain is precisely 
equai to the increased magnetic energy. The radial displace- 
ment of the material of the conductor accompanying the shrink 
involves a cutting across the lines of magnetic force in the 
conductor, and the counter e. m. f. thereby developed accounts for 
the work done by the battery in supplying the elastic energy. 

This is as far as Kelvin’s theorem carries us in our analysis, for, 
if we now release the weight, it will move and this motion will 
cause the introduction of new conducting material into the circuit. 
We no longer have a definite system of conductors to consider but 
instead a system which is continually changing through the 
continual introduction of new conductors. Kelvin’s theorem 
can no more be applied to an analysis of this machine than it could 
to an analysis of an ordinary d-c. motor, in which, barring 
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resistance, all the energy supplied by the battery appears as 
mechanical work and the magnetic energy remains practically 
constant; and this for the same reason, since the commutator on a 
d-c. motor is merely a device for continually introducing new 
conducting circuits into the system. 

The introduction of new mercury into the conducting system 
involves a radial flow across the lines of force in the conductor 
and it is easily shown that the work done by the battery against 
the counter e. m. f. thereby developed is precisely equal to the 
mechanical energy acquired by the raised weight. 

Dr. Hering’s analysis of his first experiment is based upon an 
assumption which, in the light of the electromagnetic theory, 
is false. He assumes that if the pinch pressure is allowed to 
annihilate a fluid-conducting circuit of the type described, then 
the mean pressure, 7. e., the pressure at a distance [/ V2. from 
the axis of the conductor, will be constant. This, as the author 
shows, is equivalent to the assumption that the current will de- 
crease linearly with the radius. Calculations based upon the 
electromagnetic theory show that under the conditions of the 
experiment the variation of the current with the radius of the 
conductor as it collapses would be given by the expression 

I = flog 2 pl/ RU 
where 
log (3/4), 


ll 


1/p 
and 


1 =the length of the conductor. 


In conclusion it may be observed first, that the classical 
electromagnetic theory has never concerned itself with the 
calculation of the self-inductance of, nor the energy associated 
with, a unit length or any other portion of a current cireuit, 
and second, that the argument by which the author arrives at his 
value of these quantities is not consistent with that theory. 

A word should be said on behalf of the self-induction formulas 
supplied by the electromagnetic theory. Where these are 
calculated for the simple circuits, of whatever size, referred to 
by the author, they do not necessarily contain approximations, 
never involve empirical constants, and are never derived by 
extrapolation. 

The author, if I understand him correctly, maintains that the 
process of evaluating the total magnetic energy ina certain space 
by integrating the Maxwellian energy density H 27/87 throughout, 
that space, is valid only when the magnetic field is uniform in 
direction. It seems to me that this criticism lacks weight. Con- 
sider, for example, a circuit consisting of a straight cylindrical 
conductor with a return through a concentric cylindrical con-" 
ducting sheath. I doubt very much whether Dr. Hering will deny 
that the energy associated with such a current circuit can be 
obtained correctly by integrating H?/8 7 throughout the volume 
enclosed by the sheath. And yet this is precisely the type of 
field for which he denies the validity of this procedure. The 
argument which he uses in support of his contention is not, in 
To adopt one of his own analogies, it is 
quite true that the pressure at the bottom of a column of bricks. 
cannot be obtained by adding together the pressures at the 
bottoms of successive strata, but the total potential energy of the- 
column most certainly can be calculated by summing up the 
separate potential energies of the different strata. 

B. A. Behrend (communicated after adjournment): Dr.. 
Hering’s paper is a eritical review of fundamental electrical 
principles and an attempt is made to call attention to, and suggest. 
a different attitude toward, certain phenomena and experiments 
which in the conventional treatment appear distinctly awkward. 

It has been known, of course, to the earnest and profound 
student, that unipolar or homopolar induction and allied 
phenomena strain somewhat the fundamental simplicity of 
Faraday’s law of induction as given to us in its mathematical 
form by Maxwell. But Maxwell and his interpreters were aware 
of this, as was pointed out forty years ago by Oliver Lodge\in his 
“Modern Views of Electricity.” I discussed some of these 
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difficulties with Prof. Lodge about 1890 and retain his pencil 
memoranda on the subject. 

Attempts to compare the fundamental phenomena of elec- 
tromagnetism to related phenomena in hydrodynamics and the 
theory of elasticity have proved useful. Temperature and 
electric and magnetic potential and the velocity potential appear 
as complete mathematical parallels. Lord Kelvin and Professor 
P. G. Tait have established the identity of mathematical con- 
ditions in St. Venant’s torsion problem and a hydrokinetie 
problem.! Professor A. E. H. Love has also worked out the 
hydrodynamical analogy in which the problem of torsion of a 
twisted prism is compared with that of a frictionless liquid in a 
rotating cylindrical vessel or with liquid circulating with uniform 
spin in a fixed cylindrical vessel coinciding with the surface of the 
twisted prism.” 

What I propose to point out here is that a similar complete 
analogy exists between the electromagnetic phenomena cited by 
Dr. Hering and the phenomena of torsion of prisms as treated 
by de St. Venant. The value of such analogies lies in creating 
mental pictures and substituting for unfamiliar problems those 
to which we have grown accustomed. 

So far as I understand the Faraday-Maxwell electromagnetic 
theory and the ideas recently propounded in several papers be- 
fore the Franklin Institute and this Institute by Dr. Hering, I 
daresay that Dr. Hering’s views, far from being contradictory of 
the conventional theory, give an additional physical interpreta- 
tion and expound some of the obscurities and difficulties of the 
traditional theory. Guided by his own views, Dr. Hering has 
made some valuable inventions which in themselves speak well 
for his point of view, and it seems as though both Bourbon and 
tyro of our art might well lend an open mind to these papers and 
to Dr. Hering’s interesting and thoughtful experiments. 

R. P. Jackson (communicated after adjournment): I was 
much interested in the statements of Dr. Hering in the February 
JOURNAL, page 123, concerning comparisons of the inductance 


1. Treatise of Natural Philosophy, by Kelvin and Tait, part II, p. 242. 


2. A. E.H. Love, Treatise on the Theory of Elasticity, Vol. I, p. 158 
et. seq. 
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of a circular circuit with that of a straight conductor of equal 
length. Some years ago I made an investigation of similar 
character and came to approximately the same conclusion. 

At that time, I was investigating the requirements of conduc- 
tors to and from lightning arresters. A great deal has been said 
about the increased impedance of bends and angles in such 
conductors and of the necessity of maintaining straight lines or 
easy curves and avoiding sharp bends. A little investigation 
demonstrated that as soon as you begin to curve a conductor 
away from a straight line you begin to reduce its inductance 
per unit length and that a single-turn loop could not possibly 
have as much inductance as the same conductor run in a 
straight line, far from any return circuit. 

This conclusion, of course, does not entirely remove the ob- 
jection to curves and bends in lightning conductors for the simple 
reason that a straight line is the shortest distance between two 
points. For that reason, being the shortest conductor, one 
following a straight line will probably have less inductance than 
any other conceivable path would afford. 

he presence of necessary angles and bends is harmful only 
in so far as the total length of the conductor is increased and their 
harmful effect may be much less than ordinarily assumed, pro- 
viding, however, the conductor itself is of proper section and 
shape. 

It is apparently more important to avoid single, small eylin- 
drical conductors than it is to fear convenient and necessary 
curves and bends in connection with high frequencies. When 
there is more than one turn, however, the condition is entirely 
changed as the same flux threads through the various turns and 
there is the well known approximation, depending on the relative 
position of the turns, for the inductance to increase with the 
square of the number of turns. 

(Epiror’s Note: Following the presentation of the paper, 
M. F. Skinker read from an article by Leigh Page, published in 
the Journal of the Franklin Institute for February, 1926, page 
245, which article discussed a former article by Dr. Hering in the 
same Journal. Dr. Hering’s reply to this is published in the 
April issue of that Journal, page 497.) 
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Heaviside’s Proof of His Expansion Theorem 
BY M. 8S. VALLARTA 


Associate, A. I. E. E. 


Synopsis.—Heaviside’s proof of his celebrated Expansion 
Theorem, found scattered in his ‘‘Electrical Papers,” is reconstructed. 
It is based upon his so-called ‘‘conjugate theorem.’’ also discovered 
independently by Routh, which establishes a relation between any 
two normal modes of oscillation of a dynamical system. Heavi- 


side’s argument applies to systems having finite number of degrees 
of freedom and no repeated or null roots of the determinantal equa- 
tion of the system. The relation between Heaviside’s, Carson’s 
and Wagner’s proofs is also pointed out. 

ch me P eRe ed es 


les an arbitrary electric network be given and 
suppose a unit constant voltage is impressed at a 

certain instant. Then the determination of the 
d-c. transient and of the steady state which follows 
consists in finding an integral of a linear differential 
equation of the nth order, with constant coefficients 
and satisfying mn initial conditions. By ordinary 
methods the determination of the arbitrary integration 
constants using the initial conditions is, as a rule, 
extremely laborious, except perhaps in the simplest 
type of circuits; therefore, a formula giving directly 
the transient current, without requiring the determina- 
tion of integration constants, would mean a considerable 
advance in circuit theory. If, further, it is realized that 
when the d-c. transient and the corresponding steady 
state are both known, the behavior of the network 
under all common types of impressed voltages is also 
known?, the importance of such a formula becomes at 
once evident. 

In his celebrated Expansion Theorem, Oliver Heavi- 
side gave just such a formula. In accordance with his 
somewhat eccentric habits of thought, he merely wrote 
down his final result on page 127 of the second volume 
of his “Electromagnetic Theory,” without giving a 
proof, even without the slightest hint to his previous 
investigations leading to this result. This seems to 
have. eventually given rise to the impression that 
Heaviside did not prove his Expansion Theorem, but 
rather found it in some obscure fashion, peculiar to him, 
by considerations which might not be of the nature of a 
logical proof. Thus J. R. Carson in his latest-paper on 
circuit theory? writes that ‘the Expansion Theorem 
was stated by Heaviside without proof; how he arrived 
at it will probably always remain a matter of conjec- 
ture,” while K. W. Wagner‘ writes, “Heaviside gibt 
die Formel ohne Beweis, ja selbst, ohne einen solchen 
anzudeuten” (Heaviside gives the formula without 
proof; what is more, without giving an indication of 

1. Massachusetts Institute of Technology, Cambridge, Mass. 

2. J. R. Carson, Theory of the Transient Oscillation of Elec- 
trical Networks, etc. Transactions A. I. E. E., p. 346, 1919. 

3. “Electric Cireuit Theory and Operational Caleulus.”’ 
Bell System Technical Journal, Vol. IV, p. 685, Oct. 1925; see 
p. 713. 

4. “Uber eine Formel, von Heaviside zur Berechnung von 
Binschaltvorgange,”’ Archiv fiir Elektrotechnik, Vol. 4, p. 159, 
te ica at the Midwinter Convention of the A. I. E. E., 
New York, N. Y., February 8-11, 1926. 
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one) and exactly the same view is expressed in a 
recent paper by L. Casper®. Now, although no proof 
of the Expansion Theorem, and even no indication of 
such, is given in the “Electromagnetic Theory,” 
numerous scattered investigations which might lead 
up to this remarkable formula are found in Heaviside’s 
“Electrical Papers” and also in many of his published 
writings; therefore, the possibility that he might have 
given a proof of his Expansion Theorem was recognized 
by some writers, among them V. Bush‘, L. F. Woodruff’ 
and the present author’. It was not until quite recently, 
however, that a reconstruction of Heaviside’s own proof 
of his Expansion Theorem was possible. 

The first to examine Heaviside’s investigations lead- 
ing to the Expansion Theorem and to recognize their 
interest, extreme generality and correctness, was 
T.J. Bromwich’, who, in an exhaustive paper published 
in 1916, but read in 1914, not only gave an independent 
derivation of the Expansion Theorem, similar to Wag- 
ner’s’®, but also showed with extreme clearness the 
connection between Heaviside’s argument and those 
methods of derivation which, like Bromwich’s and 
Wagner’s, make use of contour integrals to solve the 
dynamical equations. | 


Heaviside’s derivation of his Expansion Theorem is 
based on the so-called “‘conjugate theorem” which we 
now proceed to establish. The conjugate theorem was 
probably first discovered by Routh", but Heaviside 
was undoubtedly unaware of Routh’s results, his 
methods are completely independent and, further, his 
results are easier to state than those of Routh. 


5. ‘Zur Formel von Heaviside ftir Hinschaltvorgange,”’ 
Archiv fiir Elektrotechnik, Vol. 15, p. 95, 1925. 

6. ‘‘Heaviside’s Operational Calculus,’”’ Mimeographed notes 
for use of students at Massachusetts Institute of Technology, 
p: 37, July, 1925. 

-7,. ‘Principles of Electric Power Transmission and Distri- 
bution,’’ p. 237, footnote, Wiley, New York, 1925. 


8. “Notes on Heaviside’s Operational Method,’’ Mimeo- 
graphed notes for use of students at Massachusetts Institute of 
Technology, p. 17, March, 1923. 

9. “Normal Coordinates in Dynamical Systems,’ Proceed- 
ings of the London Mathematical Society, Vol. 15, p. 401, 1916. 
See pp. 415-420. E 

10. Wagner’s proof of the Heaviside theorem appeared as a. 
part of his paper already quoted (1. c. footnote 4) on March 21, 
1916. Bromwich’s paper was read on March 12, 1914, received 
April 22, 1916, published in 1916. 


11. ‘‘Rigid Dynamies,’’ Vol. 2, Articles 383, 384; 1892. 
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Consider an electric network of n degrees of freedom 
(n currents required to specify the circuit completely 
at any one instant). It is well known that such a net- 
work is the exact analogue of a dynamical system of 
degrees of freedom in which the forces of reaction are 
proportional to the displacements from equilibrium 
or zero configuration (7. e., elastic forces of Hooke type) 
and the forces of resistance are proportional to the 
velocities. In this electromechanical analogy, induc- 
tance is equivalent to coefficient of inertia, the reciprocal 
of capacity to the elastic coefficient and resistance to the 
coefficient of dissipation or frictional coefficient; 
electromotive force corresponds to applied force, 
current to velocity and charge to displacement. This 
fact has been already utilized in the analysis of circuit 
problems by mechanical models and conversely by 
Doherty and many others. 

The equations of motion of a dynamical system of 
the type specified above are well known to be!?: 


a? d 
Cie Bic SoA) 


la 


a d 
+ (Cn Got Bugp t Am) tm =F 
Peete ee me ters es (1) 
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ee. 7, Bin ag spying Paes 
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Sip nn gp nn FE Ae nn Ln = n 


In this system of linear differential equations, Cxx, Bxx 
and Axx are the coefficients of inertia, dissipation and 
elasticity of the kth branch, zx the displacement of the 
kth branch and Cx, Bx;, Ax; the coefficients of inertia, 
dissipation and elasticity between the kth and the jth 
branches. F1, Fe. _F,, are the external forces 
acting on the corresponding branches. 


Equations (1) form the starting point of Heaviside’s ) 


argument!’. On account of the precise analogy between 
the electric network and the mechanical system, it is 
immaterial whether use is made of electrical or mechan- 
ical entities and it is permissible to change from the net- 
work to the mechanical system if only the right equiva- 
lents are used. Let Q be the rate at which energy is 
dissipated in the system, due to the presence of fric- 
tional forces in it, U the potential energy of the elastic 
forces and T' the kinetic energy. The power transferred 


to the system by the applied forces is © Fx ax (ax 
k=1 


12. For a full discussion of these equations and their deriva- 
tion see for example Whittaker’s ‘‘Analytical Dynamics,’ p. 
177, Cambridge, 1917. 

13. ‘Electrical Papers,” Vol. 2, p. 202. First published in 
his paper ‘“‘On the Self-Induction of Wires,” Parts 3 and 4, 
Philosophical Magazine, Vol. 22, pp. 332-352 and pp. 419-442, 
October and November, 1886; see p. 335 and p. 426. 
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= d xx/d t), so the conservation of energy gives 


BPege-QtUtT (2) 
which says that the power delivered by the applied 
forces is equal to the energy dissipated, plus the rate 
of increase of the kinetic energy of the system, plus the 
rate of increase of the stored elastic energy. Q, U and 
T are defined in terms of the variables x; . seit 
which determine the state of the system at a given 
instant by the expressions, 


1 
Zo x Ci Li ai 
i,j =1 
n 


(Cy = Ci) | 
OS ae ce Bate | (3) 
4,7=1 
DU = Di Aa eens (Aji = Ais) 
4,j =1 


The symmetrical conditions imposed on the coeffi- 
cients Aij = Ai, By = Bii, Cii = Ci; mean that there are 
no forces of gyrostatic origin, also no forces not derivable 
from a potential-energy function. Such relations are 
also assumed to be satisfied in the corresponding 
electric network, thus excluding thermionic devices, 
etc. 

It is well known that the reduced system of differen- 
tial equations obtained from equations (1), 7. e., the 
system obtained by putting all the impressed forces 
equal to zero, admits an exponential solution of the 
type zx = Xxe”, Xx and p being real, imaginary or 
complex constants to be determined. Such solutions 
are called the normal solutions. The substitution 
ax = Xxe™ transforms (1) from a system of linear 
differential equations with constant coefficients, with 
time as independent variable, to a system of algebraic 
equations with pas unknown. It is further known that 
the condition that the system in question have a solu- 
tion is that the determinant of the coefficients shall 
vanish. This determinant is defined by 

AntBiu pt+Cu Doro Aint Bin p+Cin p 


AmtBni ptCni p aa ts Annt+Bnn D+Cnn p 


(4) 
D (p) = 0 is then known as the determinantal equation 
of the system. If px is a root of D (p) = 0, px also 
satisfies the original equations (1). For each root 
» = px of the determinantal equation, suppose we find a 
solution, 14, lo, 3 . . 1, for the equations, 


(Au + Bu px + Ci px’) is eaeaealc 

= (Ain + Bin px “i Cis x’) ie = 0 
i ee en Sere ae tes eat pt te Ode Ma kee yn (5) 
(An +t Bape t Cn pe) li+... 
oh (Aye Bin Derr P=) = 0 


If then the initial displacements wx and the initial 
velocities vx are adjusted so that 
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a possible solution of the system (1) is given by, 

4 =Ale™ x, =Al,e?*' x, = Al, e?*! (7) 
that is, by placing, 

Mts ALS Waxes a=Ale” X= Al, (8) 
The constant A therefore fixes the amplitude of the 
displacement. Further, on account of the linearity of 
the equations, x, = 4 Alxe?’*' is also a solution, 


the summation being over the roots of D (p) = 0. 
But it is by no means evident that the 2 » equations 
(6), which determine the amplitude of the normal 
solutions, are themselves algebraically capable of 
solution; in fact examples can be given where the 
normal solutions are not algebraically independent. 
The most direct proof that the constants A can be 
found is to express them in terms of the initial values of 
displacements and velocities. This is done by the 
Heaviside-Routh conjugate theorem. 

Coming back now to Heaviside’s argument, suppose 
that all the impressed forces vanish, so that no energy 
can be transferred to the system, while the stored 
energy, due to the elastic connections of the system, 
is dissipated irreversibly through frictional forces. 
Let p; and p, be any two different roots of D (p) = 0, 
satisfying equations (1), so that x; = X,e*", x. = X» er 
are solutions of (1). Let further Q:, U:, T1 be the dissi- 
pation, kinetic and potential-energy functions corre- 
sponding to the normal solution p: 7. e., to #1 = ees 


. . . . tn = X, ef, Then the conservation of 
energy gives : 
Q+%14+7:1 = 0 (9) 


but since 


Ui = 5 1 1 Au U5 Li +53 Aju: tj) = 2p:U1 
(10) 
and, likewise, 
ae, = 2 Pi iar (11) 
therefore, 
Q: ae 271 (U, T 1) = 0 (12) 


In the same way, let Qs, T2, Us be the dissipation, 
kinetic and potential-energy functions corresponding 
to the normal solution 7», ¢. @., toa’ = Xie"... 
x,’ = X,e@. We have, precisely as above, 
Q, + 2 p2(U2+T2) = 0 _ (13) 
Now, since p; isaroot of the determinantal equation, and 
2 is also a root of the determinantal equation, therefore 
Li tae Wer ang 7,02 5. . 2,' are both solu- 
tions of the original system of equations (1). If now, 
following a nomenclature suggested by Bromwich, we 
define the relative kinetic energy, the relative potential 
energy and the relative dissipation of the two normal 
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modes of oscillation p,, 2, by means of the expressions 


if n 

mae SS hes 
9 Qe = 4 Bi ai x 
SI i,g=1 


nN 
14 
Us = 3 Ajj due fed ( ) 
i,j =1 
W 
we | . . 
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we find again from the conservation of energy that 


1 1 
9 QiotDPe Uitpi T1.=0, 9 Qiot Pi Uietpe T1.=0 


(15) 

whence, by subtraction 

(p1— p2) (Un — Tr) = 0 (16) 
and therefore, U;. = T12, which is the so-called con- 
jugate theorem. It says in words that the relative 
kinetic energy of two normal solutions (two normal 
modes of motion) is equal to the relative potential . 
energy of these two normal solutions. It is to be noted 
quite carefully that the above reasoning holds only for 
the case of different roots, pi # p>. 


Heaviside also shows that the conjugate theorem 
holds for the electromagnetic system expressed by” 
Maxwell’s equations. It is to be observed in this con- 
nection that the equations (1) which correspond, as” 
already explained, to the electric network, are consistent 
with the Maxwell circuital laws provided only that the 
displacement current is negligible compared to the con- 
duction current, therefore any argument based on 
these equations applies to the dynamical system under © 
consideration, but not conversely. The proof is quite 
simple, but will not be given here”. 

Now let 7.0, Uo, be the relative kinetic energy of the 
normal mode corresponding to the root p, with respect 
to the initial velocities and displacements, T'-., Ur, the 
kinetic energy of the normal mode under consideration 
with respect to itself. Tro, Uro, Trr, Urr, are defined 
by the expressions, 


n 


T +0 = Dy Ci Pr lL; Vj fi = x OF (Dp; l;) (Dp; lj) 
j 1 


4,j=1 i,j= 


j ; 17) 
Un = UBy lui Un, = UBL 
j=l i,g=l 
whence it follows that’ U,;.= 2U,T,,= 27 (ct. 
equations (3) ). Now if coefficients Bx = A lx are 

found as outlined above, so that, 


Ugres le Bes, 
pes (18) 
(Me ia paslspad ire 
then 
Lins La T 10 Ui 
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14. See for example M. Abraham, “Theorie der Elektrizitat,” 
Vol. 1, pp. 227-260, Leipzig, 1920. 
15. Heaviside, ‘‘Electrical Papers,” Vol. 2, p. 203-204. 


432 VALLARTA: HEAVISIDE’S PROOF OF HIS EXPANSION THEOREM Transactions A. I. E. E. 


because, by the conjugate theorem, all the differences 
U,.— Ts vanish.'® 

Let us now suppose that all the applied forces save 
one, F';, are zero. On account of the linearity of the 
equations, this is just as general as inserting forces 
|W tes _ F,, in each one of the n branches. Let F 
be an exponential, real, imaginary or complex function 
of time. Then, for any 2, 


F, 
Z (p) 


Z (p) being a function of p obtained from equations 
(1) by elimination of all the x’s except the one desired. 
It is in general given by the ratio of two determinants. 
Now, 


F d xx dF, 4 d Fy i dZ 21 
eet od ak pace supa =») 
and, by the conjugate theorem, 

24T SW)" (22) 


dp 


Heaviside” now directs his attention to the electric 
network corresponding to the mechanical system so far 
considered and reasons in terms of voltage and current 
instead of force and velocity or displacement. It has 
been already shown that the internal connections of the 
system, 7. e., the coefficients A, B,C, determine how 
the variables chosen to fix the system should vary in 
order that the resultant system be normal and that the 
amplitude of the normal modes of oscillation is in turn 
determined by the conjugate theorem. The actual 
current and the actual voltage are then represented by 
sums of normal solutions (cf. equations (7) and (8) ) 


Ver x Aj uj e*3 ieo= p> Aj w; e?s (23) 
J 


J 
the summations being over the roots of the deter- 
minantal equation Z (p) = 0. The coefficients are, 
as stated, determined by the conjugate theorem. 


In order to find the current due to a constant applied 
voltage, Heaviside makes use of the following argument: 
Suppose that instead of inserting a constant voltage e, 
a condenser of capacity C is inserted in the circuit at 
the same point; by allowing C to increase indefinitely 
the effect of a constant applied voltage is obtained. 
This is an essential point, as it reduces the problem on 
hand to a subsidence problem, with no external forces. 
Therefore, the current can still be obtained as a sum of 
normal solutions. For suppose that the condenser C 
is inserted in the network at a given point and at 
a certain instant, there being no current and no voltage 
in any of its branches at that instant. The problem is 


16. See Heaviside’s ‘‘Hlectrical Papers,’ Vol. 1, p. 523, or 
“The Electrician,’ November 27, 1885, p. 46; also Routh, 
1. ce. footnote (11). 

17. Electrical Papers, Vol. 2, p. 372; see also his paper ‘‘On 
Resistance and Conductance Operators, ete,’’ in Philosophical 
Magazine, Vol. 24, pp. 479-502, 1887. See p. 501. 


then to find the subsidence to equilibrium of a system 
under its own internal stored energy. The conjugate 
theorem therefore holds. Let the algebraic function 
expressing the relation between a voltage Fxin branch K 
and the current Ix in the same branch be Z (p) (see 
Equation (20)); suppose now that the condenser C is 
inserted in the same branch K and let the corresponding 
function be Z, (p). Remove the voltage Fx, charge 
the condenser and switch it on branch K. We have now 
the subsidence problem, to be solved through the same 
process as before, by making use of the known properties 
of normal functions and the conjugate theorem. 

Let wj, wi, be the normal mode of oscillation of cur- 
rent and of corresponding voltage in the branch under 
consideration where the condenser is inserted. Since 
the current is equal to the rate of decrease of charge in 
the condenser, therefore ; 

wi=—-Cu = —C piu (24) 
because uj is a normal coordinate. Initially, that is, at 
the instant the condenser is switched on its initial 
voltage V is V = 1 Ajujand & Aj w; = 0, as there 


Jj 
is no current’. The electric (potential) energy stored 


1 
in the condenser is 9 CVuj, so by the conjugate 


theorem 

CV uj = 2(U — T) Aj (25) 
U, T being the electric and magnetic energies of the 
normal mode. But we have also, by the conjugate 


theorem, 
d Z, 
2 (Ui=.T).= we (26) 
Pp 
DA D5 
Therefore by (25) and (26) 
CV uj 
Vien oe a Z (27) 
Wi 
IP |p =p; 
Now substitute wu; from (24) in (27); the result is 
dZ ~1 
wi Ai = V (pi ) (28) 
P= Dj; 
and substituting in the second of (23): 
V eit 
cei ies ese be Ae 
j DiAZ,/dp|p = Di (29) 
which is the subsidence current. Now to get the effect 


of a constant applied voltage, let C be increased indefi- 
nitely, keeping V constant. This is the same as 
though the circuit were connected to a source of infinite 
energy. Now the structure of Z, (p) may be readily 
seen to be such that 


18. The initial current is zero because Ajj, Bij, Ci; are all 
finite. 


, 
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C> © = Z (p) (30) 
and when C increases indefinitely one root of Z; (p) = 0 
approaches zero, because the condenser in the branch K 
introduces in the determinantal equation a term which 
varies inversely with C. It follows that when C 
increases indefinitely 


d Z, dZ 
Fe dite tales ate Me eas all roots except p = 0, 
and for p = 0 (31) 
lim dZ 

cr=(a77)  =20 (32) 

therefore, finally 

Y V eb! 
oe pe re a0 
dp | pani 


which is the Heaviside Expansion Formula. 

Two points are to be noted in connection with Heavi- 
side’s derivation. The first is that his method of 
reasoning applies only to the case where the deter- 
minantal equation has no null and no repeated roots; 
otherwise, the conjugate theorem breaks down and 
therefore also the expansion theorem. The second is 
that the proof as it stands applies only to a system 
with finite number of degrees of freedom. 


Heaviside also gave another alternative proof of his 
Expansion Formula, the essential point of which is the 
splitting of the quotient F,. (p)/D (p), where F’,. (p) 
is the cofactor of the element containing the coefficients 
A,s, Bys, Crs in the determinant D (p), into a sum of 
partial fractions’. This is also the essential point 
in Carson’s first proof”. 

Heaviside has also tried to generalize his proof so as 
to apply to a system of infinite number of degrees of 
freedom, but his argument, while quite convincing 
from a physical standpoint, is not mathematical. It 
may be formulated analytically, but the proof of the 
theorem for infinite roots leads to formidable difficulties, 
some of which have already been examined by Brom- 
wich?! (1. c. footnote 9). The relation between the 
conjugate theorem and Wagner’s method of attack 
has been fully treated by Bromwich and will not be 
taken up here. 

It is almost certain that few have realized the extra- 
ordinary completeness and generality of some of 
Heaviside’s investigations. It is in the hope of calling 
attention to the unexplored parts of his work, also as an 


19. ‘Electrical Papers,” Vol. 2, p. 226, where the footnote 
supersedes the text. 

90. ‘OnaGeneral Expansion Theorem, ete.,”’ Physical Review, 
Vol. 10, p. 217, 1917, also l. ce. footnote (3). 

21. ‘Wagner’s proof is not applicable to infinite roots as it 
stands, because Cauchy’s residual theorem, on which his proof 
is based, does not apply to infinite number of poles without 


special investigation of the behavior of the function under the 
integral sign. 
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effort to secure a better appreciation of his labors, that 
this paper has been written. 


Discussion 

J. J. Smith: [shouldlike to refer to the paragraph third from 
the end of Mr. Vallarta’s paper in which he states that Heaviside 
gave another alternative proof of his Expansion Formula. This 
is given in Heaviside’s Electrical Papers, Vol. II, p. 226, in a 
footnote. As this seems to be another very important way of 
proving the expansion theorem, I shall take the liberty of quoting 
it in full, as follows: 
Let ES (1) 

b (Po) 

be the differential equation connecting C with H where jo 
stands for d/dt and ¢ (p) = 0 is the determinantal equation of 
the system, that is, ¢ (p) may be either the characteristic func- 
tion in fully developed form, or the same multiplied by any 
function which does not conflict with its use in the determinantal 
equation. Then we have by the algebraical theorem: 


if 1 
= ae 2 
(Po) > (po — Pp) ®) 


where ¢’ means d ¢/dp, and the summation includes all the 
roots of @ (p) = 0. Therefore, by (1), using (2) and integrating: 


E eft —] 
¢ =f) > = Br > aor (3) 


E being zero before and constant after ¢ = 0. But also by (2): 


li = Bs 1 (4) 
0 —p ¢' 


where ¢ means ¢ with po = 0, so that (3) becomes: 


1 e?! 
C = Ef (po) + Ef (po) : SSF (3) 
Po p¢ 
Now, perform the operations indicated by f (po) and we get: 
Cl eh oy ay Lae ett (6) 
po Po? 


where fy) means f with pp = 0. (See also the investigation at 
the end of the (later) paper on ‘“‘Resistance and Conductance 
Operators.’’) 

(6) is the form of the expansion theorem given by Heaviside 
in his Electromagnetic Theory, Vol. II, p. 135, a modified form 
of which is given c 

On going through the second volume of the Electromagnetic 
Theory, it is, I think, fairly evident that Heaviside used the 
above conception of the expansion theorem quite freely. For 
instance, on p. 88 he solves the problem of voltage applied at 
one end (x = 0) to a cable of length J which is grounded at the 
other (x = 1) and for which the well-known formula 
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the solution of the problem is readily obtained. 
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If his work in this example is carefully followed out it will 
be found that he is doing nothing but developing the various 
steps in the expansion theorem given in the footnote in his 
Electrical Papers, p. 226. 

There are two fundamental concepts back of this derivation 
which it may beinteresting toexamine. Writing (1) in the form: 


n n—-1 
(4.55 ae i Eek Sc +4: + A) @ 
Gite d t 
=f (po) £ (Z) 
where the actual value of ¢ (po) is inserted, it may be seen that 
this is a linear differential equation of the nth order for C. 
Now it is known that the general solution of this equation is: 


f (po) po =0 E 


By Pai 
= CT Te 


C= Brie?! + Boe +... .. 
(8) 
where pi, p2. . . . . Pn are the roots of the equation 
Anp™ + Aap i+. .+Aip+ Ao. =0 
Hach term e?7' is a solution of the equation 


d 
pe =) 
(e- pe) 


We are thus lead to expect that the solution of a linear differen- 
tial equation of the nth order can be made to depend upon the 
solution of n linear equations of the first order, and if a compari- 
son is made of equations (1) and (3) it will be seen that the equa- 
tion of the nth order in (1) has been transformed into n equations 
of the first order in (3) by means of a partial fraction expansion. 

The second point to notice is that nowhere in the above proof 
does Heaviside use the property C = 0 whent = 0. What he 
does postulate is that H is zero before and constant.after ¢ = 0. 
It is under this hypothesis that in order to find the value of 


he assumes it to be, say, y, then (po — p) y = H 


(dy 70 
d 
Or Sie p)y=# 
giving be _ 
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Pp 


Now in all practical problems the real part of p is negative, 
corresponding to circuits with resistance in which energy is 
dissipated; hence, whatever current may have existed at the 
instant to < 0, where the actual value of t) may be made as large 
as we please, it will have become negligible by the time ¢t = 0. 
Hence, the effect produced by the applied voltage H is contained 
wholly in the second term, giving 


y =0 tO 


E (e# — 1) 
P 


Or, if we wish to put it another way, the y caused by EH applied 
at t = 0 is given by this term, and the i e?—‘e) part is due to 
another cause. This is not the way in which Heaviside makes 
this particular step but the results are the same. 

Whatever way we chose to look at it, the facts are that by 
using this substitution in (3) as shown, and completing the 
solution as in (6), we get the solution of (1), corresponding to the 
system (assumed to be a dissipative one) represented by (1) 
being at rest, and having been att rest for a very long time prior 
tot =0. We have thus used the one condition 

H=0 in (0) 

E = E constant ta) 
to supplant the n terminal conditions which would be normally 
required to determine the constants in the solution of (1) or (Z). 
The economy in such a reduction of terminal conditions should 
be apparent. The economy becomes more apparent when ap- 


Y= t>0 
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plied to problems in long transmission lines where an infinite 
number of terminal conditions arise in certain methods of ob- 
taining the solution. 

I presume the reason Mr. Vallarta did not discuss Heaviside’s 
second derivation referred to above is that it involves so-called 
operational mathematics, and operational methods have been 
looked upon with disfavor by mathematicians for many years as 
lacking in rigor, which may or may not be true. I like to 
think, however, that between the operational mathematics and 
the conventional pure mathematics there must be some common 
ground on which they can both meet together by a little give-and- 
take on both sides. I have published two papers in the Journal 
of the Franklin Institute with this end in view, one in June, 1923, 
and the other as a serial in October, November and December, 
1925. In these papers the ideas given above are developed more 
fully. The interesting part, however, is that although Heaviside, 
as far as I am aware, uses his expansion theorem only in con- 
tinuous systems for one coordinate in addition to the time, 
such an attempted development of a common ground between 
pure and operational mathematics has led to a method of 
solution for two- and three-dimensional problems such as occur 
in the flow of heat, and in addition to the solution of potential 
problems in electrostatics in which no time factor appears. 
These results come from simple extensions of the development 
of the expansion theorem given above, which then becomes a 
particular expansion theorem in a great class of expansion theo- 
rems. Reference must be made to my paper for details. How- 
ever, with Mr Vallarta I join in a plea for greater study of the 
works of Heaviside and for the development of both his ideas and 
the concepts of pure mathematics to the point where they will 
both merge into one as I have not the slightest doubt they should. 

M. S. Vallarta: In his valuable discussion Mr. J. J. Smith 
has already given Heaviside’s second proof of the Expansion 
Theorem, to be found in the second volume of his ‘‘Electrical 
Papers” (1. ce. footnote 19 of the writer’s paper.) The writer did 
not feel that a complete account of this second method of proof 
was necessary partly because it has already been discussed rather 
thoroughly elsewhere (see for example reference 9 in the writer’s 
paper), but mostly because it is not quite so illuminating, or 
important from a physical standpoint, as the first method of - 
proof based on the conjugate theorem. 


Mr. Smith raises an interesting question when he speaks ot 
operational calculus and its relation to the Expansion Theorem. 
As shown in the paper, operational methods are not required to 
establish the Expansion Theorem in the case of no null and no re- 
peated roots of the determinantal equation, but the use of such 
methods really simplifies matters considerably in this exceptional 
ease. For purposes of technical applications, however, the writer 
feels that both may properly be kept separate. That operational 
calculus can be rigorized if the proper tools and methods of attack 
are used has been shown by Wiener (‘‘The Operational Calculus’’ 
forthcoming in the Mathematische Annalen) and Carson (see the 
Bell Technical Journal for 1925 and 1926). Once operational 
calculus is rightly understood, it may be applied confidently not 
only to engineering problems but also to problems in pure 
mathematical physics where less powerful methods break down 
completely. As a most advanced example of this type of prob- 
lems, reference is made to a paper by Born and Wiener, (Journal 
of Mathematics and Physics of M. I. T., Vol. 5, p. 84, Feb. 1926) 
to quote but a single example. 


The great importance of the conjugate theorem has been very 
recently recognized by K. W. Wagner (‘‘Der Satz von der — 
wechselseitigen Energie’ EHlektrische Nachrichten-Technik, Vol. 
2, p. 376, Nov. 1925) who also gave in this article Heaviside’s 
first method of proof of the Expansion Theorem. This and the — 
writer’s paper were written approximately at the same time — 
(Wagner’s paper was received for publication on Nov. 9, 1925; 
the author’s paper on Dec. 1, 1925). The present writer is elad to — 
add this interesting reference to thelist already given in the paper. 


A New Wave-Shape Factor and Meter 
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Synopsis.—A star-connected circuit consisting of two voltmeters 
and one variable condenser has certain properties wpon which a 
wave-shape factor may be based. When the voltmeter resistances 
are equal to each other and equal to the condenser reactance, the 
ratio of the voltmeter readings will always be (2 + y 3) foran 
alternator producing sine waves and always less than (2 + VED) 
for all other wave shapes. From any measured ratio of voltmeter 
readings, the purity of the voliage wave may be determined; further- 
more, the maximum possible percentage of any single harmonic 
present in the wave can be immediately obtained (See Table III). 
For the experimental application of this method a wave shape 


INTRODUCTION 


| Fave a long time the wave-shape standard of the 
A. I. E. E. has been based on oscillograms. Re- 

cently{ copies of seven oscillograms were sent to 
ten electrical manufacturing and power companies for 
measurement of deviation factor. The results ob- 
tained showed very considerable variations. For one 
oscillogram, the values found for this factor ran from 
1 to 4.2 per cent, with an average value of 2.25 per cent. 
In other words, the maximum value was in excess of 
the average by 8614 per cent of the average value, 
while the spread between the maximum and minimum 
values was 3.2 or 142 per cent of the average value. 
For the other six curves the spread was less, but still 
considerable. The excess of the maximum values over 
the ‘average values for each of the six other cases was 
57 per cent, 54 per cent, 52 per cent, 47 per cent, 31 per 
cent, and 14 per cent. Quoting from the reference 
given, ‘The variations between results cannot be 
attributed to the processes of calculation employed, 
for neither the maximum nor the minimum spread 
occurred with the same party. The variations must, 
therefore, arise from difficulties inherent in the method 
such as difficulty in evaluating exactly the ordinates 
of the oscillogram, errors in evaluating thé area in- 
cluded by the squares of the ordinates in finding the 
effective value, errors in measuring the maximum dif- 
ferences between the ordinates of the oscillogram and 
the equivalent sine wave, especially when these differ- 
ences occur in the steep part of the curve.” 

Another test was made to determine the accuracy 
attainable in the determination of the amplitudes of 
harmonics by analysis of oscillogramss Three waves 
were prepared by the synthesis of known harmonics 
and fundamental, the waves traced, ‘and the results 
turned over to various parties to be analyzed. The 
results indicated that for harmonics below the 15th, 
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meter is proposed for practical application which consists essentially 
of two voltmeters and a variable condenser. Such a meter has 
advantages over the method of analysis based on oscillograms, namely: 
(1) cost, (2) portability, (3) ease of experimental procedure and (4) 
rapidity of arriving at results. This method of attack is not in- 
tended to supplant the oscillograph but rather to supplement tt. 
The method has been checked with the aid of a harmonic alternator 
and has been applied to the local power system and to various al- 
ternators available in the Electrical Engineering laboratories of the 
Pennsylvania State College. 


* * * * * 


average variations from the correct values of amplitudes 
of harmonics of + 5 per cent might be expected. 

The usual alternative to the use of the oscillograph 
is some sort of a circuit method of which many have 
been proposed but so far no one has been permanently 
adopted. Here still another circuit method is pro- 
posed, differing primarily from other circuit methods 
in that it is based on a three-phase circuit. 


DESCRIPTION OF THE METHOD 


Two voltmeters, V2 and V; (Fig. 1), having equal 
resistances and a variable condenser C (whose range 
of reactance can be varied above and below the resist- 
ance of the voltmeters), are connected in star to the 
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three-phase source whose wave shape is to be investi- 
gated. The value of Cis adjusted until the ratio of the 
larger to the smaller voltmeter readings is maximum. 
That this ratio, R, is (2 + v3) for a pure sine wave is 
proved in the Appendix. The greater the deviation 
from a pure sine wave, the lower this ratio will become. 
It is the dependence of this ratio upon the harmonics 
present in the wave which makes it possible to use such 
a voltage ratio as a measure of the purity of the wave. 

The vector diagram of Fig. 2 gives an idea of the 
displacement of the neutral as the wave shape departs 
from a true sine wave. 

By the use of the following formula, also proved in the 
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Appendix, the voltage ratio for any combination of 
harmonics may be calculated, 
R= (2+ V3) 

100+4a, (% H,)?+a3(% H3)?+ ; 


an % Bal 
100+). (% H»)?+b3(% Hs)?+ . 


- bn(%o Hn)? 


Where % Hz is the per cent second harmonic. 

% H, “c 6 “ “ third “ 

J H,, Gane 3 73 nh (G 
The a and b constants for the various harmonics are 
given in Table I. 


TABLE I 
Harmonie a b 
2 0.0026 0.1967 
4 0.0160 0.0939 
5 0.0080 0.2230 
oh 0.0157 0.1330 
8 0.0101 0.2165 
10 0.0153 0.1500 
ial 0.0110 0.2106 
13 0.0149 0.1590 
14 0.0115 0.2066 
16 0.0147 0.1640 
17 0.0119 0.2036 
19 0.0145 0.1680 
20 0.0122 0.2014 
22 * 0.0144 0.1710 
23 0.0124 0.1993 
25 0.0142 0.1730 
oe) 0.0134 0.1866 


Pure Sine Wave 
/ 


7 18190017115 
Harmonic 
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Since in the experimental application of this method, 
two voltmeters having equal resistances are required 
and as one meter must have a range approximately 
three times that of the other, some difficulty was experi- 
enced in selecting suitable meters from standard models, 
those of the dynamometer type being desired. 

The meters first selected were a Weston instrument 
with a resistance of 301 ohms and a range of 80 volts, 
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and a General Electric instrument having a resistance 
of 920 ohms and a range of 150 volts. Hach voltmeter 
was equipped with a multiplier so as to arrange the 
resistance of V» in Fig. 1 equal to that of V;. The volt- 
meters were then calibrated. Three one-y f mica and 
one eight-u f paper condenser were used. ‘The capac- 
ities of these condensers were also checked. 

The final arrangement, as shown in the photograph, 
Fig. 1, consists of two Weston dynamometer type volt- 
meters of 40- and 120-volts range respectively and 
of 1000.7- and 1000.0- ohms resistance respectively. 
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Mounted in the same box are a one-yu f. mica and two 
one-. f. paper condensers. The mica condenser is a 
Leeds and Northrup instrument, variable by steps of 
one-twentieth uf. from 0 to one wf. The small 
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switch in the lower left hand corner controls the paper 
condensers, giving zero, one, or two yu f. 


SOME APPLICATIONS OF THE METHOD 


With the apparatus as originally set up, tests were 
made on waves obtained from the Keystone Power 
Corporation System, from the Pennsylvania State 
College Power Plant (300 kv-a. turbo alternators), and 
various laboratory alternators. In the curves of Figs. _ 
3 and 4 are plotted the data for two representative 
cases. 

To obtain data for the curves of Fig. 5 the final 
arrangement shown in the photograph of Fig. 1 was 
used. If the following technique is employed, and if 
the frequency remains constant for about five minutes, 
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the results obtained are independent of voltage, 
capacity and magnitude of line frequency. The 
technique employed in obtaining the five dotted curves 
of Fig. 5 was to vary rapidly the capacity from 2.0 to 
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three-phase supply was connected to the wave shape 
meter (Fig. 1). Ratio curves, such as shown in Fig. 5, 
were obtained for 0 per cent, 8.0 per cent, 12.8 per cent, 
17.5 per cent, and 28.0 per cent fifth harmonics. 
Through the maximums of the five dotted curves is 
drawn a curve, B, which should check with curve A, 
the latter being calculated from formula (1). Dis- 
crepancies between curves A and B are chargeable to 
deviation from a pure sine wave on the part of the 
fundamental machine and to slight inequalities in the 
magnitudes of the three-phase voltages of the fifth 
harmonic machine. In searching for various factors 
to account for this discrepancy it was proved by test 
that the wave-shape factor is independent of the phase 
position of the harmonics. 


CONCLUSIONS 


1. Value of Voltage Ratio to Be Met in Practise. 
In addition to the values of wave shape factors given 
above for systems and dynamos tested in our labora- 
tories, there is given in Table II a compilation of wave- 
shape factors for some waves whose analyses into 
component harmonics have been found in the literature. 
It will be seen that wave-shape factors varying from 
3.448 to 3.730 appear in practise. These factors were 
obtained by substituting the given percentage har- 


Fie. 5 monics in formula (1). 
TABLE II 

Wave-Shape Refer- 

Factor Per Cent Harmonic ence 
3 5 7 9 11 13 15 17 19 

3.712 0 2 1.44 38 
3.605 0 B.D 2.46 0 1.04 1,2 2 
S41 0 Ma si ize 0 0.48 0 0 0.395 0.294 2 
3.633 13% 5 5 Te 0.9 2 
3.676 | 0 3.5 1.6 3 
3.493 3.67 8.05 1.63 0.058 4 
3.520 0.98 PRE 4 
3.448 ve 9 5 
3.670 3 + 5 
3.730 0.46 0.724 6 
3.724 5.5 1.25 0.49 0.55 0.37 6 
3.591 2.92 5.2 0.66 71.07 0.62 Soat 4.6 0.48 6 
3,555 2.83 5.43 5.51 0.26 1.28 0.51 0.23 0.09 6 
3.624 12D 2.73 2.2 0.41 4.4 0.79 0.23 0.09 6 


Trans. A. I. E. E., Vol. 32, 1913, p. 781. 
Trans. A. 1. E. E.., Vol. 38, 1919, p. 1185. 
Trans. A. I. E. E., Vol. 23, 1904, p. 408. 
Electrician, Aug. 6, 1909. 

Bureau of Standards, Vol. 9, 1913, D. 567. 


ee 


3.0 wf. by 0.1 wf. steps, reading the two voltmeters at 
each step. The maximum ordinate of the plot of the 
ratio of these observations is the wave-shape factor. 


CHECK OF OBSERVATIONS AGAINST CALCULATIONS 


In order to check this method the following test was 
carried out. The fundamental and fifth harmonic 
members of a three-phase harmonic alternator were 
used. A description of this machine is given in the 
Appendix. The phases of the fundamental machine 
were star-connected, and each phase joined in series with 
the proper coil of the fifth-harmonic machine. This 


“Specification and Design of Dynamo-Electric Machinery,’’ Miles Walker, p. 332. 


Oscillograms were obtained from 19 machines of 
Table I of the 1919 report of the A. I. E. E. Subcom- 
mittee on Wave Shape Standards". Based on analyses 
of these waves, the following wave-shape factors were 
calculated: } 

3.717, 3.706, 8.717, 3.719, 3.698, 3.723, 3.715, 3.724, 
2.746, 3.700, 3.700, 3.696, 3.698, 3.702, 3.700, 3.708, 
3.702, 3.558, 3.349; 2. €., arange of 3.724 to 2.746. 

2. Interpretation of Voltage Ratios. As previously 

stated, a ratio of voltmeter readings of (2 + V8) or 
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3.732 corresponds to a pure sine wave. Consequently 
the purity of a voltage wave may be immediately 
determined by noting whether or not the observed 
voltage ratio is equal to 3.782. 

In case the ratio is found to be less than (2 + +/ 3) 
it follows that the wave is not a pure sine wave. We 
may assume the absence of third harmonics or any 
multiple thereof in the ordinary commercial three-phase 
circuits. Furthermore, no second or fourth harmonics 
will be found in the waves from commercial alternators. 
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The fifth and seventh harmonics are usually the most 
pronounced of all the harmonics, and Fig. 6 shows the 
ratio curves for these harmonics. If only aseventh 
harmonic is present, reference to Table III will im- 
mediately give the percentage harmonic corresponding 
to any observed voltage ratio. 


TABLE III 
7th Harmonic 


Per Cent Voltage 

Harmonie Ratio 

0. 3.7320 

1 3.7298 

2 Bo (PB 

3 Bye 2} 

4 3.6974 

& 3.6753 

6 3.6530 

7 3.6248 

Te 3.5999 
9 Se DOS). 

10 3.5298 

11 3.4962 

2, 3.4572 

13 3.4163 
14 3.3742 | 
15 BC ELOY 
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Reference to the curves of Fig. 6 shows that a given 
voltage ratio corresponds to a smaller percentage har- 
monic when this is a harmonic of an order other than 
the seventh. Consequently the maximum possible 
percentage of any single harmonic present may be im- 
mediately obtained from the observed voltage ratio by 
reference to Table III. For example, a voltage ratio 
of 3.33 corresponds to the presence of a 15-per cent 
seventh harmonic (From Table III) and inasmuch as 
this ratio corresponds to a smaller percentage of any 
single harmonic other than the seventh, it is quite 
conservative to state that in a circuit which gives an 
observed voltage ratio of 3.38, there is no single har- 
monic present which amounts to more than 15 per cent 
of the fundamental. In other words, this last deduction 
holds not only for the case where the seventh alone is 
present but also where there are other harmonics found 
in addition to the seventh. 

In brief, it can be stated that this method is capable 
of giving at once from a single observation of voltage 
ratio, the maximum possible percentage of any harmonic 
present in a wave, when the experimental conditions 


-have been properly adjusted as described above. 


3. Accuracy of Results. The accuracy with which 
the data may be obtained is quite high. The method is 
independent of voltage, since only the ratio of the two- 
phase voltages is required and this ratio is independent 
of the actual voltage used. The frequency need not be 
measured, provided means of checking its constancy are 
available; this can be conveniently done by any fre- 
quency meter. If good mica condensers are used, the 
accuracy with which they are guaranteed by the 
manufacturers (say 14 per cent) is more than sufficient 
for our purpose, since the actual value of the capacitance 
does not enter directly into the computations. Conse- 
quently, the main factor which limits the precision of 
the measurements is the accuracy of the calibration of 
the voltmeters and our ability to read the same. The 
probable error of the voltage ratio, including instru- 
mental and observational errors, will not exceed 0.2 
per cent. 

Our experiments have indicated that the use of the 
iron-vane type of voltmeter is not very satisfactory 
for this purpose. 


Appendix I 


2 


V Es 
Proof that a R=2++/8. for a pure sine 


wave: The following formula has been derived in a 
previous paper* for calculating the voltage to neutral 
for any branch of the star-connected circuit of Fig. 1. 


O/Z, + @/Z, + a! ee 
1/Z,+1/Z.+4+ . ey 775 | 
(a) 


*Doggett. ‘Floating Neutral n-Phase Systems’’, Tale 
A. I. E. E., Vol. 42, 1923, p. 860. 
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where 


E is the numerical value of the impressed voltage to 
geometrical neutral. 


a =cos 27/¢+)sn27/¢ for counter clockwise 
rotation. 
a@ = cos27/o¢—J) sin 2 7/¢ for clockwise rotation. 


@ = number of branches or phases. 


Z, = impedance between 0 and 1 (see Fig. 1). 
Z2 = impedance between 0 and 2 (Fig. 1). 
Z, = impedance between 0 and n (Fig. 1). 

p = 1,2or3 fora three-phase system. 


Assuming that the impedance of each meter is 1000 
ohms resistance (inductance negligible}) and that of 
the condenser is also 1000 ohms (capacitive reactance), 
the reading of the voltmeter V, according to equation 
(a) is, 


I,Z> =E| (- 1/2—j V 3/2) 


1 x | REEMA AV lon. aii) hae BW 
_ = 7 1000 1000 1000 
1 1 1 
— 71000 ' 1000 1000 é 
~ iP ak 
= E| - ee eA ae | 
ee 72 


Rationalizing the last term, reducing and collecting, 


E[—3-j@+5vV3)] 
10 
Proceeding in a similar manner, the reading of V; is 
E[-38-j(6-5v3)] 

te LO) 


I, Zs = V5 


1f Z3 


= Vs 


Then the ratio R 


V2 —8-j6+5V3) 
maa as Bet (6:5.-4/8) 


Combining real.and j terms of both numerator and 
denominator, and rationalizing, 
R =2+ V3 = 3.782. 
(Qh, D,) 


Appendix I 
Proof of Equation (1). (General formula for calcu- 
lating R for any number of harmonics of known per- 
centage). 
Notation. 


E,’ = Fundamental component of voltage across V». 


E,’ = 2‘ harmonic component of voltage across V». 
3° harmonic component of voltage across V». 
n'* harmonic component of voltage across V». 
Fundamental component of voltage across V;. 


{The Mauctanceset the meters was found to be too small 


to affect these calculations appreciably. 
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EH,” = 2° harmonic component of voltage across V3. 

E;” = 3° harmonic component of voltage across V3. 

E,” = n'* harmonic component of voltage across V3. 
Then, 


(100 Ey")? + (% 2° B2")? 


(% nit E, "2 
ACO He 9 y2 


Senge Eg) he. ; b) 
+ (% 3" Bs") +. 


Constants are worked out for the fundamental and 
fifth harmonic, in the following sample calculations: 
Using formula (a), 


ae 
— 0.5 ~ 5 0.866 — = 


Ky’ (calculated in 
Appendix I). 
Rationalizing the last term and collecting, 
EH,’ = — 0.8 +7 1.466 


Combining real and j terms and squaring, 


(Hig)? = 2.24, 
Similarly, 
De) 
H,” = — 0. ) 0. Shore, aie 
1 0.5 + 7 0.866 omy 


(H,")?-= 0.161. 
Similarly, remembering that the phase rotation of the 
fifth harmonic is opposite to that of the fundamental*, 


Hy! = >— 0.5 40.866 — Dens 
(His)? =, 1.794. 
ie mht : —1+ 95 
E;" = — 0.5— 7 0.866 — ere 
= — 1.293 — 7 1.3838 
(H'5")? = 3.585 


Equation (b) can be transformed into equation (1) 
by factoring out the ratio for the fundamental sine 
wave, (2+ /3.) The 6 constants are derived from 
the EB” constants in equation (b): 


1. 3.585 


eh BEL 


0.161 de 


bs = (Hs’)? X 
The a constants of equation (1) are derived from 


the E’ constants of equation (b): 


ih 


if 
as; = (Es')” X O61 * + /3) 


mer ee iy 
= 1.794 X Fier X Ign = 0:39 


*Fortescue, Trans. A. I. E. E., Vol. 37, 1918, p. 1027. 
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Appendix III 

The Harmonic Alternator. The various harmonic 
voltages were obtained by means of a special harmonic 
alternator. This machine consists of three three- 
phase a-c. generators of the revolving field type, one 
of which is a 15-kw., 60-cycle machine; the second has 
a capacity of 714 kw. at 180 cycles, and the third, 
3 kw. at 300 cycles. All three machines are mounted on 
the same bed-plate and have a common frame while the 
field coils of all machines are mounted on the same 
shaft. The armature of the 60-cycle machine is station- 
ary, but the armature of the 180-cycle machine may be 
moved by means of a hand wheel through an angle 
corresponding to 360 electrical degrees, and the arma- 
ture of the 300-cycle machine by similar means can be 
moved through an angle corresponding to 600 electrical 
degrees. The six terminals of the armature winding of 
each machine are connected to a switchboard so that 
the three-phase windings may be connected either in 
star or delta. The field control of each generator is 
independent of the other two fields. The machine is 
driven by a d-c. shunt motor and the field winding is 


separately excited. 
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Discussion 


J. J. Smith: When considering the effect of harmonics, it is 
perhaps well to divide them into different classes: (1) those which 
may give rise to resonant conditions or large circulating currents 
on the power circuit, (2) those which may give rise to telephone 
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interference, (3) those which may give rise to radio interference, 
(4) those which may give rise to any other type of trouble that 
may be discovered. Let us consider, for instance, the case of 
telephone interference, as somewhat similar remarks will apply 
to other types of interference. In the telephone-interference- 
factor meter an attempt was made to weight the various har- 
monies in accordance with the experimental data available as to 
the interfering effect of each harmonic. A special type of net- 
work was designed to do this, and the impedance characteristics 
of such a network, which is used in the telephone-interference- 
factor meter, can be varied, within certain limits at least, to 
correspond with any new data which may show that it is d9- 
sirable to weight the harmonies differently. In the method 
suggested by Messrs. Doggett, Heim, and White, no such ad- 
justment is possible. 

The method proposed may also be compared with a method 
such as the use of the telephone-interference-factor meter by 
noting the ratio between the maximum and minimum values 
obtained on machines in actual operation. The T. I. Fs. given 
on the machines of Table I of the 1919 Report of the A. I. E. E. 
Subcommittee on Wave Shape Standards vary from 11 to 550, 
while the ratios given by Messrs. Doggett, Heim and White vary 
from 2.746 to 3.724, giving a ratio of 50 to 1 with one method 
and 1.35 to 1 with the other. 

It is well to remember that direct-current and other types of 
machines produce harmonics, and that it is undesirable to 
have a wave-shape meter which will apply to three-phase 
systems only. Also, in certain cases of telephone interference 
which have occurred on systems with the neutral grounded, it is 
the wave shape from line to neutral and not from line to line 
which is of interest. 

I would like to inquire if the authors found any difficulty in 
making measurements on systems on which there were large 
variations in load. In making measurements of harmonics on 
such systems we have found that the magnitude of the har- 
monies varied with the load over short periods of time (in the 
order of one or two seconds). I wonder if fluctuations of this 
nature would not make it impossible to get a consistent curve 
from which to pick the maximum as in Fig. & 


It may be well to consider the first paragraph of the paper by 
briefly considering what accuracy may be obtained in analyzing 
a wave obtained with the oscillograph. Let us assume an 
oscillogram has a maximum ordinate of 2 in. and that the line is 
of average thickness, which, in order to get a good film, may be 
1/20 in. or less. Using a wave micrometer ruled in fortieths of 
an inch there is no reason why the values of the ordinates should 
not be measured to within half of one division or 1/80 of an 
inch. This is an error of 1 in 160 or let us say 0.7 per cent. As 
the probability is that all these errors will not be in the same 
direction, it would appear more proper to take, perhaps, half 
of this, or say 0.35 per cent, asthe probable error in measuring 
the oscillograms. Using this figure the maximum deviation in 
the first case quoted by the authors from the Revue Générale de 
l Electricité should have been between the limits 2.6 per cent and 
1.9 per cent or the maximum value is in excess of the average by 
about 15 per cent of the average value, and correspondingly less 
in the other case. 


The large discrepancies quoted by the authors may be due to 
the inherent difficulty in superposing the equivalent sine wave 
of equal length in such a manner as to give the least difference, as 
required by A. I. E. E. Standards, 1922, No. 3274. It would be 
impossible, however, to explain them without making a detailed 
study of the caleulations which were made in each case. Also, 
a comparison of the T. I. Fs. caleulated from oscillograms and 
those taken direct with the T. I. F. given in the 1919 Report of 
the Subcommittee on Wave Shape of the A. I. E. B. Standards 
Committee, will show that the large discrepancies quoted by the 
authors cannot be the general rule. Furthermore, it should be 
remembered that by using a filter or some such device for stop- 
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ping off the fundamental, a very much higher degree of ac- 


curacy in measuring harmonics may be obtained with the 
oscillograph. 


F. K. Brainard: It is generally recognized that sine waves in 
a-c. apparatus are desirable and since commercial alternators 
frequently have voltage waves which differ considerably from 
sines, it would be highly desirable to have a wave-form factor 
which could be easily determined and which would be a measure 
of the detrimental effect resulting from a distorted wave. Vari- 
ous factors have been suggested including the following: (a) 
form factor, (b) peak factor, (c) telephone-interference factor, 
(d) differential distortion factor, (e) integral distortion factor, 
(f) curve factor, and (g) harmonie factor. None of these 
appears to be entirely satisfactory, partly because the detri- 
mental effect of a distorted wave depends upon the trouble 
under discussion and partly because some of the above factors 
are not readily measured. If telephone interference is being 
considered, the telephone-interference factor is undoubtedly 
the proper criterion to apply, but if the core loss of transformers 
is under consideration or the dielectric strength of insulating 
material is being measured, it is quite obvious that some other 
factor should be used. 


While this new factor gives the greatest weight to the seventh 
harmonic, there is not an exceedingly great variation in weight 
given between any of the harmonics, and in this respect it re- 
sembles the ‘‘harmonic factor’ which is defined by Bedell as the 
ratio of the effective value of the harmonics to the effective 
value of the fundamental, but is superior to it in that it is very 
easily measured, although it is applicable to three-phase circuits 
only. Possibly an Institute rule using both the telephone- 
interference factor and this new factor specifying limiting values 
of both, would be desirable. In that case, the telephone- 
interference factor would limit possible telephone interference 
and this new factor would limit other troubles due to the presence 
of the lower harmonics. 


The authors are to be complimented for the development of a 
wave-shape factor which gives promise of being a valuable one. 
The question now seems to be the determination of the value of 
this factor as a criterion for the comparison of voltage waves. 


C.W. Bates: The paper contains a satisfactory analysis of the 
proposed method which should give reasonably correct values 
for the harmonics present, when the conditions are ideal. The 
paper does not, however, contain any investigation of the errors 
which may arise from such sources as the use of voltmeters 
containing some inductance, condensers whose loss is not negli- 
gible, and unbalanced line voltages. The entire theory” of the 
proposed method rests on the assumption that when no harmon- 
ics are present the potential of the neutral point of the circuit 
used is displaced to such a point that the voltmeter readings 
have the ratio of 3.732. This is true only when both voltmeters 
are absolutely non-inductive, the condensers are absolutely 
without loss, and the voltages of the three phases are absolutely 
equal. 

If it is assumed that each voltmeter has an inductance L in 
addition to its resistance R and that the condenser has a loss 
represented by its equivalent series resistance r in addition to its 
capacity c the ratio of the voltages indicated with exactly 
balanced three-phase line voltages will be approximately equal 
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tically equal to the difference of the angles of defect (from the 
ideal) multiplied by v3. The approximation in this result is due 
only to considering that the angles of defect are equal to their 
respective sines and tangents and that the cosines are equal 


fractional error is then equal to V3 ( — 1.06 ) or prac- 
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to unity. These approximations are entirely justifiable for any 
voltmeters or condensers whose use could be considered. 


The importance of these errors may be judged by considering 
two examples: 


Voltmeters: R = 1000 ohms, L = 53 millihenries 


os 02 at 60 cyel 
Fool Oe a cycles, 
Condenser: 1000 ohms, r = 50 ohms 


rac = 0.05 (38 deg. approximately) 

The fractional error in the ratio will be equal to V3 (0.02 
— 0.05) = — 0.052 or — 5.2 per cent. (By the exact ex- 
pression this is 4.9 per cent, thus justifying the approximate 
expression given for the error). If the voltmeter inductance is 
5.3 millihenries as may occur in the best modern dynamometer 
voltmeters and the condenser phase angle is 17 min. as might 
be found in a good mica condenser, each angle of defect is one- 
tenth the former value and the error is 0.52 per cent. Even 
this error is quite appreciable in the calculation of the method 
shown in the paper. Fortunately the errors due to inductance 
and to condenser loss are opposite in sign and therefore, by a 
suitable adjustment, they may be made to neutralize each other. 


The error due to unbalanced three-phase voltage may be 
much greater and moreover varies continually with line-voltage 
fluctuations. This error may be readily analyzed by the use of 
the symetrical coordinates developed by C. L. Fortescue. By 
this method any unbalanced system of three-phase voltages is 
resolved into two balanced systems of opposite phase rotation. 
Since the direction of shift of the potential of the neutral point is 
determined by the phase sequence, it may be readily appreciated 
that voltages of opposite phase sequence simultaneously im- 
pressed will not result in the ideal ratio of voltmeters of 3.732, 
even if no harmonics are present. : 

The analysis of this error is too complicated to be presented 
in a brief discussion but the results of the analysis may be il- 
lustrated numerically. Let m be the degree of unbalance ex- 
pressed by the ratio of the negative-sequence voltage to the 
positive-sequence voltage. This is roughly equal to the greatest 
deviation of any one of the three voltages from the mean. The 
error due to unbalance will depend not only on this ratio but on 
the phase angle between the two oppositely rotating components 
noted with reference to any instant. Accordingly the limits 
of the error are given in the first four lines of the tabulated 
illustrations below. Since the authors state that any small 
error due to voltage unbalance may be eliminated by stepping 
the line terminals around the circuit terminals and averaging the 
results obtained by the use of each of the three connections, a 
comparison of the error of this average is given also, in the ° 
last four lines. 


Two numerical examples are given in the table, one corre- 
sponding to a 10 per cent unbalance such as would result from 
voltages of 90, 105, and 105, or to 91.3, 100, and 108.7, eacn of 
these groups being approximately respective phase voltages 
which would result in a 10 per cent negative-sequence voltage, 
the difference in line voltages resulting in a different phase 
angle. The other example is based on a 1 per cent unbalance due 
for example to voltages of 99, 100.5 and 100.5. In general the 
unbalance will be between these limits, as the first corresponds 
to very poor service voltage while the second will be difficult to 
maintain even under laboratory conditions. From the figures 
given in the table it is seen that the results of a single pair of 
readings are entirely untrustworthy even with very well balanced 
voltages, and that good balance is necessary in order to secure 
reliable results, even if the terminals are stepped around. It may 
be noted that the average ratio is always high. 


Negative-sequence Voltage m 10 Per cent 1 Per cent 


Maximum ratio of readings.........--++- 6.04. 3.882 
Error of maximum, per cent...........-.- 62 4.0 
Minimum ratio of readings.........-.-.+-- 2.68 3.593 
Error of minimum, per cent..........--- 29 BU 
Maximum average ratio............---++- 4.022 3.7335 
Error of maximum average ratio, per cent. . Tats) 0.043 
Minimum average ratio............++65- Rip (Ait) 3.7333 
Error of minimum average, percent....... 0.6 0.033 


The formula from which these results were calculated is 
included without derivation, for the sake of completeness. 
Ratio of voltmeter readings 


| A + —— + 2m eos (60° + a) 


i 
said + A m2 + 2 mcos(60° — a) 


| me ; 
s Reale ace cos ( 60 +a) 
~ “N74 A? m? + 2A moos (60° — «) 
where 
Am iuiaas 
m =ratio of negative - to positive-sequence components, 


a = angle between components in the reference phase which 
is taken to be that across which the voltmeters are 
connected. 


L. A. Doggett: We have been very pleased to have Mr. 
Bates attack this problem from his own angle of approach and 
not only check our (2 plus y 3) but also show us the method of 
eliminating the errors due to the inductance of the voltmeters 
and the resistance of the condenser. 
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So far as the effect of unbalance is concerned we would like to 
submit for comparison with Mr. Bates’ figures the data for one 
test. With balanced voltages the wave-shape factor fora cer- 
tain wave was 3.693. With the same wave and with voltages of 
100, 97, and 97.5, the wave-shape factors, as the terminals of the 
wave-shape meter were stepped around, were 3.54, 3.95, and 
3.60, averaging 3.697. Experimental study of the effect of 
unbalanced voltages indicated that useful results were obtainable 
up to 2 per cent unbalance. 

Mr. Smith has brought out some of the contrasts between the 
telephone-interference-factor meter and the present wave-shape 
meter. He has also covered the question of the accuracy 
obtainable from oscillograms. As the wave-shape meter is not a 
telephone-interference-factor meter, no discussion is devoted to 
their comparisons. Mr. Smith has described what might be 
called the utmost accuracy obtainable from oscillograms. The 
results cited in our paper are considered fair samples of every- 
day accuracy obtainable. As to the effect of load pulsations, we 
find no difficulty in getting results while undergraduate labora- 
tory work is in full swing. 

In concluding the discussion, it should be pointed out that the 
instrument, made accurate in the manner described by Mr. 
Bates, is particularly well adapted to shop testing of three-phase 
alternators, which have three exactly balanced voltages. Like 
the telephone-interference-factor meter, this meter has its 
distinctive characteristic. While the T. I. F. meter penalizes 
the 17th and 19th harmonics for 6U-cycle alternators, the 
present wave-shape meter penalizes harmonies of phase rotation 
opposite to that of the fundamental. 

Lastly, we find this meter admirably suited for showing and 
recording changes in alternator wave shape as the character of the 
load changes. Functioning thus, the wave-shape meter has 
brought to our attention some rather remarkable facts. 


The Use of Vibration Instruments on Electrical 
Machinery 


BY J. ORMONDROYD: 


Non-member 


Synopsis.—Several mechanical vibration instruments are 
described and actual problems which these instruments have helped 
4o solve are mentioned. The theory of the seismographic instruments 


is developed to show the relation between the record or indication 
and the motion being measured. The limitations in the accuracy of 
amplitudes recorded or indicated are brought out. 


INTRODUCTION 


BV juss ans problems in the shop have frequently 
been left to the care of ‘penny balancers,’’ men 
whose practical judgment was not tempered by 

any accurate knowledge of the vibration properties of 
bodies or the possible causes of vibration. Their 
opinions were based on data gathered by the unaided 
senses of touch, sight and sound. The effects of 
vibration on the senses of touch and hearing depend on 
amplitude and frequency together; and it is well known 
that the eye exaggerates any vibratory motion it 
observes. Subjective data almost always fail in 
accuracy. Knowledge is useful only when it becomes 
quantitative. ‘The question “How much?” must be 
answered explicitly or implicitly before any action can 
be undertaken. 

In any vibration problem there are five things which 
should be known: 

1. Frequency of vibration. 

2. Amplitude of vibration. 

3. Type of vibration—simple-harmonic or complex. 

4. The elastic properties and mass distribution of 
the vibrating body. 

5. A general knowledge of the possible mechanical 
and electrical forces acting on the body. 


The first three must be gotten by quantitative 
measurement. Observations of these three without 
measurement is usually valueless. The fourth is 
gotten from a knowledge of the materials and dimen- 
sions of the body. The fifth involves a clear under- 
standing of the mechanical and electrical functioning of 
the body. This usually must go beyond the knowledge 
used to design the body since that knowledge, generally 
speaking, does not take into account the possibilities of 
vibration. No instrument can supply four and five. 
Trained human intelligence is necessary here. 

It is proposed to show that this problem can be 
studied quantitatively in the shop and field. The 
theory and use of a few instruments suitable for this 
study will be taken up. Only mechanical instruments 
will be discussed. While electrical methods for mea- 
suring vibrations are well known, the inconveniences 
attending the use of the oscillograph have always 
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discouraged any extended application of these methods 
on machines in production and in operation. Mechan- 
ical instruments have the following advantages over 
electrical vibration measuring devices which depend on 
the use of an oscillograph: 


1. They are easily portable. 

2. They can be applied to the job quickly, easily 
and cheaply. 

3. The record or indication is available for im- 
mediate use. 

4. The record or indication can be taken over a 
long period of time. 

5. No complicated electric circuits are needed. 


It should be stated, however, that electrical cir- 
cuits can be devised to give space-, velocity- and accel- 
eration-time effects; while mechanical instruments are 
limited to space-time effects. Very high frequencies 
demand the use of electrical methods. 

The theory and practise of five instruments will be 
given. 

Indicating Instruments. 

1. The vibrating reed. 

2. The vibration amplitude indicator. 
Recording Instruments. 

3. The directly connected vibrograph. 

“4, The vibrograph. 

5. The torsiograph. 

The vibration amplitude meter as described in the 
paper was developed by engineers of the Westinghouse 
Company although forms of this meter can be bought 
on the market. The other devices are commercial 
instruments widely used in Europe and slowly coming 
to the attention of American engineers. The use of 
each instrument is illustrated in the following pages by 
concrete examples. 

The theory of the instruments is given in the appen- 
dixes. Mechanical vibration-measuring instruments as 
they now stand cannot be used safely unless their limita- 
tions are clearly appreciated. The relationship between 
the record or indication and the actual motion is not a 
simple one. Knowledge of the theory of this relation- 
ship must be considered a necessary tool to the man 
who uses the instruments. 


LINEAR VIBRATIONS 


Most of the vibrations in electrical machinery are 
linear in nature. Four of the five instruments dis- 
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cussed are for the study of linear vibrations. In 
general, the fields of application of these four instruments 
are: 

1. The vibrating reed—for measuring frequency 
only. 

2. The amplitude meter—for measuring amplitudes 
only. 

9 The seismic vibrograph—used where a com- 
plete analysis of the motion is desired. Applicable 
where the instrument cannot be attached to a fixed 
reference point. 

4. The directly connected vibrograph—used where 
a complete analysis is wanted. Applicable where the 
instrument can be attached to some fixed reference 
point. 

MEASURING FREQUENCIES—THE VIBRATING REED 

The properties of resonance in a thin cantilever beam 
have long been used in turbo generator tachometers and 
electrical frequency meters. Fig. 1 shows a reed which 
can be varied in length and which can be attached to 
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Fig. 1—ReEEp VIBROMETER 

any vibrating body. The body should have a weight 
considerably larger than the weight of the instrument, 
say ten times as great, to preclude the possibility of the 
instrument affecting the motion of the vibrating body. 

The instrument shown in Fig. 1 consists of a claw to 
be clamped under a bolt head, two joints rotatable at 
right angles to each other, a main frame bearing a reed 
length scale on the side, an amplitude scale across the 
top and a long screw. A clamp carriage rides on the 
main frame; its position being adjusted by the screw. 
The reed is held tightly in a fixed clamp at the bottom 
of the frame and its free length is varied by the position 
of the movable clamp on the carriage. 

The instrument is bolted to the vibrating machine 
and the free length of the reed is adjusted until the 
largest amplitude of motion is obtained at the end of the 
reed. This is read on the transverse scale. The 
instrument then is in resonance with the impressed 
frequency. This frequency can be determined by 
measuring the free length of the reed. 

This device is so highly selective (damping forces 
extremely small) that it can be used only on vibrations 
with almost absolutely constant frequency. The 
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least variation in frequency near the resonant point 
will give very large fluctuation in amplitude. This 
limits the instrument to uses on turbo generators and to 
cases where the cause of the vibration lies in magnetic 
pulls or in torque pulsations. These latter have 
frequencies depending on the voltage frequency of the 
line which varies slightly. 

Given the same frequency, the amplitudes can be com- 
pared. Turbo generator balancing can be controlled by 
the use of a reed under these conditions. 

A knowledge of the frequency of a vibration will often 
point to its cause. Unfortunately, the vibrating reed 
is too sensitive to be generally used for this purpose 
since in most cases the frequencies vary enough to spoil 
the accurate setting of the reed. 


THE MEASUREMENT OF AMPLITUDES ONLY— 
AMPLITUDE METER 


In many cases the frequency of vibration is known 
and the magnitude of its amplitude is of importance. 
Here the amplitude meter is a handy tool. This 
instrument consists of a mass suspended-from a frame 
by aspring. (See Fig. 12.) The frame is held against 
or attached to the vibrating body. The relative motion 
between the spring-suspended mass and the frame is 
equal to the total range of the vibratory motion when 
the frequency of the motion is above a certain value. 
This relative motion is transmitted through levers to an 
indicator which makes a band image over a calibrated 
scale. 

The most important use for the instrument is in field 
balancing of turbo generators. The instrument is 
attached to the bearing pedestal and four amplitude 
readings are taken—one with the original unbalance; 
the other three with an arbitrary unbalance applied 
successively in three different points of the balancing 
plane. The amplitude readings determine a system 
of vectors which give the amount.and direction of the 
original unbalance. This rational procedure saves 
time and is more accurate than the old cut-and-try 
methods. 

In cases where periodic forces have set stators of 
electrical machines in vibration, the amplitude meter 
has been used to determine the nodes or points at which 
the stator motion amplitude was zero. A check on the 
number and position of the nodes, along with a measure- 
ment of the frequency, indicates the curative measures 
to be taken. It also indicates the accuracy of design 
calculations. 


The comparative roughness of commutators can be 
gaged with a small amplitude meter by holding it on the 
brushes. Where a definite minimum roughness ‘is 
permissible on a given line of motors, this is a simple 
means of inspection. 

Where large numbers of any one motor have to be 
made with a given minimum of vibration, the amplitude 
meter again serves as a means of objective inspection. 
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APPLICATION OF THE SEISMIC VIBROGRAPH 

The seismic vibrograph is shown in Fig. 2. It 
consists of a heavy pendulum suspended between two 
springs. (See Fig. 18.) The pendulum is placed at 
right angles to the direction of the motion to be 
measured. “The frame of the instrument is attached to 
the vibrating body and moves with it. The spring- 
borne pendulum stands still in space when the frequency 
of motion is above a certain value and the relative 
mot:on between the frame and the pendulum bob is 
transmitted througn a system of levers to a recording 
pen. A strip of paper actuated by clockwork moves 
under the pen and a record of the motion shows as a 
wave on the paper. A timing device records equal time 
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intervals on the same strip. The record can be analyzed 
for frequency, amplitude and type of motion. 

The seismic vibrograph finds its chief application in 
the measurement of floor vibrations in buildings and 
electric locomotives. The absence of any fixed refer- 
ence point in cases like these necessitates the use of a 
seismic instrument. 

Although the cause of troublesome vibrations on 
factory floors or office buildings usually can be traced 
to its source without the help of instruments, there are 
cases where the cause is entirely elusive until vibration 
measurements are made. This is true where many 
pieces of rotating apparatus exist near together. A 
vibrograph record will show the frequency of the 
strongest vibration and this knowledge will usually 
point to the cause. 

A common cure for floor vibration is mounting the 
machine which causes the disturbance on cork pads or 
springs. The design of a flexible mounting is deter- 
mined by the weight of the machine and the frequency 
of the disturbance which it causes.? It is entirely 
possible to design a flexible mounting in such a manner 
that the transmitted vibrations become worse instead of 
better. In a rational design of flexible mounting the 
vibrograph supplies the necessary data on frequencies. 

In gas or Diesel electric locomotives the floor 
vibrations may come from many sources. Unbalance 


2. See C. R. Soderberg, Elec. Journal, Vol. X XI, 1924, p. 160. 
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in the reciprocating parts of the prime mover or in the 
rotating parts of the engine, generator and numerous 
auxiliaries—any one of these may be causing the ob- 
jectionable disturbance. Usually they must all run 
simultaneously so no successive elimination of causes 
is possible. Another source of noticeable linear vibra- 
tions may be the periodic twist in the common founda- 
tion of the generator and engine due to the inherently 
varying torque of the prime mover. A vibrograph 
record usually shows up the troublesome frequency and 
leads to the proper remedy. This remedy may consist 
in the correcting of a bad unbalance, the changing of 
frame work structure to avoid local resonance, or the 
avoidance of resonance in the entire cab-spring system. 


APPLICATION OF THE DIRECTLY CONNECTED 
VIBROGRAPH 
Fig. 3 shows a side view of this instrument and Fig. 16 
shows a top view. The instrument is clamped tightly 
to a body assumed to be absolutely stationary. A light 
rod transmits the motion from the vibrating body 
(See Fig. 16) to a bell crank which magnifies the motion 
and actuates the pen-push rod. The pen system, paper 


‘drive and timing device are all the same as on the 


seismic vibrograph (See Fig. 16). 

The entire region close to a vibrating machine is 
often vibrating with the machine. In cases where 
this is so bad that the assumption of a stationary 
reference point cannot be approached even approxi- 
mately, specia! mountings for the instrument must be 
used. In power houses a heavy weight—a ton or more 
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—is suspended from the crane and the instrument is. 
mounted on the weight (See Fig. 4). On the test floor 
a heavy mass mounted on springs has been used. In 
both cases a seismic system is formed having a low 
natural frequency which does not respond to the small 


high frequency forces transmitted through the bell 


crank. Usually the floor vibrations are small enough 
so that any object near the vibrating machine may be 
considered stationary enough to serve as a mounting 
for the instrument. 


THE STUDY OF CRITICAL SPEEDS 


In rotating apparatus the critical speeds are the most 
important objects of vibration study. Existing methods 
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of balancing rotors are accurate enough to eliminate 
violent vibrations at any speeds except those in the 
region of the critical speeds. The directly connected 
vibrograph finds its most extensive use in the study of 
the critical speeds of structures and machines. 


EXPERIMENTAL DETERMINATION OF NATURAL 
FREQUENCIES 

Any structure which is deformed by the application of 
external forces will return to its natural conformation 
when these forces are removed, assuming deformations 
within the elastic limit of the structure. If the applied 
force is in the form of a blow the return to the position of 
static equilibrium is made through damped oscillations 
having the natural frequency of the structure. This 
fact is used in determining the natural frequencies of 
bodies too complicated in shape to be calculated. The 


Fic. 4-VisroGRaPH FoR POWERHOUSE 

body is clamped in its natural position, a blow is struck 
and the vibrograph records the ensuing damped 
oscillation. 

The calculation of the natural frequency of turbo 
generator field structure is complicated by the presence 
of field winding slots. A method of calculating this 
frequency was devised analytically and checked 
experimentally by means of the vibrograph. The mass 
of the generator rotor is too large to be affected by a 
blow; so the principle of resonance was used. A small 
d-c. motor with a badly unbalanced rotor was mounted 
on the top center of the large rotor which was held in 
pedestals mounted on the test floor. The vibrograph 
was mounted below the center of the field. The motor 
speed was varied until the amplitudes of vibration of 
the whole field became a maximum. A curve of the 
amplitudes read from the records indicated the critical 
speed very distinctly and a check between theory and 
practise was possible. 


EFFECTS OF STRUCTURAL PARTS ON CRITICAL SPEEDS 


Perhaps the most valuable service which the directly 
connected vibrograph has performed has been in the 
emphasizing of the tremendous differences which can 
exist between the critical speed in rotating apparatus, as 
calculated on the rotor alone and the actual critical 
speed of the completed and installed machine. When 
a draftsman in the ordinary course of design calculates 
the critical speed of his rotor he tacitly assumes that the 
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bearings in which it will rotate are held rigidly fixed in 
space and that his calculated critical speed will be the 
critical speed of the completed machine. But the 
action of the bearing under the influence of unbalanced 
forces depends on the flexibilities of the pedestals, 
bed-plate and ultimate foundation. These additional 
flexibilities, usually neglected, all tend to make the 
actual critical speed lower than the calculated speed.’ 
This fact is of importance since all small and medium 
sized machines are usually built to run below their 
calculated critical speeds. 

The effects of parts of the structure external to the 
rotor shaft may range all the way from complete 
control of the actual critical speed (as in the case of all 
modern balancing machines, where the flexibility 
connected to the vibrating bed determines the fre- 
quency of the system) to the case where the bearing 
is in extremely rigid pedestals attached to an extremely 
rigid foundation. In this latter case the critical speed 
as calculated would be the actual critical speed in 
service. 

An extensive series of tests was run by Dr. S. 
Timoshenko and Mr. L. S. Jacobsen on an experi- 
mental synchronous condensor to prove that the 
effects of structural flexibilities could be predetermined 
accurately. The machine was rated 5000 kv-a. at 750 
rev. per min. They tried three shafts of different diam- 
eters and two different bed-plates—all other conditions 
remaining constant. Bed-Plate B was 40 per cent 
heavier and twice as stiff as Bed-Plate A (See Table I). 
The results are shown in Table I. | 


TABLE I 
Bed-plate A Bed-plate B 
Critical Actual Actual 
Rev. per | Critical Critical 
min. Cal-| Rev. per Rey. per 
Direction Diam- culated min. min. 
of eter on Rotor | No Field |Per Cent} No Field |Per Cent 
Vibration | of Shaft Alone |Excitation| Lower |Excitation| Lower 
Horizontal | 10.5 in. 1270 1050 17% 1420 12.5% 
127 ins 1470 1180 20% 1270 13.5% 
15.5 in. 1820 1325 27% 1460 20.5% 
Vertical 10.5 in. 1270 1010 21% 1110 12.5% 
12.5 in. 1470 1130 23% 1280 135 °S% 
1525 in: 1820 1220 33% 1410 22.5% 


Another interesting case was an experimental elevator 
motor generator set consisting of two standard d-c. 
machines, the rotors of which were on a common shaft 
and the stators being mounted separately on a common 
bed plate. The critical speed calculated on the rotor 
alone was about 3200 rev. per min. The actual critical 
speed was found to be at 1850 rev. per min. due to the 
combined additional flexibility of the feet and bed-plate. 
The system in reality was one with several degrees of 
freedom instead of one. By tying the two stators 
together with a brace, the feet flexibilities were elimi- 


3. See C. R. Soderberg, Eléc. Journal, Vol. XXI, No. 12, 
p. 579. 
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nated and the critical speed became 2800 rev. per min. 
(See Fig. 5.) When the inboard holding down bolts of 
one of the machines in the unbraced set was loosened 
only half of the foot material of that machine was acting 
as a restraint on its motion. This increase of foot 
flexibility lowered the critical speed to 950 rev. per min. 

It can be seen that errors of critical speed calculation 
in the order of 40 per cent are possible in the ordinary 
course of design. This becomes important in case the 
designer thinks that he is running not far below the 
critical speed as he calculates it in the ordinary way. 

Effects of Foundation. Synchronous machines have 
been tested on the test floor and in the field which 
showed a difference of 12 per cent in the critical 
speed on account of the differences in foundations under 
the bed-plate. And in turbo generators, mounted as 
they are in power houses, several critical speeds are 
passed through in going up to the running speed some of 
which are due to flexibilities in the foundation itself. 
This problem is one of extreme difficulty and it is being 
studied by means of the vibrograph. 

Effect of Magnetic Pull. Unbalanced magnetic pull 
also lowers the critical speed. A mechanical spring 
always tends to return to its position of equilibrium 
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when stretched or compressed. A body in between the 
poles of a magnet is pulled away from its equilibrium 
position more and more the farther it gets from the 
position of equilibrium. An unbalanced magnetic pull 
has a negative spring effect which decreases the total 
spring constant of the whole system.® For a given 
machine this can be calculated. For a certain field 
excitation, it reaches a maximum effect; for stronger 
fields its effect falls off again. In the case of the 
synchronous condenser mentioned before the maximum 
effect was at 30 amperes, field current. Table II shows 
the effects at this maximum taken from vibrograph 
records. 


Z. Rosenberg, Trans. A. I. EB. E., 1918, p. 1425. 


5. CO. R. Soderberg, Elec. Jour., Vol. XXI, No. 12, p. 582. 
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TABLE II 
Bed-Plate A Bed-Plate B 
Direction Critical R.P.M Per Critical R.P.M. Per 
of Shaft No. |30 Am-| Cent No. |30 Am-] Cent 
Vibration Dia. Field peres | Lower | Field peres | Lower 
Horizontal 10.5 1050 930 11.5 1110 994 10.5 
12.5 1180 1070 2) 1270 1165 8.0 
15.5 1325 1230 7.0 1460 1375 6.0 
Vertical 10.5 1010 883 12.5 1110 994 10.5 
12.5 1130 1015 10.0 1280 1175 8.0 
15.5 1220 1120 8.0 1410 1320 6.0 


VIBRATIONS NOT DUE TO CRITICAL SPEEDS 


Noisy and violent vibrations cannot always be 
attributed to critical speeds. The case of an induc- 
tion regulator standard for single phase, 60 cycles, but 
applied and rated for 25 cycles shows this very clearly. 
The machine was noisy on the test floor, due to impact 
between the segment teeth and the worm. The 
diagnosis of critical speed in resonance with the single- 
phase torque was made and the usual remedy of 
changing the shaft diameter was tried, but without 
diminishing the noise. The vibrograph was mounted 
to measure the tangential motion of the regulator gear 
segment. The supply frequency was varied and the 
ky-a. was kept constant. The resultant torsional 
vibration amplitude plotted from the records is 
shown in Fig. 6. Instead of resonance at 25-cycle 
voltage (50-cycle torque variation) the amplitudes tend 
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to increase toward infinity at zero frequency—or to 
some extremely low frequency resonance amplitude 
due to the clearances in the worm and segment system. 
The rotor was acting very similarly to a rotor free to 
rotate in bearings acted upon by a periodic torque. 
The amplitude of torsional vibration of such a body 
is in general 
Ao = ee 


I 


So 
| 


= amplitude of torsional motion 

¢@) = amplitude of applied torque (proportional tothe 

kv-a. in this case.) 

I = the moment of inertia of rotor 

w =47 & line voltage frequency 

The only fundamental way to limit the oscillation 
was shown to be by the application of a fly-wheel to 
increase the inertia of the rotor. Since this could not 
be done gracefully or conveniently (and the idea of a 
fly-wheel on an induction regulator being revolutionary 
to say the least) the noise was cut out by putting 
longitudinal flexibility in the worm and making the 
segment from a non-metallic material. This decreased 
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the retardation value of the impact and completely 
eliminated the trouble. 

The direct connected vibrograph has been used 
extensively in field balancing and in the study of 
magnetic noises due to stator vibrations. 


TORSIONAL VIBRATIONS 


Torsional vibrations although of common occurrence 
cannot be observed very readily even when they are of 
destructive magnitude. These small periodic angles 
of lead and lag superimposed on the constant advance 
of rotating parts are only noticeable when they cause 
chattering in gear teeth or give rise to linear vibrations 
on the foundation due to stator reactions. Most shaft 
and coupling breakage can be attributed to the dy- 
namical stresses induced by unnoticed torsional vibra- 
tions. Where torsional critical speeds occur these 
stresses become very large. Although it is much 
easier to calculate torsional critical speeds than linear 
critical speeds, very few designers check this important 
point. Torsional vibrations being hidden are ignored. 

The torsiograph has an important educational 
mission in emphasizing the existence of these oscilla- 
tions in a concrete way. Its chief uses are in the 
study of torsional critical speeds, in the location of the 
causes of vibration and in the checking of design 
theories. 

- The torsiograph consists of a light pulley and a fly- 
wheel mounted concentrically on the same axis. (See 
Figs. 7 and 8.) The fly-wheel is held in a definite static 
relationship to the pulley by means of two opposing 
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springs. (See Fig. 14.) Relative motion between the 
pulley and the fly-wheel about this position of 
equilibrium is possible. The relative motion actuates 
a system of bell cranks which move a recording pen 
pushrod. The recording-paper drive and timing device 
are exactly the same as for the vibrograph. In addi- 
tion to the timer there is a pen actuated by a solenoid 
which is excited by the making of a contact once every 
revolution of the body being tested. This indicates 
the instantaneous angular position of the body. 

The pulley is belted to the shaft to be tested and 
follows its motions. The fly-wheel tends to rotate at a 
uniform average speed for frequencies above a certain 
value. The relative motion between the irregularly 
moving pulley and the steadily moving fly-wheel 
produces the record. 


TORSIONAL VIBRATIONS DUE TO MECHANICAL CAUSES 

Gear vibrations have been studied with the torsio- 
graph—the most interesting conclusion drawn being 
that torsional vibration with a steady tooth contact 
frequency only occurs when the gearsare heavily loaded. 
This points to the fact that any dynamical theory of 
gearing must take into account the effects of deflections 
in the gear structure (the only thing that changes with 
load) as well as geometrical errors in tooth form and 
spacing. 

GAS ELECTRIC DRIVE VIBRATIONS 

The torque delivered by an internal combustion 
engine is inherently irregular, consisting of a constant 
average torque with a periodically varying torque 
superimposed. The relationship between the magni- 
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tudes of these two torques depends on the number of 
cylinders and the number of strokes per combustion 
cycle. The fundamental of the periodic torque has 
the firing frequency and all other higher harmonics 
also exist. The mechanical system consisting of 
generator rotor, fly-wheel and crankshaft with its 
attached reciprocating masses, has many natural 
frequencies. Theoretically the combination of the 
harmonics of the variable torque and the many natural 
frequencies of the rotational system lead to an infinite 
number of possible critical rev. per min. of the generat- 
ing unit. Practically resonance with the fundamental 
and perhaps the second harmonic have given the im- 
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portant critical speeds. The other harmonics are 
usually too small to produce noticeable effects. 

Several gas electric generating units have been 
investigated by means of the torsiograph—the critical 
speeds determined and operating speed limits have 
been established. The theories for precalculating the 
critical speeds have been checked experimentally by 
means of the instrument. 

Where flexible couplings have been used on gas 
electric units records on both sides of the coupling 
have shown how the coupling acts as a wave filter, 
only the lowest harmonic of the variable torque being 
prominent on the generator side of the coupling and at 
speeds far above the lowest critical speed of the rota- 
tional system even the fundamental gets very small. 


TORSIONAL OSCILLATIONS IN SIDE-ROD ELECTRIC 
LOCOMOTIVES 

The torsional oscillation of the rotating system of a 
side rod electric locomotive is an important problem 
where locomotive frames, rods and cab structure are 
very light as in European practise. In the heavier 
American designs this problem loses much of its im- 
portance; but the careful designer attempts to make 
the possibilities of destructive torsional vibrations 
remote. The torsiograph has been used extensively in 
Europe in checking the numerous theories which have 
been developed on this subject. Theoretically, errors 
in side rod length (or “tram’”’) errors in crank length 
and quarter, and pin clearances, can give rise to os- 
cillation having driver rotational frequency, and the 
second and fourth harmonic of this frequency. 
Torsiograph records show that these exist; but the 
presence of large damping forces (especially where 
flexible gears and pinions are used) keeps the amplitude 
of these oscillations within safe limits even at the 
critical speeds. An experimental check can be made on 
design theories devised to lessen the possibilities of 
destructive action. 

Where gears are interposed between the motors and 
drivers, resonance with the tooth frequency vibrations 
must be avoided on all parts of the motors and locomo- 
tive frame near the motor bearings. The torsiograph 
records show what conditions of load are necessary to 
bring about large amplitude of these gear frequency 
oscillations. . 

TORSIONAL VIBRATION FROM ELECTRICAL CAUSES 

It is a well-known fact that single-phase rotating 
machines vibrate torsionally with double line-voltage 
frequency® and amplitudes proportional to the kv-a. 
The reaction of these single-phase torques through the 
stators of large machines have made it advisable in some 
cases to go to special spring mounting to protect the 
foundation of the machine from the double-line fre- 
quency, forces.’ The torsiograph makes a very con- 
venient means of studying these oscillations. 

6. A. L. Kimball and P. L. Alger, Trans. A. I. E. E., 1924, 


Dau. 
7. C.R. Soderberg, Elec. Journ., Vol. XXI, No. 8, p. 383. 
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It is generally assumed that polyphase motors 
rotate uniformly under all conditions. Torsiograph 
records in many instances show double line frequency 
torsional oscillation just as in the case of single-phase 
machines—the amplitudes being much smaller. Ex- 
perimentally this was shown to be due to unbalance in 
the primary winding—unbalanced voltage or unbal- 
anced impedance being equally effective. It can be 
shown theoretically by the use of symmetrical coor- 
dinates,’ that the positive and negative sequence 
currents and voltage due to electrical unbalance produce 
a small torque of double line frequency superimposed 
on the average constant torque expected. The am- 
plitude of the resultant vibrations is proportional to the 
amount of unbalance. Similarly it has been shown 
theoretically and experimentally that unbalanced 
resistances in the secondary of a wound rotor motor can 
produce destructive torsional vibrations on the rotor’. 


Unbalance in the secondary currents which have a 
fundamental frequency equal to the slip frequency will 
inducecurrents in the primary circuit having a frequency 
of f— (n+ 1)s where 

f = line frequency 

nm = number of unbalanced secondary harmonic 

s = slip frequency 
Torques produced by a current having a frequency 
f— (n+ 1) sand a flux with frequency f will be of two 
frequencies, 2f— (n + 1) sand(n+1)s. 

This theory was developed by C. R. Soderberg and 
tested by him by means of the torsiograph and 
oscillograph. 

In tying any a-c. motor onto a common shaft bearing 
other rotating masses the designer must be careful to 
avoid resonance with double the line frequency of the 
a-c. supply. This is especially necessary if the motor 
is single-phase but should not be neglected even in the 
case of polyphase motors. 


Appendix I 
GENERAL THEORY OF THE SEISMOGRAPH 


All of the instruments discussed, except the directly 
connected vibrograph, are built on the same principles 
as the seismograph or earthquake recorder. In 
developing the theory of these seismic instruments the 
vibratory motion considered will be simple harmonic 
motion. Any complex periodic motion consists of a 
sum of simple harmonic motions, so that the problem 
is completely solved when the form of one term of the 
series can be determined. The instruments will be 
considered as systems with one degree of freedom. 
Deviations from this assumption will be taken up in 
Appendix III. 

Fig. 9 represents the simplest seismographic system 
The mass M is sus- 
pended from the frame B by means of the spring which 


8. QL. Fortescue, Trans. A. I. E. E., 1918, p. 1027. 
9. A.F. Kenyon, Elec. Journ., Vol. XXII, No. 9, p. 435. 
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has the characteristics K (force per unit extension); 
B is rigidly attached to the body A which has the 


vertical motion. 
Y = Y,sin wt (1) 


It is tacitly assumed that the total mass of the : 


instrument is small compared with the mass of the 
body to which it is attached. For engineering pur- 
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poses the mass of the seismograph should not be more 
than about one-tenth the mass of the vibrating body. 


THE ABSOLUTE MOTION OF THE MASS 


The motion of A is transmitted by the rigid frame B 
to the point of suspension of the spring-mass system. 
The mass has some motion x, as yet undetermined. 
Motions x and Y are both absolute motions taken 
positive in the same direction and referred to the same 
system of coordinates fixed in space. The center of 
gravity of M under static conditions will be taken as 
the origin of the coordinate system. The forces acting 
on M under the given conditions of motion are: 


Cz 
_ 1. An inertia force —M de 
dx 

2.. Adamping force — ¢ di 


8. Aspring force — K (4 — Y) 


c is a force per unit velocity. The damping factor c 
cannot be predetermined readily—depending as it does 
on friction, windage and internal mechanical hysteresis 
of the spring material. That the damping is propor- 
tional to the velocity of motion is a pure assumption 
made for simplicity and justified by experimental 
results. 
must be in balance at all times, we have 


ad? x dz 


Say PPS pen os ae! (2) 


dt? 


Substituting the value of Y given in equation (1) 
we get 
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a x az : 
Mae Ge a ae ee (3) 
The general solution of (3) is 
wire Tien c? 
C= pelt [ Cres e — 
; K Coe 
+ Orsin V1 | (4) 


= Y) si ( ¢t—tan™ ——_ ) 
sin | wt— . 
+ ie w? + (K—M w)? : K-—M ow 


The complementary solution contains C; and C2 
arbitrary constants which must be evaluated by means 
of two initial conditions. But this term dies away in 
time and in the measurement of machinery vibrations 
we are not interested in this free vibration of the 
instrument system itself; but rather we are interested 
in the particular integral which gives us the law of the 
forced vibrations which we are measuring. 

The forced motion of M, or the particular integral 
of (3) can be written: 


: Cw 
¥sin ( wt — tan KM w& ) (5) 
where w, is defined by equation (7) below. 

From (5) it can be seen that M has the same type of 
motion as the impressed motion, simple harmonic; it 
has the same frequency and its amplitude is always 
proportional to the amplitude of the impressed motion. 
The motion of M lags behind the impressed motion. 
The angle of lag and the absolute value of the ampli- 
tude of x are functions of the impressed frequency 
and the constants of the seismic system. 

At a certain frequency of the impressed motion the 
movement of M will become very large—it will reach 
a maximum value. This is called the critical speed of 
the instrument, and the impressed frequency is in 
resonance with the natural frequency of the instrument. 

The natural frequency of the instrument can be 
seen to be (see equation (A) ) 

2 
aN eas ian 
M 2M 


2 
c 
but ( sor! is usually such a small quantity that 


it can be neglected and the natural frequency is closely 
equal to : 
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This occurs when the frequency is such that 

K-—M ow =0 (8) 
At this frequency the amplitude of the motion x, 2, 
is only limited by the damping factor. 


K 


L0(w =) a ee To 
c 


(9) 
and 


CW, 


T 
1 2?) Bk Seen, 


tan— or 90° (10) 
Fig. 10a showing the amplitude of the motion x and 
Fig. 10b showing the angle of lag are plotted on the 
following data: 

Y,) = Lin. (constant for all frequencies) 

M = 0.20 Ib. mass 

kK = 10.00 pounds per inch 

c =0.00, 0.066 and 2.88 pounds per 

second 

c = 2.83 is the value at which the 
a periodic, that is where 


K Ce 
-_M- 4M? 


inch per 


instrument is 


=) (11) 


From Fig. 10a and Fig. 10b it can be seen that when 
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SYSTEM 


ae > 38, the mass M undergoes only a fraction of the 

- impressed motion and that it lags behind the impressed 

motion almost 180 deg. 
Now, suppose a pencil were attached to M extending 


perpendicular to its direction of motion and scribing | 


on a strip of paper moved i in a direction perpendicular to 
the plane of the pencil motion bya mechanism attached 


Ww 
At and near i = 0 


c 


to the Frame B (See Fig. 9). 


B and M are moving the same amount and in phase. 


iy neal = 1 the 
w 


ce 


There will be no record on the paper. - 


record will be much larger than the actual motion. At 
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Q) F ON Tae : 
= irae ( practically for Mises 4 ), B will move 


with amplitude Y,, M will stand still in space and the 
record will have the same amplitude as the impressed 
motion, but it will be 180 deg. out of phase—when the 
motion is up, the record will be down. 

Evidently, in interpreting the record, we are inter- 
ested in the relative motion between the suspended 
mass and the frame of the instrument. 


THE MOTION OF MAss M RELATIVE TO THE FRAME B 
The motion of B is assumed again as an absolute 
motion 
Yo= ey si on (ez) 
The mass M has a motion 2, relative to the frame B. 
The force gta under these conditions becomes: 


dx 
(Vase i Ctr soe a 


My 2 +Kx=0 (13) 
or substituting the values of Y 
d? Hom ad v1 
M ip +¢ 73> di +Kx=MoYysnwt (14) 


The inertia force on M depends on the total motion 
of M, and ¢, differs from ¢ in equation (2) in that the 
atmosphere is here assumed to be moving with the 
instrument. Practically c, = c. 

The particular integral of (14) can be written: 


w? 
QW,” 
Wo = a7 A ee a 
| “--Sy 
M ow, w2 w.2 


(15) 


where w, is defined by equation (7). 


Using the same system constants as before, Fig. 10c¢ 
shows the amplitude of X,, or the record, as a function 


of The angle of lag is exactly like the angle of 


lag in the case of absolute motion as shown in Fig. 10B. 
From Fig. 10c it can be seen that the amplitude of 
the record is very closely equal to the amplitude of the 


impressed motion when “4, The error. at 


= 4isabout 6 per cent. It also shows that the value. 


c 


of the damping factor does not materially affect the 


results given above Sa 


Cc 


This brings out the fundamental limitation of seismic 
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instruments. To get accurate records the vibration 
measured must have a frequency at least four times 
greater than the natural frequency of the instrument. 


For frequencies below this the instrument must be. 


calibrated and corrections must be made on the records. 
What is more, the damping factor ¢ changes with the 
age of the instrument, due to wear in the parts and 
accumulations of dirt and also with the lubricant used 
in any pivots or bearings. In the region above 


w 

Pr 4 this change can be very great without affect- 
ing the results. But when used below this range the 
instrument must be calibrated frequently. 


Appendix II 
THe THEORY OF THE ACTUAL INSTRUMENTS 

The relative motion equations for actual instruments 
are of the same form as developed in Appendix I. The 
mechanical systems are usually more complicated and, 
as a result of this, the constants are different from those 
in the simple systems. 

The assumptions made and units used will be: 


TABLE III 


Linear Systems Rotational Systems 


Number of degrees of 
freedom. ......026.-% 


one one 


Y = Yosinwt ¢=%sinwt 


Impressed motion......-- Yo is small o is small 
Relative motion.......-. ZL r) 
lb. mass Ib. mass in.” 


Coefficient inertia term... 


Coefficient of damping Lb-in. per radians 
Liletal 13 bycleacne chore Laie mace Lb. per in. per sec. per sec. 
Coefficient of spring term. Lb. per in. Lb-in. per radians 

Right hand member-exter- 
nal action term...... Lb. Lb-in. 


Since the damping factor is not predeterminable 
and small it will be designated simply by c in each case. 

The Vibrating Reed. Thesimplest vibration instrument 
is the vibrating reed. It consists of a thin cantilever 
beam bearing a small mass on its free end. Fig. lla 
shows such a system mounted for vertical vibration 
measurement. 

This instrument is an indicating device—the eye 
seeing the relative motion between the mass M and 
the base B. The force equation is 


m a «x dx ZHI 
(We) aa tea, top 


aa (1 ae ea) w? Yosin wt (16) 


where m is the mass of the cantilever beam and 


38H I 
2 


represents the spring constant for a perpen- 
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dicular force acting at the free end of the beam 
(Fig. 11b). 

This instrument is usually used for detecting fre- 
quencies only and depends on its high selectivity or 
“sharp tuning” for this result. The value of ¢ is usually 
extremely small which results in very large amplitudes 
of motion at and very near to the natural frequency of 
the reed and small effects in all other regions. Fig. 
11c shows the effect of the magnitude of c on the 


Ww 


“tuning.” The curve of amplitudes against 


c 


with the low peak is for a large value of c. The curve 


| 
| JA. ‘Side View | 
Y 
Y 
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Top View 


4 Bending Diagram 


as 


Fra. 11—Scuematic DiacRaM oF REED VIBROMETER 


with the high peak at resonance—showing “sharp 
tuning’’—is for a very small value of ¢. 
The frequency to which the reed is tuned is 


We 1 12E1 
Sy Sy eo 17 
f 27 2% B(4M +m) aes 


By making the length 1 variable, a given reed can be 
used to detect frequencies from a given minimum 
value up to a maximum value determined by practical 
considerations. 


THE VIBRATION AMPLITUDE METER 
Fig. 12a shows a schematic arrangement of this 
instrument. | 
The relative motion between M and B is magnified 
by the indicator system and the maximum value of the 
total range is shown by the width of the band image 
of the indicator point vibrating over the calibrated 


scale. The magnification pu is 
a 
tn aa (18) 


The equation of motion is 


(w+ +) S24. 4[n4(+) mk 


dt? 


I dua 
- (M+) oYsin ot (19) 
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where I is the moment of inertia of the indicator about 
its axis of rotation and all the other quantities are 
indicated in Fig. 12a. A typical curve of the indicated 
amplitudes in relationship to the impressed or measured 
amplitude is shown in Fig. 10c. In order to get an 
accurate indication the frequency measured should be 
at four times the natural frequency of the instrument. 
The natural frequency of the instrument is 


Sere Gem en (-5) (20) 
se 20 20 | yh 
N UN aSieere 


Zi 
Fic. 128 


Fic. 12—Scuematic Diagram or AMPLITUDE METER 


Upper Limit To AccURACY OF INDICATOR 


The question of indication accuracy above <a = A 
depends on the exact following of the motion of M by 
the indicator. This condition is expressed mathe- 
matically by saying that the force between the indicator 
and the mass M at their point of contact must never 
equal zero. An initial contact pressure is developed 
by putting an initial tension in K, and a compression 
in K;. The amount of initial set necessary to get 
accurate readings under a given set of conditions can 
be calculated. Considering Fig. 12B, we have a 
schematic view of the indicator system where 


af 
Men at. (21) 
é 2 
K,’ = ( Ky (22) 
and the mass M has the motion. 
Yrs Yn sina t (23) 


The spring K,’ has an initial compression 2% which 
produces a static contact force between M and m. 
When the position of M is positive, both the inertia 
reaction of m and the spring force in K,’ increase this 
contact force; but when the position is negative the 
inertia reaction is upward and the total spring force is 
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diminished. Both these effects reach their extreme 
values at the instant the mass M reaches its lowest 
position. Let the contact force be F. At the lowest 
position in the limiting case we have 

F = Ky! (a) — Yo) —- mw? Yo = 0 (24) 
The value of w? at this point is 


9 a, D) v0 

Gi = ( Ve 1) (25) 

where 

teak: 
Oe oi, (26) 
x 
For = <1 the indicator will not follow the motion 
0 


of M accurately at any frequency since the limiting 


a 

frequency becomes zero or imaginary. For = seh 
0 

the frequency which can be followed successfully 

depends entirely on the stiffness of the indicator spring 

and the inertia of the indicator. When the ratio 


/ 


is large, high frequencies can be measured 


accurately. 


THE SEISMIC VIBROGRAPH 
The seismic vibrograph is shown in Fig. 2 and 
schematically in Fig. 18a, which shows the recording 
system as well as the spring mass system. Although 


Fig. 13—Scnematic DIAGRAM OF SnismMic VIBROGRAPH 


the instrument measures linear motions it has a rota- 
tional mechanical system. The mass M becomes 2 
pendulum suspended between the clock spring notice- 
able in Fig. 2 and the recording system spring. This 
ig shown more clearly in Fig. 18b which further sim- 
plifies the system. In Fig. 13b, Ky’ represents the 
clock spring reduced to an equivalent coil spring at the 
point where the recording system touches the pendulum 
and K,' is the pen spring reduced to an equivalent — 
spring acting at the same place. Fig. 18¢ shows 
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schematically the motions encountered by this system. 
The whole instrument undergoes the linear motion. 

Y SY sina (27) 
and the pendulum also rotates through an angle @ 
with respect to the frame. Taking moments about the 
pendulum axis of rotation, the moment equation 
becomes 


d? 0 
eter anes 


dé [ iL 
¢ tLa@+by? 
— a M a Vansin wt 


xi+(£2) K.Joo+oy é 


(28) 
where 
p = the radius of gyration of pendulum about its 
axis of rotation. 


a = the distance between the center of gravity of 
the pendulum and the axis of rotation. 
a+b =the distance between the pendulum axis of 
rotation and the point at which recording 
system is in contact with the pendulum. 
kK, fd ) 
€ pi and ( oe K, are reduced values of the 


spring constants K, (#in./radian) and K, 
(7#/in.) 

The particular integral of (28) gives us the relation- 
ship between the relative rotation @ and the impressed 
motion. Since @ is small it can be reduced to a linear 
relative motion at the recording system point of con- 
tact. The relative linear motion there will be 


= (a + b) 6 (29) 
and 
Ww? 
ee a + b W,” 
fy Cc 2 2 Eee 
( a YG p> =) es ee a 
: Yosin(wt—@) . (30) 
where 
@ =tan! on 2 
(a+b)? ee pb) | K,|— M p? & 
and ex 
1 dank 
piers Gra cea 
Eh eg ey ay ane rE a SIRES EEE (32) 


M p? 
The record 2; will be x multiplied by the factor u due 
to the pen lever system. 
dfh 


Maat a (33) 


Equation (30) shows that the final magnification of the 


record not only depends on the frequency of impressed - 


motion, and the system of levers in the recording 
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system, but also on the distribution of mass in the 


2 


pendulum. is the distance from the center of per- 
cussion to the axis of rotation of the pendulum. If, 
for any reason, the shape or mass of the pendulum is 
changed the record must be understood to have a new 
magnification constant. The total kinematic magni- 
fication of the record is 


(34) 


the dynamic magnification of the record. It approaches 


the asymtotic value 1 as becomes large. 


c 


THE TORSIOGRAPH 


The torsiograph records the angle by which the ro- 
tating body leads or lags its angular position in space 
referred to an average constant angular velocity. 


Belt Flywheel 
- Pulley 


Fie. 14—Scuematic Virw or TorstoGRapH ATTACHED TO 


SHAFT 


The instrument records an angle-time curve. When the 
body tested rotates uniformly it records a straight line. 
There is no angle of lead or lag in this case. 

The torsiograph is shown in Fig. 3 and Fig. 4; 
schematically it is shown in Fig. 14. 

The fly-wheel with moment of inertia J is mounted 
by means of ball bearings on a hollow axis which is 
part of the pulley and acts as the pulley’s bearing on 
the stationary axis attached to the instrument frame. 
The fly-wheel J can rotate relatively to the pulley B 
but it is held in a static position by means of two 
opposing springs, the clock spring and the pen spring, 
exactly in the same manner as in the case of the seismic 
vibrograph. 

Ke ae 


Ky ores 
Re (K, is in # in. /radian) (35) 


K,! = (36) 
(K» is in #/in. and the same type recording system is 
assumed as in the seismic vibrograph.) 

We consider an oscillation superimposed on a Steady 
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rotation or existing by itself. The analysis is the same 
in either case. Taking moments about the center of 
rotation the moment equation becomes: 

26 dé ihn eee SACHA 
ie aceon t RS Ki+(-y,) Ki] Ree 


=] (Wao SIN wit (37) 

R, is the radius to the point of contact between the 

fly-wheel and the recording system. 6 and wy are 
defined in Table III. The particular integral is 

es Tes 

Ve w+(K-I ow 


3 we ERS, 
, Wo sin(« t—tan eR oe oo? ) 
(38) 
where 


K = [sam +(45) K,|R2 (39) 


INTERPRETATION OF TORSIOGRAPH RECORD 
6 is relative angular motion between the pulley and 
fly-wheel; but the recording system transforms this to 
linear motion at the record and magnifies it. 
Assuming an inextensible belt and an impressed fre- 
quency very large compared with the natural frequency 


K 
of the instrument ( defined by w,? = Sia ) an oscilla- 


tion $’ on the tested shaft (see Fig. 14) will give a 
linear motion x, on the torsiograph pulley and this 
in turn will give a linear motion «, at the point of con- 
tact between the recording system and the fly-wheel 
such that 


R 
Lo = ae o'r (quantities defined in Fig. 14) (40) 
This in turn is magnified to x; at the record where 
Od. ieglivoy 
emerge a _ (41) 


——<————————— eo 


Fig. 15—INTERPRETATION OF TorsIoGRAPH RECORD 


The recording lever multiplication is for a system as 
shown in Fig. 134. 
The kinematic magnification factor is 


adfh hy 
eS ip oe ad) 
and — 
a vs 
oi = am (43) 


‘Fig. 15 represents this interpretation of a torsiograph 
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1 


R 


magnification is changed. This is important, since 
it indicates that any change in the size of pulley 
changes the magnification, a large pulley giving small 
magnification. Also for a given angular motion the 
magnitude of the record x; will be proportional to the 
radius of the tested shaft. Extremely small motion 
should be recorded from a shaft with as large a diameter 
possible. Large motions should be measured on small 
diameter shafts to keep the record within the limits of 
the instrument. 


record. If the ratio is changed for any reason, the 


THE DIRECTLY CONNECTED VIBROGRAPH 


This instrument merely transmits and magnifies the 
vibratory motion. Its use assumes that the frame of 


Fic. 16—Drrecrty Connectep VisroaraPH (Top VIEW) 


the instrument is absolutely at rest with respect to the 
earth. This assumption can be realized to a very 
high degree of approximation by mounting the instru- 
ment on a very heavy mass suspended on a long cable 
or on soft springs. 

Fig. 16 shows the arrangement of the instrument. 

A motion x at the vibrating body becomes 22 on 
the record where 


bd 
Ce (44) 
Here 
a = length of the bell crank arm parallel to the vibrat- 
ing body. 


= length of other bell crank arm. 
— distance from pivot of pen to pen rod. 
= total length of pen. 


TIMING DEVICE ON RECORDING INSTRUMENTS 

The time measurement is made on the recording 
instruments by means of the free vibrations of a loaded 
Cantilever beam. The beam is mounted vertically 
above the record paper and bears a mass M near its 
lower free end. On the lower end, a pen is attached 
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which traces the beam oscillation on the record strip. 
The mass M is so large compared with the mass of 
the beam of length J that the mass of the beam can be 
neglected. The equation of forces is: 
x Uses BED 
Mies uae ent 7B =) 
The initial conditions are determined by the fact that 
the beam is displaced from its position of equilibrium 
and released producing damped free vibrations. The 
conditions are 


(45) 


x = a) whent = 0 (46) 
<* _ owhent = 0 (47) 
The solution is 
r= !L5 om | cos V Fev ait 
e mo 7 ee a 


: Caren F : 
Since =—— is very small this becomes approximately 


2M 
eyes 
2 = ar,e 7™ BN. 


This traces an oscillation having the constant 
frequency 


ee 


Hl, 
BM 


(49) 


i 1 38H 
27 i M 


which gives a convenient measure of the time. 


(50) 


Appendix III 
LIMITATIONS OF THE INSTRUMENTS 

The instruments have been treated as systems with 
one degree of freedom. This leads to results important 
for the correct interpretation of records or indications; 
but it does not explain certain anomalous actions which 
occur under certain conditions. 

Under the assumption of one degree of freedom, 


-accurate records should be possible from =44 10 


c 


ae ete but under certain conditions records can be 
c 


obtained which cannot be explained by any possible - 


physical data of the machine tested. Taking the torsio- 
graph as an example, two conditions may arise in 
practise: . 

1—Oscillations so large may be recorded that the 
forces necessary to produce them in the machine tested 
cannot possibly exist. 


2—Small high frequency vibrations which record 
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at the lowest magnification may disappear from the 
record when higher magnifications are used. 

The only explanation for these anomalous actions 
lies in the assumption of several degrees of freedom in 
the instrument. When the torsiograph is examined 
in detail this seems to be justified. Instead of an 
inextensible belt turning an inertialess pulley as tacitly 
assumed in Appendix II, we have a belt material which 
is elastic and a pulley which has a small, but appreciable 
inertia. Similarly, instead of a weightless pen attached 
rigidly to the pen push rod, we have a pen which has 
weight gripped by pivots mounted on a springy fork. 
The torsiograph is in reality a system with three degrees 
of freedom. 

For convenience in analysis the system will be shown 
as an equivalent linear system. This system in turn 
can be broken into two separate systems since the mass 
of the pen is so small that it does affect the motion of 
the -fly-wheel even when it may serve to distort the 
record. The damping factor will be considered equal 
to zero. This will give us infinite values of amplitude 
at certain points and will give the curve of amplitudes 


Fie. 17—EqQuiIvaLent LINEAR SYSTEMS FOR TORSIOGRAPH 


positive and negative branches. By plotting all 
branches on the positive side of the coordinate system 
there will be a curve which will differ from the facts only 
in the narrow regions around the critical points. 
Fig. 17 shows the systems assumed. In Fig. 17 
A = body tested—moment of inertia large compared 
with moment of inertia of torsiograph rota- 
tional system. 
kK, = equivalent linear spring constant of belt. 
K, = equivalent linear spring constant of fly-wheel 
springs. 
equivalent linear spring constant of pen rod 
pivot fork. 
M, = equivalent mass of pulley. 
M, = equivalent mass of fly-wheel. 
M,; = equivalent mass of pen. 


ie 
l| 


Bi Ge 


where C depends on the material and cross-section of 
the belt and L is the distance between centers of torsio- 
graph pulley and tested shaft. 

ee td 
M 3 aoe ke 


r 


+ (62) 
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where I is the moment of inertia of the pen about 
its axis of rotation and r is the distance from that axis 
to the pen rod fork pivots. This distance is inversely 
proportional to the magnification used. 

The body A has the motion. 


ys == We sin wt (53) 


M, has a motion 2, relative to A. M, has a motion 
x. relative to M,. M; is actuated only by the relative 
motion between M, and M, and in the pen system 7x2 
is considered as an absolute motion; M; has an absolute 
motion x; which traces the record. 

The force equations under these conditions become 


ax 
M, see hate Ke ts = MM, ow Y, sin wt (54) 
lr d? x2 E ; 
dk + M, dt 1 Keto = Mow Y,sin wt (55) 
a? v3 2 z 
M; dt + K3x%,;—K3;%. =O (56) 
The solution for x; is 
Ia SWAY M, aw Yo 
- Kz = M, a M, wo Ws : 
3 = KOM - ee ee BAK sin wt 
— M, a K.—-M.w 
(57) 
Expanding the determinants 
“3 = 
= W W3? @? 
@o— (ay?+ Wor + G3” +n?) w4 
+ (wy? wort wy wet wo? ws? +N? ws?) W— 1? Ws” Ws? 
Y,sin wt (58) 
* where 
(Sin = M, sh ) 
Ks 
of =a (60) 
K; 
Ws" = MM; (61) 
as Ky (62) 
Sete 


Taking values 


K,=26750.00 #/in. M,=0.0210 lb. mass 


K.= 10.75 #/in. M,=0.1180 lb. mass 
K;= 100.00 #/in. M,=0.0002 lb. mass 
the amplitude of equation (58) has been plotted 
against the impressed frequency (Fig. 18). 

When the constants have the value assumed, the 
record is accurate only between four cycles per second 
and 40 cycles per second. From 40 cycles to 210 


4 


ORMONDROYD: VIBRATION INSTRUMENTS 457 


cycles the record is too large. Beyond 210 cycles the 
record becomes less than the impressed motion and at 
300 cycles it practically disappears. It is entirely 
possible to get this situation with instruments now on 
the market. Fortunately, it is also possible to modify 
the belting used and pen rod fork structure so that the 
two higher frequencies will be pushed up into a much 
higher range thereby extending the accurate range. 


CONCLUSION TO THE APPENDIXES 


Seismographic vibration instruments can be the 
most convenient and valuable tools for every day 
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Fig. 18—Ampuirupe-FREeuENcY CurRvES or TORSIOGRAPH 
RECORDER 


investigations in the shop and field, if their limitations 
are clearly realized by the man who interprets the 
records. Several important points have been brought 
out in the appendixes. 


1. The record will always show the frequency of 
the motion being measured. 

This is a fortunate circumstance since a knowledge 
of the frequency is the most important thing in deter- 
mining the cause of the vibration. 

2. The accuracy of the recorded or indicated ampli- 
tude depends on several factors: 

(a) It has a lower limit determined by the main 
spring—mass system of the instrument. 

(b) It has an upper limit determined by the 
masses and flexibilities of other parts of the 
instrument. 

(c) When parts of the indicating or recording 
system are held in contact by spring forces it is 
determined by the ability of these parts to remain 
in contact under the action of inertia forces pro- 
duced by the motion of the parts. 

A non-critical interpretation of the records may lead 
to large errors in the determination of amplitudes. 

2. The kinematic magnification is determined by 
the design of the instrument. 
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(a) In the seismic vibrograph it depends on the 
mass distribution in the pendulum. 
(b) In the torsiograph it depends on the ratio 
between the pulley diameter and the diameter 
at which the pen system is actuated. . 
In using the seismic vibrograph and the torsiograph 
it is often desirable to change the factors mentioned 
here. When they are changed it should be remembered 
that the record has a new magnitude relationship to 
the actual motion. 


Discussion 


W. B. Creagmile: Mr. Ormondroyd has mentioned “a 
vibrating-reed type of instrument with one reed. The common 
use of vibrating-reed instruments having a series of tuned 
reeds along a marked scale, to measure revolutions per minute 
and a-c. frequency, is not mentioned in the paper. The reeds 
of the tachometer pick up mechanical vibration from the machine 
to which the instrument is attached. In the frequency meter, 
the reeds are set in vibration by alternating current flowing 
through an electromagnet placed in series with resistance across 
the mains. 

The amplitude of vibration of any reed is dependent upon the 
amount of vibration of the machine to which the tachometer is 
attached, or the voltage of the line to which the frequency meter 
is connected. However, speed or frequency is not read by obsery- 
ing the amplitude of vibration of any particular reed, but by 
noting which reed is in vibration. Hence, we may say that the 
indications of speed and frequency given by the vibrating-reed 
tachometer and vibrating-reed frequency meter are entirety 
independent of the exact amount of vibration of the machine 
under test or of voltage of the a-e. line. 
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J. Ormondroyd: On the second page of the paper, the first 
sentence in the section on ‘““The Vibrating Reed” makes brief 
mention of the two common uses of “‘tuned’’ reeds. Since the 
reed tachometers and electrical frequency meters are not used 
primarily to study vibration, no further mention is made of 
them. 

The amplitude of motion at the end of a reed in a Frahm 
tachometer ean be represented by equation (15) if 


m 
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as in equation (16). This equation shows that the amplitude on 
any reed will be proportional to the impressed amplitude, But 
it also depends on the dynamic magnification which is a function 
of the frequency. Fig. llc shows the relationship between 
reed-vibration amplitude and impressed vibration. 

The reed which happens to be at or near resonance with the 
impressed frequency will have its motion magnified beyond all 
proportion to the magnification which the other reeds experience. 
The magnification at resonance is inversely proportional to the 
damping factor C as can be seen in Fig. 11c where the effect 


M=M+ 


Putting z = le aha 


We 


of two different values of C is shown. 


equation (15) this is shown very clearly. 

The speed or frequency is read by observing which reed has the 
greatest amplitude. The neighboring reeds usually show some 
smaller amplitude while the more distant reeds have no apparent 
motion. ; 

In a sense the indications of speed are independent of the exact. 
amount of the impressed vibration. This statement breaks 
down at the limit where the exact amount becomes zero. If 
turbine manufacturers could reach their ideal of perfectly 
balanced spindles and field-rotors the reed tachometers would 
become useless. 


A High-Frequency Voltage Test for Insulation 


of Rotating Electrical Apparatus 
BY J. L. RYLANDER: 


Member, A. I. E. E. 


Synopsis.—lor many years the need for a higher test voltage 
between turns of individual coils or complete windings has been 
recognized. To obtain this higher test voltage, high frequency has 
been introduced. The high frequency used for this test is produced 
by damped oscillating discharge from a condenser and applied 


directly to the leads of the coil or winding. Practically any desired 


NSULATION is used on rotating electrical apparatus 
to insulate between its various parts which have a 
difference of potential and also to insulate all parts 

of the circuit to ‘‘ground.”’ ‘The “ground” insulation is 
thoroughly tested by the present method of applying 
a high potential, usually at normal frequency, between 
the winding and the core or frame at various stages of 
construction. The present methods of testing the insu- 
lation of various parts of the same circuit such as from 
one turn to other turns, one layer of wire to other layers 
of wire, are far from adequate. It is the purpose of this 
paper to present a method of making a thorough and 
practical test between various parts of a coil or winding. 


PRESENT METHOD OF TEST 


The present method of testing between turns and 
layers of coils consists of placing the coil over a pole 
piece magnetized by a primary coil which induces a 
voltage in this coil as the secondary coil of a trans- 
former. The maximum voltage that can be induced by 
this method will not exceed 10 or 20 volts per turn in 
most coils as the voltage is limited by the size of pole 
piece that can be inserted into the opening of the coil 
and to the frequency of the circuit. Usually 188 or 500 
cycles per second are used. This test discovers short 
circuits where there is actual copper to copper contact. 
However, it does not discover any weak or damaged 
insulation where there is not actual copper contact. 
Therefore many coils are given no insulation test. 

The windings of d-c. armatures are tested by this 
same induction method by revolving the armature 
slowly and testing each coil separately. This test 
discovers any short circuits caused by actual copper to 
copper contact and also discovers open circuits. As 
this type of testing apparatus is only adaptable for 
rotating windings, induction motor primary windings 
are not given this test. 

The completed motor or generator is given a running 
test with rated voltage for one-half hour to several 
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voltage can be applied to a coil or winding provided a sufficiently 
high frequency is used. 

As a shop method for checking defects in material, or poor 
workmanship, the high-frequency test method has been found very 
effective in those classes of windings so far tried. 

The method used for detecting short circuits on the principle 
of the radio receiving set are described. 


days depending on the test data needed. This test is 
applied to the motor when new and operating at normal 
voltage and under normal conditions of operation. It 
makes no allowance for future deterioration of the 
insulation or for any abnormal conditions of operation. 

In order to obtain a higher test voltage between 
turns of coils both before and after winding the coils 
in the machine, that would be considered a real insula- 
tion test, high-frequency voltage is applied directlyjto | 
the terminals of the coil or windings. 


TYPES OF HiGH FREQUENCY 


With high frequency, advantage can be taken of 
the inductance of the coil or winding and thus obtain 
almost any voltage desired. 

The use of high frequency for various test purposes 
is not new but as far as the author is aware it has 
not been applied to the commercial testing of individual 
coils and wound apparatus. . 

In general, there are two types of high-frequency 
voltage: (1) undamped oscillations and (2) damped 
oscillations. The first type includes the high frequency 
voltage produced by high frequency generators which is, 
comparatively speaking, limited as regards the range 
of frequency. This class may also include the high 
frequency produced by vacuum tubes, such as used 
in radio work and which has a very high range of 
frequency compared to any generator. 

The second type is produced by the oscillating 
discharge of a condenser through an inductance with 
a comparatively low resistance. 

The production and control of both types of high 
frequency have been known practically and theoretically 
for many years and is described in many text books on 
radio and physics so no detailed description need be 
given. 

The oscillating discharge high frequency was chosen 
for commercial test purposes because of its com- 
parative ease of production and control. 

It may be of interest to enumerate briefly a few 
of the experiments which were made with other types of 
high frequency. The reason for these experiments was 
mainly that when the damped oscillating high frequency 
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was first put in use the spark-gap was the only practical 
means of measuring the voltage. As is well known, the 
measurement of voltage with the sphere spark-gap is not 
very accurate under 2000 or 3000 volts. Inasmuch as 
there were many cases where a lower high frequency test 
voltage was desired attempts were made to measure the 
damped oscillating voltage by other means than spark- 
gap. Ordinary voltage measuring instruments were 
entirely unsuitable and it was also found, as was antici- 
pated even before trial, that the electrostatic voltmeter 
would not give the correct measurements. 

At this point, therefore, attempts were made to 
use the undamped high frequency obtained from 
vacuum tubes. However, the necessary frequency from 
this source was so high that it was difficult to screen the 
indicating instruments from the indirect effect, so this 
also was discarded for commercial reasons. 

The high-frequency voltage obtained from a high- 
frequency generator was next resorted to but the 
current required up to 5000 cycles was so high that 
serious heating occurred in the bands of banded arma- 
tures in the case of direct-current machines. 

In the meantime methods of detecting short circuits 
on wound apparatus, including commutating machines, 
were developed. This development permitted the 
high frequency test voltage to be applied across the 
normal span of the brushholders on a commutating 
machine, so the necessity for very low voltage at high 
frequency was largely removed. Later, also a method 
of instrument measurement of damped high-frequency 
voltage was developed, and for this reason all efforts 
were finally concentrated on the damped high-frequency 
test voltage. 


THE PRINCIPLE OF OPERATION OF THE DAMPED HIGH- 
FREQUENCY SET 


A very high voltage can be applied to any winding 
if the frequency is sufficiently high. The voltage 
drop due to the inductive reactance is H = 27 f LI 
where f is the frequency per second and JL is the induc- 
tance in henries and J is the current in amperes. For 
example, a 15-turn circular coil with a 12-in. diameter 
having a d-c. resistance of 0.1 ohm and an inductance 
of 0.001 henry would have approximately the following 
voltages across its terminals with 10 amperes in the 
circuit: one volt d-c.; 4 volts, 60 cycles per second, and 
4000 volts with 60,000 cycles per second. It is thus 
seen that practically any desired voltage can be placed 
across a coil or a winding if sufficiently high frequency 
is applied. The voltage is applied by connecting the 
two leads from the high frequency apparatus directly to 
the terminals of thé coil or winding either partial or 
completely finished. 

When high frequency is applied to the apparatus 
under test, it sets up an alternating electromagnetic 
field of a particular frequency in a manner similar to a 
radio transmitter. Ifa short circuit occurs in the wind- 
ing, the wave length and frequency will be changed ac- 
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cordingly, and the strength of the outgoing signals is 
reduced. A wave meter is used to measure the out- 
going waves and thereby determine whether any insu- 
lation failure has occurred. 


The wave meter consists of a set of iriductance coils, 
variable condenser with a vernier attachment, two 
variable resistances and a low reading ammeter of the 
thermo-element type, all connected in series with one of 
the inductance coils. The inductance coils are such that 
by changing the setting of the variable condenser, res- 
onance may be obtained for the frequency generated by 
the coil or winding under test. The condenser, the am- 
meter and the variable resistances are mounted on a 
panel and a tuning coil is placed near the apparatus 
being tested. The tuning coils have low resistance and 
a minimum capacity for a given inductance. Coils with 
taps are unsatisfactory on account of the end-turn loss. 

The wave meter is tuned to the frequency of the 
waves omitted by the apparatus under test and it acts 
in a manner similar to a radio receiving set. A current 
flows in the wave meter circuit which is measured by the 
ammeter. The variable condenser is adjusted until a 
maximum current is shown on the meter which thereby 
indicates the condition of resonance and also the fre- 
quency of the circuit. The meter reading alone does not 
mean anything in particular; it is the relative meter 
readings used in connection with the condenser readings 
and the distance from the tuning coil to the apparatus 
under test which tells the story. 


The principle by which high frequency is produced 
by this outfit is that a condenser placed across the 
secondary terminals of the transformer is charged during 
each alternation of the 60-cycle current. The condenser 
is automatically discharged through rotating disks when 
the voltage reaches a predetermined value on each alter- 
nation. The discharge of the condenser through the 
apparatus under test produces a high-frequency current 
whose frequency is determined by the apparatus under 
test and the capacity of the condenser. 


DESCRIPTION OF HIGH-FREQUENCY TESTING APPA- 
RATUS FOR COMMERCIAL USE 


The high-frequency testing apparatus consists 
essentially of (1) equipment for generating the high fre- 
quency and applying it to the apparatus under test, and 
(2) ameans of detecting any short circuits or failures in 
the insulation of the apparatus under test while the high 
frequency is being applied. A photograph of the ap- 
paratus is shown in Fig.1. A schematic diagram of this 
apparatus in shown in Figs. 2A and 2B, Fig. 24 show- 
ing the generation of the high frequency and its appli- 
cation to the coil or winding and Fig. 2B showing the 
apparatus used in the detection of an insulation failure. 

The power is furnished by a transformer of 10-kw. 
capacity with 7500-15,000 and 30,000 volts on the 
secondary. A 70-per cent reactance limits the current 
to one and a third times full-load current with the short- 
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circuit current in the secondary. The condensers have 
a capacity of 0.05 microfarads at 30,000 volts. The air- 
gap for discharging the condenser is formed between two 
motor-driven rotating brass alloy disks so that the are 
across the gap will not burn the metal. The sphere- 
gap limits and measures the voltage across the appara- 
tus under test. A resistance of 15,000 ohms is placed in 
series with the sphere-gap to prevent the spheres from 
being burned by the are. For voltages of 5000 and 


higher, five-cm. spheres are used, and for lower voltages 
one-cm. spheres are used, also instrument measurement. 
A panel contains switches for the circuit breaker and 
plugs for tapping in different values of reactance. A 
hand-wheel is used for controlling the spacing of the gap 
of the rotating disks. Voltages ranging from 2000 to 
30,000 volts can be obtained with this particular ap- 
paratus. By a combination of series and parallel con- 
nections the transformer will give 7500, 15,000 or 
30,000 volts and intermediate voltages are obtained 
by adjustment of the rotating gap. 


Apparatus Under test 


Voltage 
Measuring Gap 
Transformer or Instrument 
“i S ae 
#>~Rotating Dise Gap 
Transformer = 
Secondary 2 


Fig.- 24 


Inductance Tuning Coil 
Variable Condenser 


Ammeter of thermo 
element Type 


AVN\wrHigh Resistance 
Low Resistance 


Fig. 28 


The manipulation of the test apparatus consists 
of connecting the leads to the coil or winding under test 
and setting the sphere-gap for the value corresponding 
to the desired test; then closing the circuit breaker and 
opening up the rotating disk gap until the desired volt- 
age is obtained. This is indicated by a spark across 


the measuring gap. The voltages are generally applied - 


forfrom10to15seconds. The frequency is determined 
by the apparatus under test usually within the limits of 
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10,000 to 200,000 cycles per sec. for individual coils 
and 5000 to 100,000 cycles per sec. for wound apparatus. 


THE HIGH-FREQUENCY VOLTAGE 


The damped high-frequency voltage as produced 
by this set gives a somewhat more severe test on the 
insulation than a corresponding voltage at normal fre- 
quency. Fortunately such a test can be used to dis- 
cover faults without damage to the normal insulation. 

In general the voltage builds up somewhat on 
the end coils. At first thought this may seem to be a 
disadvantage, but in actual service the end coils of a 
group are subjected to greater voltage in the case of 
surges than are the other coils. The voltage on the 
inner coils is sufficiently high, however, to give an ade- 
quate test for defects in material or workmanship. 


VALUE OF TEST VOLTAGES USED 


The high-frequency test voltage applied to the 
terminals of wound apparatus corresponds closely to 
the regular ground test as given by the A. I. E. E. 
standards. This allows a liberal margin of safety over 
the strain due to operation at its normal voltage, and 
also to the momentary high voltage, high frequency 
surges that may be impressed in service. 

The voltage which it is desirable to apply to indi- 
vidual coils before winding into a machine is largely 
a question of judgment based on experience. We have 
used successfully on induction regulator coils a test 
voltage on single coils somewhat higher than the operat- 
ing voltage of the machine for voltages lower than 2500 
volts while for voltages over 2500, a test voltage some- 
what lower than the operating voltage, has been used. 


METHODS USED IN TESTING WITH HIGH FREQUENCY 


The methods used for various types of apparatus 
are somewhat different, depending on various conditions. 
The method of testing a single coil is shown in Fig. 1. 

The method of testing the windings of a two-pole, 
single-phase, induction regulator is shown diagrammat- 
ically in Fig.3 for the stator and Fig.4 for the rotor. The 
two leads from the high frequency set are connected to 
leads A and B of one pole and the tuning coil of the wave 
meter is placed alongside the frame as shown at C. 
The voltage is applied for 10 to 15 seconds. The two 
high frequency leads are then connected to the leads 
EF of the other pole of the winding and the tuning 
coil placed at G. 

The high-frequency leads can be connected to three- 
phase machines by either of the methods shown in 
Figs. 5 to 8 inclusive. 

The high-frequency leads may be connected either 
across each pole-phase group as shown in Fig. 5, or 
from each lead to the star connection, as illustrated in 
Fig. 6 or across the leads as in Figs.7 and 8. Each of 
these connections has merits for certain conditions as 
determined by the number of poles, the voltage of the 
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machine, the number of turns in the winding, the num- 
ber of,parallel connections and the size of the machine. 
On a d-c. armature the voltage is applied at two 


Fie. 3—Two-Po.e SINGLE-PHASE STATOR WINDING 


points on the commutator corresponding to the location 


oftthe brushes, and the armature is then rotated. 
The tuning coil of the wave meter is placed in the 


Aspyr ae. 

B ea F 
Fig. 4—Two-Poue Sinetze-Puase Rotor WINDING 
most advantageous position which usually is close to 


the outside circumference of rotors and either inside the 
bore or outside the frame of stators. 
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aS 
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‘Fig. 5—VoutaGr APPLIED TO EACH GROUP SEPARATELY 


Terminals 
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Fie. 6—Vottrace Apriiep TO Eacn Puase SEPARATELY 
! 
Sa Me tay Terminals 
yan here 
Fie. 7—Vourace Appitiep Across Two TERMINALS OF A STAR- 


CONNECTED WINDING 


sere 


8—Vo.ttTacre Appiiep Across Two TERMINALS OF A 
Dewta-ConnEcTED WINDING 


Fia. 


For each coil and winding the wave meter settings 
are recorded. These settings show both the frequency 
_ and the strength of signal transmitted from any partic- 


RYLANDER: A HIGH-FREQUENCY VOLTAGE TEST FOR INSULATION Transactions A. I. E. E. 


ular apparatus when the winding is normal and free 
from faults. As each coil or winding is tested, the 
readings will correspond to the standard readings if 
the winding is free from faults, but if short-circuited, 
different readings will be obtained. It is thus easy 
to check any apparatus that has been previously tested. 
If new, the approximate readings can usually be esti- 
mated with sufficient accuracy by comparing the general 
characteristics of the windings: with other known 
windings, and checking one part of the winding with 
another is an additional check. The fact that a short 


circuit has a deadening effect on the radiations trans- 
mitted as well as changing the wavelength and fre-:~ 


quency facilitates the discovery of any short circuits. 


ScoPE OF APPLICATION 


This method of insulation testing was first epee 
commercially in the testing of induction regulator coils. 
The results were so satisfactory that the test was 
extended to the wound regulators, both stators and 
rotors of single-phase .and three-phase regulators. 
Thousands of induction regulator coils for machines of 
all voltages up to 14,000 volts and hundreds of wound, 
primaries and wound secondaries are now being tested. 
each month with high frequency. The development 
has now reached a point where completely wound d-e. 
armatures, a-c. generator coils, turbo-generator coils 
and wound induction motors either partly or completely 
connected have been tested. experimentally. 

Considerable experimental -work must be done 
before this method can be applied safely as a commercial 
shop test to complete windings of large alternators or 
induction motors. For example, sufficient information 
as to satisfactory test values is not yet available to 
apply high frequency voltage as a test to the complete 
windings which will be a proper measure of their ability 
to withstand surges in operation. 


BENEFITS DERIVED FROM HIGH FREQUENCY TESTING 


Testing coils and windings with high frequency 
has had an effect on the insulation of the apparatus to 
which this test is applied. It showed that insufficient 
insulation for reliable operation was used in some cases, 
that different kinds of material should have been used 
in others, that certain insulating materials had been 
badly crushed during one of the coil forming operations, 
that the vacuum impregnation had not fully penetrated 
to all parts of the coil and that the moisture had col- 
lected into these spots and that the insulation used on 
certain designs was too liberal. It also furnished a good 
idea as to whether the insulation was sufficiently bal- 


anced between thevarious turns and layers to withstand 


the natural uneven voltage distribution that occurs 
in coils and windings whenever the windings are sub- 
jected to surges and line disturbances. It is thus seen 
that high frequency testing has enabled the improve- 
ment of the insulation of the windings by eliminating 
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weak or defective coils, which might otherwise have 
been used. High frequency also checks the ability 
of the insulation to withstand the occasional severe 
dielectric strains that will occur in service and to which 
at present so many of the otherwise unaccountable 
insulation failures are attributed. 


TEST RESULTS 


As induction regulator coils have been tested regu- 
larly for over four years some of the results of these 
tests will be of interest. During the first two years 5 
per cent of all coils tested failed to stand the prescribed 
test but the weekly percentage of failure varied from 
1 per cent to 30 per cent. During the past year the 
percentage failures varied from 0 to 2 per cent weekly 
with an average of 1 per cent. This great reduction 
in the number of coils that failed to stand the test was 
accomplished by correcting the cause of the trouble 
which can usually be determined by a thorough exami- 
nation. However, if these coils had not been rejected 
on account of the high frequency test, all of the coils 
would otherwise have been used, as none of the coils 
had any defect that could have been discovered by any 
other method than high frequency testing. 


A record of the complete windings that have been 
tested shows that out of 100 machines of a certain 
particular type there were no failures, but on other types 
there were as high as 10 per cent and an average of all 
the types of 1 percent. It isnot to be inferred that the 
faults detected by this test would all have resulted in 
service failures. The applied test has purposely been 
made severe in order to certainly weed out all weak- 
nesses of this class. 


There has been a distinct improvement in these 
machines from the service standpoint. Whereas there 
was a considerable number of failures before high-fre- 
quency testing was started on these coils, there nas not 
been reported a single insulation breakdown in service 
of any machine on which high-frequency test had been 
applied to the coils or the winding. 


HIGH-FREQUENCY TESTING MEETS A GREAT NEED 


High-frequency testing shows up poor workman- 
ship, checks the insulation design and the processes of 
manufacture. It insures that proper and adequate in- 
sulating materials are in their proper place and not 
missing or damaged and that no harmful foreign 
materials are present. It checks up such features as the 
elimination of moisture and the thoroughness of im- 
pregnation, undue mechanical pressure at any point 
and the ability of the materials to stand the mechanical 
operations of coil construction, and whether the various 
‘materials are sufficiently uniform. 

All of the above conditions may exist but they may 


not be detected or discovered without the aid of high-— 


frequency testing as they are hidden from view and 
visual inspection is useless. 
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One real merit of high-frequency testing is that it 
invariably shows the cause of the failure, as the are 
is of only such intensity as to burn out the weak insula- 
tion without burning the copper. When a machine 
fails in service the opposite nearly always occurs, as the 
copper is usually so badly burned as to destroy all 
evidence of the cause of the insulation failure. 

High-frequency testing has now reached a stage of 
development where it is used as a shop test on some 
classes of apparatus as a check on manufacturing proc- 
esses. The author does not wish to convey the idea 
that a point has been reached where the method may 
be applied as a universal commercial test. 


Discussion 


C. T. Weller: About ten years ago we started to investigate 
the effect of high-frequency discharges through the windings of 
standard types of current transformers. This investigation 
led to the development of the by-pass protector. The outfit 
developed at that time has proved to be very satisfactory for 
work of this nature. Referring to Fig. 2a in Mr. Rylander’s 
paper, we found the quench-gap to be the most suitable for our 
purpose, the setting being obtained by varying the number of 
units in series. We utilize an adjustable air-core reactance in 
series with the test device to vary the frequency in the oscillation 
circuit and the voltage across the test device, the total voltage 
being fixed by the setting of the quench gap. We utilize two 
crest voltmeters, each consisting of a kenotron and an electro- 
static voltmeter for measuring voltage and detecting breakdown. 
One crest voltmeter is connected across the series reactance and 
the other across the test device, the test voltage being held on 
the latter. In case of breakdown, the voltage across the series 
reactance rises while that across the test device falls. The 
changes in voltage are accompanied by a change in frequency. 
The approximate frequency is determined by means of a wave 
meter coupled inductively to the series reactance. Some diffi- 
culty has been encountered in arriving at this determination, 
however, due to harmonies in the oscillation cireuit. However, 
the frequency is not so important with this outfit since the main 
reliance is placed on the crest voltmeter. The crest voltmeter 
has an advantage over a spark-gap in that it will indicate the 
crest value of the voltage at all times during the test. The 
outfit described may be used for testing the insulation of the 
windings of a wide variety of apparatus at high frequency. 

V. M. Montsinger: The testing of coils between turns by 
means of voltage at high frequencies has been practised for 
years by the company with which the speaker is connected. 
We have used for that purpose damped oscillations and for 
detectors we have used a telephone receiver and an ammeter. 
A diagram of the arrangement for testing with damped oscilla- 
tions of 20,000 cycles per second is shown in the accompanying 
illustration. 

The charging circuit of the condenser C consists of a resistance 
R, an inductance L, and a step-up transformer T. The trans- 
former 7 is excited by means of an induction regulator so as to 
obtain a voltage control of H = O to 440 volts from a 2&0-volt, 
60-cycle supply. 

The discharge circuit of the condenser C consists of a spark- 
gap @ and an inductance L; which also serves the purpose of a 
linking coil, or excitation coil, of the testing yoke, Y. The 
discharge circuit of the condenser has a natural frequency of 
about 20,000 cycles per see. 

The eoil X to be tested is placed on the table tin such a manner 
that the coil encircles both the testing yoke Y and the detector 
yoke y. Both of these yokes are of split construction so that the 
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coil may be inserted. Yoke y carries a coil n of only a few turns 
connected to a phone receiver P and to a hot-wire ammeter A. 

When the spark-gap, G, is arcing, the condenser voltage is dis- 
charged across the linking coil L; and an oscillating voltage at a 
frequency of about 20,000 cycles is induced in the coil X under 
test. When the coil under test is perfect, or when it withstands 
the induced voltage test, the phone receiver will be silent and 
the ammeter will indicate zero. 

However, the phone receiver will be noisy and the ammeter 
will indicate a deflection when the coil under test is defective or 
when it breaks down during test, because then a short-circuit 
current in the defective coil will magnetize the detector yoke y 
and energize its coil n. 

A small gap, g, with one terminal grounded is provided for 
the protection of the indicating instruments. 

One auxiliary turn mounted under the table, encircling the 
testing yoke Y and the detector yoke y, may be short-circuited 
by the switch s at any time to show whether or not the equipment 
is operating satisfactorily. 

The voltage per turn induced in the coil under test is directly 
proportional to the voltage H impressed on the transformer, 
provided that the setting of the spark-gap G is maximum for the 
discharge voltage of the condenser. 

This testing method offers high induced test voltages per 
turn at the high frequency of about 20,000 cycles per see. This 
frequency does not overheat the insulation because each train of 


ARRANGEMENT FOR TESTING CoILS WITH HiGH-FREQUENCY 
VOLTAGE 


damped oscillations, which starts at every half-cycle of the supply 
frequency (2 X 60 = 120 times per sec.), lasts a very short time 
only and is followed by a comparatively long period of rest. 

Experience has demonstrated that this outfit is a practical 
shop method for inducing high voltage between turns. It does 
not require an experienced person to operate it and will not only 
detect weak points of insulation but will give evidence of corona 
discharges. 


E. S. Lee: Mr. Rylander has described a somewhat modified 
form of a method which, as has been indicated by other speakers, 
has been variously used during the past eight or ten years. 
Where it is desired particularly to obtain a high enough voltage 
between the individual turns of a coil to enable weak spots in 
the insulation to be broken down, the use of high-frequency 
voltage is advantageous, as higher voltages are thereby obtainable 
between turns than with the usual methods employing low- 
frequency voltage. 

It is my understanding that this becomes a comparison 
method; that is, a coil is selected which is considered a good one 
and if the reading on the instrument for other coils approximates 
the reading as given by the good coil, then these coils may be 
assumed to be suitable and fit for use. If, on the other hand, 
the reading on the instrument does not closely approach the 


established reading, there is something wrong with the coil and © 


if the voltage is high enough to cause a breakdown of the insula- 
tion, it will be easily detected. 


I should like to ask Mr. Rylander how important it is to main- 


tain the relative positions of the coil under test and the tuning 
coil. If we use this test for more complicated structures, as 
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suggested by Mr. Rylander, how great a factor will be introduced 
because of the relative difficulty of placing the detector coil in 
about the same relative position with respect to the coils to be 
tested, since these may be assembled into stators of different 
sizes and forms? I believe this condition will have to be taken 
into account. 

Mr. Rylander’s paper quite clearly brings out the many 
defects which may occur in the manufacture of the insulation. 
If it is found that quite a bit of trouble is arising from these 
factors, then such a test as has been described is probably 
necessary. If, however, there are no troubles from these, it is 
a question whether or not such a test ought to be applied. This 
is true particularly because it is not altogether simple to deter- 
mine the exact voltage distribution in the different turns of the 
coil. Mr. Rylander speaks of this in the paragraph in which he 
says, ‘In general, the voltage builds up somewhat on the end 
coils.”’ Also, in so far as we do not know definitely the conditions 
that exist in the coils due to surges, we are not absolutely sure 
that by applying a high-frequency test, we are applying a test 
that is comparable to service conditions. It may not necessarily 
have the same characteristics, and we must be sure to have the 
same characteristics. 

J think that this test must be put in the same category with 
any other test. In the section entitled Benefits Derived from 
High-Frequency Testing, Mr. Rylander states many defects 
which this test has shown to exist in the coils which he has tested. 
I think that Mr. Rylander wishes to bring out that this form of 
testing will show that some defect is present, or, if breakdown 
occurs, will allow such evidence to remain that the cause of the 
failure may be ascertained by visual inspection. Although 
where required, the test as indicated is of value, still of itself 
it does not show the cause of failure. 


G. E. Luke: The A. I. E. E. standardization rules give 
limits for test voltages between circuits and grounds, but nothing 
is said concerning test voltages between turns. The reason for 
this omission is that there has been no standard or established 
method for conducting this inter-turn dielectric test. This 
paper and the discussions show that the manufacturing compa- 
nies recognize the importance of thisinsulation and are developing 
means for testing its factor of safety. 


In my experience on dielectric tests of windings there have 
been some puzzling breakdowns between turns; especially do I 
remember one series of armatures that gave a high percentage of 
failures between end connectors. Although the clearance was 
small, the insulation should have withstood a potential of 1000 
volts or more, but some failed on a low voltage of from 50 to 100. 
In this particular case, the trouble was due to insufficient drying 
of the impregnating varnish or compound. A high-frequency 
test, such as described, would reveal such a weakness, whereas, 
without such a test, the machine would be passed as correct. 
Anything we can do to improve the methods for testing insu- 
lation, particularly that between turns, will be of great value to 
the electrical industry. 


J. L. Rylander: Mr. Montsinger has described a method 
of testing individual coils with induction and the use of high 
frequency. I wish to point out that that method of test has no 
similarity in principle to the test described in my paper either 
as to method of applying the voltage or to the method of detecting 
failures; and furthermore, it is very limited in its application, 
as will be explained later. I understand that the test referred to 
by Mr. Weller and Mr. Lee is the same as that described by 
Mr. Montsinger as regards the method of applying the voltage; 
and for detecting breakdown, they use a crest voltmeter instead 
of the telephone receiver used by Mr. Montsinger. 

With the method described by Mr. Montsinger, the voltage 1s 
applied to the coil under test by “induction,” the coil under 
test acting as the secondary winding of a transformer. With 
the method described in my paper the high-frequency high 
voltage is applied directly to the coils or completed windings 
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or other apparatus under test, as shown in Figs. 1 to 8 of the paper. 

For the method of detection, Messrs. Weller, Montsinger and 
Lee use telephone receivers or crest voltmeters instead of the 
wavemeter shown in Fig. 28 of the paper. 


The merits of the directly applied, high-voltage high frequency 
as compared with the induction method are as follows: 

1. Itcan be applied to completed or partially wound machines 
as well as to coils of any type or shape, large or small, armature 
coils, field coils, magnet and other types, of coils. The test 
shown in Mr. Montsinger’s diagram is not and cannot be applied 
to completed a-c. windings; nor can coils be satisfactorily tested 
if the coils have a very small or a very large opening into which 
the testing yoke and the detector yoke must pass. 

2. Invariably, the cause of any failure can be ascertained. 
The reason for this is that when a defect occurs, the insulation 
is burned away only atasmall spot between the turns at the defect. 
With the induction method of test, the result of a defect is that 
the short-circuited turns are heated to a very high temperature 
the full length of the turns, so that the insulation is charred the 
full length of these turns as well as on the adjacent turns; and, as 
a result, the exact location of the defect cannot be determined; 
and usually the evidence of the cause is destroyed. 

3. This directly-applied test corresponds to service conditions. 
Current flows in the coils or windings and also voltage is im- 
pressed between the turns, and the high-frequency oscillations 
correspond to the service surge effects upon any particular 
winding. 

4. The wavemeter method of detecting failure, as used with 
the directly-applied, high-voltage high frequency, is an adequate 
and most effective method of detecting short circuits and insula- 
tion breakdown. 


Mr. Lee asked about the importance of the location of the 
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wavemeter tuning coil in respect to the coil cr more complicated 
structure under test. This is a very important feature. Our 
wavemeter readings consist of the frequeney as determined by 
the inductance and the condenser setting at resonance, and to 
the intensity and direction of the transmitted electromagnetic 
field as shown by the ammeter reading and the distance from the 
wavemeter tuning coil to the apparatus under test. Therefore, 
the reading for a defective piece of apparatus is different from the 
reading for the same apparatus without any defects. However, 
the point should be brought out that even when there is only 
one piece of apparatus to test, it can be tested and the readings 
will indicate whether the winding is satisfactory or whether de- 
fective. There is no difficulty in placing the tuning coil in the 
same relative position with respect to the apparatus under test. 
Mr. Lee stated that my paper “brings out clearly the many 
defects that may occur in the windings.”” We have found 
since we started this method of test that every one of the defects 
mentioned did occur, although we did not know it before. 

Mr. Lee pointed out that it is difficult to determine the exact 
voltage distribution in the different turns of the coils. When 
we test a particular type of winding for the first time, we place 
a crest voltmeter across the end coils or others and measure the 
voltage on them while the voltage is applied to the leads. We 
can now estimate very well how it does divide on apparatus 
which is similar to something we have already tested. It should 
be pointed out, however, that a knowledge of the approximate 
voltage distribution in a winding (easily obtainable by this test 
method) is significant from an operating standpoint rather than 
from a testing point of view. 

In conclusion, it may be stated that, by means of this directly 
applied high-frequency high-voltage test, the “internal” parts of 
windings can now be tested as thoroughly as the “external’’ 
insulation is tested by the ‘‘ground”’ test. 


The Cross-Field Theory of Alternatmg-Current 


Machines 
BYel atl oe 


Associate, A.-I. E. E. 


Synopsis.—It is the purpose of this paper to show how analysts 
by the cross-field theory may be used to obtain accurate, purely 
numerical methods of calculating performance characteristics of 


alternating-current machines. Methods of calculation are derived 
and sample calculations are given for the single-phase induction 
motor and the repulston motor. 


Neri osmeenaraatieas machines may be 


analyzed according to either the revolving-field . 


or the cross-field theory. Each of these theories 
has its own individual merits, depending more or less 
on the type of machine under consideration. Some 
phenomena are more easily understood by a study 
following the revolving-field theory, and other phenom- 
ena are made more clear by use of the cross-field 
theory. 

For routine calculation of performance characteristics 
of alternating-current machines, many graphical and 
analytical methods have been developed. These differ- 
ent methods also have their own individual merits and 
the choice of a method of calculation should depend 
partly on what is most desired; e. g., speed, accuracy, 
or aid to visualization. 


Therefore, we may say that, in general, neither the 
revolving-field nor the cross-field method of analysis, 
and no one method of calculation, graphical or analyt- 
ical, should be used exclusively. Although this paper 
deals only with a general analytical method of studying 
some types of a-c. machines using the cross-field 
theory, it is not by any means intended as a plea for 
the exclusive use of this general method, for it is recog- 
nized that whatever usefulness it may have will be 
found in rather limited fields. 


In the following, the attempt is made to show how a 
general method of analysis, following the cross-field 
theory, may be applied to alternating-current motors 
to obtain simple and accurate, purely numerical 
methods for routine calculations of performance charac- 
teristics. The fundamental principles of the analysis 
of motors by the cross-field method are, of course, very 
well known. The general method given below is 
fundamentally the same as that outlined by Steinmetz 
in his “Theory and Calculation of Electrical Apparatus,” 
but differs from it in the treatment of the leakage reac- 
tance, and in the arrangement of the results. 


Briefly stated, the general method as applied to a 
motor is as follows: Kirchoff’s voltage equations are 
set up for the different circuits of the motor and are 
solved to obtain equations for the currents in each of 
the circuits in terms of the applied voltage, the design 
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constants of the motor and the speed. From these 
equations, other equations for the fluxes linking or cut 
by the rotor conductors are obtained. The torque 
corresponding to any one of the rotor circuits is obtained 
by multiplying the in-phase components of the current 
and the fluxes cut by the conductors of that circuit. 
Adding the components of torque corresponding to 
each of the rotor circuits, we obtain an expression for 
the total torque developed, which, multiplied by the 
speed, gives the power generated. Subtracting from 
this the friction losses gives the power output. The 
power input is, of course, given by the product of the 
applied voltage and the in-phase component of the 
line current. 

In this paper, the angle of hysteretic lag between flux 
and m. m. f. is neglected in the analytical solutions, and 
correction for core loss is made in the numerical calcu- 
lations by treating the core loss the same as if it were 
a friction loss. If it should be desirable, the angle of 
hysteretic lag can be taken into account by using the 
complex quantity Z,, = R,» +7 Xm for the magnetizing 
impedance in place of the pure reactance 7 X».which 
is used in the equations in the following part of this 
paper. This would complicate matters slightly by 
adding to the lengths of the equations, and would 
yield but a very slight increase in accuracy. In almost 
all cases, the slight increase in accuracy would not 
justify the extra labor and chances for numerical errors. 


Sine wave distributions of m. m. f. and uniform 
air-gap permeance are assumed in all cases. 


The details and application of the method can best 
be shown by means of examples, as follows: 


THE SINGLE-PHASE INDUCTION MOTOR 


According to the cross-field theory, the components 
of the main flux of the motor and the rotor currents are 
considered separately in two axes at right angles to 
each other. The axis of the stator winding may be 
called the transformer axis, and the axis at right angles 
to it the field axis. A squirrel cage is considered as 
equivalent to a commutated winding with brushes 
bearing on the commutator short-circuited on them- 
selves in the transformer and field axes. The motor 


can then be represented diagrammatically as in 
Pigs te 


466 


Heb. 1926 


WHST: CROSS-FIELD THEORY 467 
The following symbols will apply: “aed 
E = applied voltage Cie Parnas (3) 
I, = line current ay 
I,, = power component of line current to To, 
I,, = reactive component of line current Pa = ore ae (4) 


I,, = rotor current in the transformer axis 
I.; = rotor current in the field axis 
r, = resistance of the stator winding 
Yo = resistance of each of the rotor circuits 
m = mutual inductive reactance of the stator and 
rotor windings 


2, = leakage reactance of the stator winding 

2X2. = leakage reactance of each of the rotor circuits 
N_ = effective number of turns in each of the circuits 
f = frequency of applied voltage 

S = speed asa fraction of synchronism 


The symbols for voltage and current all represent 
r.m.s. values of time vector quantities. The positive 
senses of the currents are indicated: by the arrows in 
Fig. 2. 


The motor flux is resolved into the following four 
components: (1) the transformer flux ©, which is the 
flux that is mutual to the stator winding and the rotor 
circuit in the transformer axis; (2) the field flux 4, 
which is the flux produced by the m. m. f. of the current 


Wig. 2—Fiux CoMPONENT IN SinGLE-PHASE INDUCTION 
Moror 


. (a) In transformer axis 
(b) In field axis 


To; in the field axis of the rotor; (3) the leakage flux ¢1 
of the primary; and (4) the leakage flux go; of the rotor 
circuit in the transformer axis. 

In terms of the currents and the motor reactances, 
the equations for the above flux components are: 


DAN Fornell 


(Xm + X2) Los 


Pie 2afN 2) 


Voltage applied to the stator terminals must over- 
come the resistance drop and the mutual and leakage 
reactance drops due to alternation of @,,,and g;. The 
equation is 

Be=rn1,+ 99141 +9 Xm Ui — It) (5) 

In the transformer axis of the rotor, the sum of the 
voltages induced by transformer action of 4,,; and 2, 
and by rotation through the flux ¢; plus the resistance 
drop r2Z2, must equal zero. The equation is, for 
counter clockwise rotation of the rotor, 
0=—j Xm(Li—Tar) — S(Xm +42) Loy + 72 Tot +5 U2 Dae (6) 

Similarly for the field axis of the rotor, 

Oy Ga a lose Xm(I1—Io:) +8 Xo Top + 12 Loy (7) 

Solving these three voltage equations for J,, I2:, and 
Io; we get 


[—ro2-+ (1—S?) (Xm+22)?~J 2 ro(Xm+22)] 


T, = E Bet + 7W,’ (8) 
(1— S?) (Xn, + %) -—jr 
Tag = E Xm a! TW 2 (9) 
I Rie De, Gea 10 
bh re Uy WwW.’ ( ) 
where 


Uy =— rire + 21201 (Xm + U2) +12 Xm (Xm + 2%) 
+-(1 ="S?) 17 (Xin 2)? (11) 
Wy! = — ree ti — 2rr te (Xm + X2) — 12? Xm 
4 (1 — 82) ry (Kaw + ay arg Ken Pe) 2) 
Substituting the above values of I;, I2:, and Is; in 
equations (1), (2) and (4), we get 
— BE Xn [roe +5 12 (Xm + £2)) 
— QafN (Ui +79 Wi’) 


Omi + Pot = (13) 


and 
Sek (Xe + X2) To 
2 wfN (U,' + jW;,’') 


The torque developed by the motor consists of two 
components, one component 7’, due to the interaction 
of the current Is, and the flux 4,,and another component 
T, due to the interaction of I.,; and the flux % = 
mi— Por These torque components in synchronous 
watts are equal to the products of the in-phase com- 
ponents of the currents and the fluxes with which they 
interact multiplied by 2 7 f N; that is, from equations 
(9) and (14) c 


E? Dank (Xx = Xo)? 2S (1 a S?) 


elon (14) 


(15) 
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and from equations (10) and (13) 


— fy? Xm? ro3 S 
(he ae Wi? 


and the total torque developed by the motor is 


BE? X,,272 S [(1— 8?) (Xm + 22)? — 17 


P= Ty T, = 


(17) 


This equation shows that the torque developed by the 
motor is zero when 


tT. 


- wa ~ ] (exe li XL)? 


or the ideal no-load speed is 


eran caren 


Substituting the above value for the no-load speed 
in equation (7), we obtain for the no-load current, 


eT oe 


2H A, + XL) 
gets, PACK DO al Cita ts) 
x: +22 


™m 


Io= 
2 1 1(Xm+22) ot 


For ali usual relative values of the design constants, 
this is very closely 


DE Ga Lo cere Ie aE poe aes 
2H 221 + Xo. 
ee aS eon Le eh 


It is obvious that by means of this equation, the value 
of the magnetizing reactance X,, can be calculated with 
any desired degree of accuracy from the values of the 
short-circuit and no-load currents. 

The performance characteristics of a’ motor of given 
design constants can be calculated completely by means 
of equations (8) and (17). The solution of these equa- 
tions can be reduced to a simple matter of arithmetic 
by means of a suitable printed form, arranged for 
carrying out the calculations for a number of different 
speeds simultaneously. The use of very large numbers 
will be avoided and the calculations for motors of 
different sizes will be more nearly alike if the numerators 
and denominators are divided by (Xn + 22)? and 
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Transactions A. I. E. E. 


(Xn +22)! in equations (8) and (17) respectively. 
This gives 


M,+ 7M, 
3 SS ee 8’ 
I; U,+jW, ( ) 
SFs +S (1— S?) Fo 
—— 17’ 
: Ue + We Dap 
where 
M,=F,+ (1-8?) F, 
ING = Po 


Ga =F,+ (1-8) F; 
W,i=F,+(1-S)F, 


The complete expressions for F'; to F, inclusive are 
given in the following sample calculation. 


PERFORMANCE CALCULATION OF SINGLE-PHASE 
INDUCTION MOTOR 


Motor design constants: 


EH = 220 
fy. = U.12 
fz = 0.5 

Fy. 04 

to = 04 
Apel d 


Core loss and friction = 600 


rT 
Oe a = — 0.0885 
F,=E ze *220 
F Off eee 
(r= Xe ee = — 8.57 
to Xm — 1112 Ast 2) 
Fimts here ee eit eae 
Fs; = 1) = 0.12 
To (Xs, +4 21) 2 T1 | 
tele td berg tear ah ene = — 0.0105 
ee hee 
7=%+ 22 can = 0.789 
Xn? 
ne ti 8 ee ax 
Fs E re (xs + X2)4 ke! 5.23 
BE 
F, = E’ re Wee = 18,800. 


Feb. 


(1) 
(2) 
(3) 


(4) 


(5) 
(6) 
(7) 


(8) 
(9) 
(10) 


(11) 
(12) 
(13) 


(14) 
(15) 
(16) 


(17) 
(18) 
(19) 


(20) 
(21) 
(22) 


(23) 
(24) 
(25) 
(26) 
(27) 
(28) 
(29) 
(30) 
(31) 


(32) 
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S 
ae 1.00 0.98 0.95 0.90 0.80 
ga si) 0 0.0396 0.0975 0.19 0.36 
0 0.0388 0.0927 0). 107A 0.288 
F 
a aes —0.0835 — .08 —0.08 — .08 —0.08 
Tae) 2 0 8.70 21.4 41.7 79.2 
—0.0835 8.62 21.3 41.6 79.1 
Ni = F —8.57 —8.57 —8.57 —8.57 —8.57 
PF, : 0.315 0.315 0.315 0.315 0.315 
iit eS hes 0 0.005 0.012 0.023 0.043 
i= (5) + 6) 0.315 0.320 0.327 0.338 0.358 
F. —0.0105 —0.010 —0.010 . —0.010 —0.010 
(a= S*) F's 0 0.031 0.077 0.150 0.284 
Wi = (8) + (9) —0.0105 0.021 0.067 0.140 0.274 
M,U, —0.0263 2.76 6.98 14.05 28.3 
N, Wi 0.09 —0.18 —0.57 —1.20 —2.35 
M,Ui+ Ni Wi 0.0637 2.58 6.41 12.85 25 .95 
Ni U;, —2.70 —2.74 —2.80 —2.90 —3.06 
— MiW,i —0.0009 —0.181 —1.43 —5.82 —21.66 
N, Ui, — Mi Wi —2.70 —2.92 —4.23 —§.72 —24 72 
U? 0.0992 0.1025 0.107 0.1143 0.1282 
Wi 0.0001 0.0004 0.0045 0.0196 0.0751 
LO a 1 ts 0.0993 0.1029 0.1115 0.1339 0.2033 
To 3) /O9) 0.642 25.1 57.9 95.8 127.5 
Ti, = (16)/(19) —27.2 —28.4 —38.0 65.2 121K 
NG eh Oe ee Oe PAB} 38.0 69.4 116 176 
Power factor = (20) /(22) 0.66 0.83 0.825 0.725 
Power input = £. (20) 5510 12660 21100 28000 
S Fs —5.23 —5.1 —5 —5 —4 
S (1 — S?) Py 0 535 1280 2360 3970 
(25) + (26) —5.23 530 1275 2350) 3966 
Te— (27) / G9) —52.8 5150 11450 17600 19450 
Core loss and friction 600 600 600 600 600 
Net torque = (28) — (29) —653 4550 10850 17000 18850 
Power output = S. (30) —653 4460 10300 15300 14700 
Efficiency =.(31)/(24) 0.808 0.812 0.725 0.532 


It will be noted that all the steps are indicated in the phase induction motor is made comparable to a simple 
above. It is obvious that if a printed calculation form problem of bookkeeping, and can be done by a person 


Fig. 


arranged as the above is 
complet performance c¢ 
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RACTERISTICS oF SrnaLE-PuasE simple single-phase winding. This stator winding may 


without any technical training. 

The performance curves plotted from the above 
calculated values for current, torque, power factor, 
and efficiency are shown in Fig. 3. 

As a further illustration, the method will be applied 
to the repulsion motor. 


THE REPULSION MOTOR 
As usually built, the stator of a repulsion motor has a 


, be considered as made up of two windings, one which 


used, the calculation of the may be called the transformer winding and which is 
haracteristics of the single- in inductive relation to the commutated winding, and 
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the other which may be called the field winding, 
which is at right angles to the axis of the commutated 
winding. According to the assumption of sine wave 
distributions of m.m.f., which is approximately 
realized in most cases, the transformer winding com- 
ponent will have N cos A effective turns, and the field 
winding component will have N sine A effective turns, 
where A is the angle in electrical degrees between the 
axis of the commutated winding as determined by the 
brush position and the transformer axis. The motor 
can be represented diagrammatically as in Fig. 4. 
The same symbols that were used for the single-phase 
induction motor will apply for the repulsion motor and 
in addition we have 
I; = local short-circuit current in the coils short- 
circuited by the brushes, 

rs = resistance of the local short circuits formed by 
the coils short-circuited by the brushes and the 
brush contacts. 

The leakage reactance of the local short circuits is 
assumed the same as that of the rotor winding as a 
whole, viz., X». 

We have, therefore, three circuits to consider in the 
repulsion motor, and three corresponding voltage 
equations. For the stator winding we have 


E=j X,,(I, cos? A—I,cosA) +7 Xm (I; sin? A—I3sin A) 


rs ep ta) Ls (20) 
For the rotor winding proper, 
O=— 7 Xn (I,cos A — Is) + (ro +5 22) Ie 
+S X,J,sinA— S(X, + %)I3 (21) 


For the coils short-circuited by the brushes, 
OTe 5 Xj sin. A Te SX, Laeos A Ta) 
+ S t2Io+ (r3 + 7%) I (22) 


Solving for J,, I, and I;, we get the equations, 


pp (rate I= 8?)(Xu tae)? +4 rats) (Xn-+a)] 


Iy= : 
; Ut AG Wy (23) 
I, = : 

EX [—S rz sin A— (1—S?)(X,,+%2)cos A+] 73 cos A] 


Us 7 We! 
(24) 
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bee 
EY [S rz cos A— (1—S?) (Ansty e A-+j Tr. sin Aj 
es U.' +7 W2’ 
(25). 
where 


U2. =— 12 Xm? cos? A—13 Xn? Sin? A— (r2 +13) (41 +%2)Xm 
—(retrs) L1e+rirers— (1—S?)11(Xm+%e)? 
Wo! = 11 (12 + 1s) (Xm + Xo) + 72 13 (Xm + 21) 
+S(rs—12)Xm? siti A cos A—(1—S?)(Xn+2%2) 
[Xm (%1 + He) + X1 Xo] 


The components of the motor flux which react with 
the currents J, and J; to produce torque are the field 
flux &; and the transformer flux ©®,, 


where 

Pe Xm I, sin - =e + 2) Is (26) 
and 

eos Xmit,cos A — (Xm + Xo) Io 27) 


2a f N 


The torque developed by the motor at any speed is, 
in synchronous watts, 


T=2arfN[(I2. 4) — Us. 42) ] 


where (I,.,) and (J3;.,) represent the products of 
the in-phase components of J, and %;, and I; and &, 
respectively. Substituting for the currents and fluxes 
their values from equations (23) to (27) and multi- 
plying out, we get ; 


EE? X.2 (rs? — 10?) (Xm + 2) sin A cosA 
aoa) +(rssin? A + 72 cos? A) 
2 2 
Oa ta Sa, 7 Eee 
: (28) 
The no-load speed is obtained by solving the cubic 
equation that is obtained by putting 7 = 0 in the 


T = 


above. An approximate solution is 
iPmart) sae a 
\ X, (tan A + —2 cot A) 
T3 


This approximate equation is theoretically much more 
accurate than any calculated value of r; can be expected 
tobe. Its chief value is to show how the no-load speed 
of a repulsion motor might be affected by changes in 
design. 

Special simplified formulas for the current and torque 
at synchronous speed or at standstill can be obtained 
by putting S = 1 or S = 0 in equations (23) and (28). 
Slight approximations can then be made by which the 
equations are reduced to rather simple formulas which 
need not be given here. 
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The performance characteristics of the motor can be 
calculated completely from equations (23) and (28). 
For calculation purposes, it is advisable to divide the 
numerators and denominators of these equations by 
(Xm + %)? and (Xm + x)‘ as in the case of the single- 


phase induction motor. This gives 
Wh M,+ jN2 
~~ Us+jWe 
Go + S Gio + (1 — 8?) Gi 
7 pe 
z Ue + We 
where 
M,=G,+ (1— S?) Gp 
N>2 SS G; 


Us =G,+ (1-— S2)G; 
W.=G,+SG,+ (1— S?) Gs 


The complete expressions for G, to Gi: inclusive are 
given in the following sample calculation. 


PERFORMANCE CALCULATION OF REPULSION MOTOR 


Motor design constants: 


rat 1s1 
Te = 3.5 
r; = LOO 
L4 2.8 
to = 2.0 
X m= 60 
Ay. = 15 deg. 


Core loss and friction = 110 watts 


To 13 


G,- =E 7 one = 1955 
(eer i = 220 
"<2 +13 
Gs = E es ae Xo = 363 
. Xm ‘ 
= (asin? A + reeos' A) (GPG) 
att) 2 Xn) tiie tier 
aly + 22 (2+ Oe et “ (Xm+x2)? pee 
Gy = 11 =-— 11 
Penis pare Ms 
LE es. ie + Lo , 
7.309 


aon a v1 
(1, Totti taste ts Ze) cd 
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Gr = ( ) ( se ) in A 
= (7 To = ; 
7 3 2) amet sin A cos A 22.0 
G ( Xo Ad } 
=_— Ny = = _— 

8 1 =| x Ae Co 5.47 
G a Xe (r3? i= 19”) sin A COs A 36 3 
9 => — ° 

Cex i= Lo)8 
G Xm To 13 
ee (Xs ae XL2)4 
(r; sin? A + r2 cos? A) = — 0.80 
G ( 2 ) 
oe Xen Xe 
(r; sin? A + r, cos? A) = 7.9.05 
. 200 
& coal haan | 50 
{) 
ne 
E 160 140 
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Fig. 5—PERFORMANCE CHARACTERISTICS OF REPULSION 
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The performance curves corresponding to the follow- 
ing calculated values are shown in Fig. 5. 

It will be noted that this calculation form is, in 
general outline, the same as that used for the single- 
phase induction motor, practically the only differences 
being in the expressions for the constants Fas Fseete.. 


and Gi, Gs, etc. 


The single-phase induction motor and the repulsion 
motor have been chosen to illustrate the general method 
of analysis by the cross-field theory on account of their 
relative simplicity. The same general method might 
be applied to machines of more complicated types, such 
as those having four or more circuits to consider, but 
the method of procedure would be essentially the same, 
and the results would merely be somewhat more com- 
plicated. The analytical solution of such a motor by 
the same general method has been given in a previous 
paper. (TRANS. A. I. E. E., 1924, p. 1048.) 


(1) 
(2) 
(3) 


(4) 


(5) 
(6) 
(7) 


(8) 
(9) 
(10) 
(11) 


(12) 
(13) 
(14) 
(15) 
(16) 
(17) 
(18) 
(19) 
(20) 
(21) 
(22) 
(23) 
(24) 
(25) 
(26) 
(27) 
(28) 
(29) 


(30) 
(31) 


(32) 


(33) 


(34) 


S 

1 — 8 

Sd — 8?) 

Gy 

(1 — S%) Ge 
M: = (1) + (2) 
No = G3 

Gs 

(TS? )3Ge 
Use =) ©) 06) 

Ge 

SG, 

(L952). Gs 


Way 3(8)- (9) e(10) 


M, U2 
N2 W2 
(12) + (13) 


Ne U2 
‘— M2 We 
= 4(15)5 = (16) 


U2 . 
W? 
= (18) a (19) 
Tia = (14)/(20) 


Tis 


ll 


(17) /(20) 


Ii Vv Tas iy 

Power factor = (21) /(23) 
Power input = £. (21) 
G's 

S Gio 

S 1 — 8%) Gu 

= (26) i (27), 4 (28) 


T = E?, (29)/(20) 
Core loss and friction 


Net torque = (80) — (81) 
Power output = S. (82) 


Efficiency = (33) /(25) 
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Discussion 


: P. L. Alger: Mr. West has presented in his paper a business- 

like and accurate way of obtaining the characteristics of an 
a-c. motor. The method is particularly adapted, and, in fact, 
was especially intended, for use by engineers having to do with 
large numbers of motors. Probably we all agree that the circle 
diagram, or some similar graphical method, iv most suitable for 
college instruction, and for use by persons only dealing with 
motors occasionally. When large quantities of motors are to be 
designed, however, it is necessary to take into account many 
of the minor features of the theory, and, at the same time, to 
make the method extremely systematic. Thus, I am heartily 
in sympathy with the point of view which Mr. West expounds 
so thoroughly. 

While the title of the paper emphasizes the cross-field theory, 
the same method could be used equally well with the rotating- 
field theory, for most machines. It is my opinion that both the 
rotating-field and the ecross-field theories have advantages in 
particular cases, and that a complete understanding of design 
ean be obtained only by a mastery of both theories. So far as 
I know, there is only one respect in which the two theories give 
different results. 

This one exception occurs when the secondary winding of a 
single-phase machine has sufficient skin effect to make its effec- 
tive resistance and reactance at line frequency appreciably 
different from their values with direct current. Since the actual 
current in any one secondary conductor consists of components 
of two different frequencies, the two components encounter 
different impedances, and so the effective voltage across the 
conductor is not equal to the product of the total current by 
any definite value of impedance. The cross-field theory treats 
the entire current in one axis as being of line frequency, and so 
does not take into account the variation of impedance with fre- 
quency. On this account, the rotating-field theory gives more 
accurate results for machines of this type. 

I believe that the obvious objection to Mr. West’s method, 
that it is very complicated, can be largely overcome by a study of 
the formulas, and their rearrangement into a form consisting of 
a principal term and various corrective terms. For example, 
if the magnetizing reactance is large by comparison with the 
leakage reactance, many of the formulas can be simplified by 


nate ae 
expressing them in power series in terms of Te and then 


m 
neglecting higher powers than the first of this ratio. In some 
cases, the most complicated formulas can be put into a simple 
and usable form by assuming average values for certain of the 
less important constants, and preparing charts showing the effects 
of variations in thé major constants. Then, correction formulas 
can be made up, showing the effects upon the result of changes 
in the minor variables made independently, and these auxiliary 
formulas can be used whenever especial accuracy is desired. 

I believe that the.ultimate design method is one which takes 
into account all of the variables, but only carries the result to the 
desired accuracy, and no further. 

K. L. Hansen: In his analysis of the single-phase, induction 
motor, Mr. West has followed the usual and much discussed 
method of the cross-field theory. He has, apparently, introduced 
a slight modification by adding the secondary leakage flux to the 
mutual flux in the expressions for some of the induced voltages. 
The introduction of this refinement is, however, incidental and 
is obviously not the main object of the paper. 

In the opening paragraph the author states that some phe- 
nomena are more easily” understood by a study following the 
revolving-field theory, and other phenomena are made more clear 
by use of the cross-field theory. This statement, In connection 
with the title of the paper, would naturally lead one to believe 
that some distinct advantage of the cross-field theory over the 
revolving-field theory would be pointed out, at least-in the spe- 


4 


WEST: CROSS-FIELD THEORY 


473 
cific instances which the author has chosen for illustration. The 
paper does not fulfill this expectation. 

According to the author, the choice of methods should depend 
on what is most desired, e. g., speed, accuracy, or aid to visuali- 
zation. From the standpoint of speed and accuracy the cross- 
field theory obviously offers no advantage over the rotating- 
field theory. From the standpoint of visualization or physical 
conception the cross-field theory appears to be rather inferior to 
the rotating-field theory. Indeed, at the very outset an artifice 
is resorted to of considering the squirrel cage as the equivalent 
to a commutated winding with brushes bearing on the commuta- 
tor short-circuited on themselves in the transformer and field 
axes. 

There can be no objection to replacing the actual circuits we 
are dealing with by artificial equivalent ones when something is 
gained from the standpoint of clearness or shortening of the 
analytical work; but in this instance nothing is apparently gained 
thereby. In the revolving-field theory the squirrel cage is con- 
sidered to be exactly what it is—a system of polyphase circuits. 
It seems that the currents flowing in the artificial secondary 
circuits employed by the author are of constant frequency and 
that therefore the secondary reactance x2 is a constant quantity 
independent of the slip. Have the calculations in the paper been 
made on that assumption, and if so, do they lead to correct 
results? 

A few years ago a writer in the Journax argued that when 
several theories are advanced to explain the same phenomena, 
economy of thought demands that all but one of these theories 
be abandoned, unless each of the several theories possesses 
distinct advantages not possessed by the others. He then pro- 
ceeded to make a misapplication of the revolving-field theory, 
and as his deductions naturally were in error he concluded that 
the revolving field theory is more liable than the cross-field 
theory to lead to erroneous results. He also was laboring under 
the delusion that the revolving-field theory is not applicable to 
commutator motors, and therefore advocated that this theory be 
abandoned in favor of the cross-field theory. 


The present writer’s opinion is that the point of retaining, in 
the interest of economy of thought, only one theory to explain 
a certain set of phenomena, is well taken; but I can not agree 
that in this ease the revolving-field theory should be abandoned. 
My preference for the revolving-field theory is that is appears to 
be the more general one of the two. If the two components of 
the revolving field are equal, we have a single-phase system; 
if they are unequal, we have an unbalanced polyphase system. 
If one component vanishes, we have a balanced polyphase 
system, and if the angular velocity of the rotating field is equal 
to zero, we have a direct-current system. In other words, all 
phenomena of rotating electrical machines can be explained as 
special cases of the general theory based on two oppositely 
rotating magnetic fields. 


H. R. West: I agree with Mr. Alger that the best method 
of calculation is that which gives results of the necessary accuracy, 
and no more, with the least amount of labor. On the other hand, 
I cannot accept the statement that the methods of calculation 
that I have given are very complicated. The greater part of 
the work of calculating a motor is contained in the tabulated 
part. Examination of this tabulated part of the calculation 
will show that nearly all of the rows of numbers are obtained 
with only one setting of the slide rule, or merely by addition. 
With very little practise, one will find that the calculation can 
be carried through very easily and quickly. The method given 
for the single-phase induction motor has been compared in actual 
trial with the most up-to-date methods of accurately calculating 
the polyphase induction-motor characteristics, and although 
it has been found to be somewhat more laborious, as obviously 
it must, since the operation of the single-phase, induction motor 
is very complicated in comparison to that of the polyphase 
motor—still it is found to be comparable in the amount of 
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work and time required. Furthermore, anyone who can use a 
slide rule can carry out the calculation completely. It is not 
necessary for him to know anything about motors or electric 
circuits in order to carry out a complete calculation. 

There are some very obvious approximations that can be made 
in the calculations, particularly in caleulating the constants 
F,, and G,. These approximations would result in very little 
more than an apparent reduction in the labor of caleulating, and 
therefore the expressions were given in full for the sake of 
completeness. 

As Mr. Alger suggests, a systematically arranged calculation 
form would probably be found equally helpful in calculating the 
characteristics of a motor from equations that might be derived 
by the revolving-field method. However, I do not believe that 
the revolving-field method of analysis will lead as directly to 
equations or formulas that are most useful for calculation 
purposes. 

Mr. Hansen calls attention to the terms in my equations that 
represent the speed voltages corresponding to the rotor leakage 
fluxes. The inclusion of these terms is not new! with the author, 
although they have been neglected by some writers, generally 
with only very slight effect on the accuracy of the results. 

The correctness of the results that have been obtained by 
the cross-field method of analysis has been questioned by Mr. 
Hansen. The exact equivalence of the results obtained by the 
revolving-field and eross-field methods was demonstrated 
several years ago”. Furthermore, examination of the analytical 
expression which Mr. Hansen derived for the line current taken 
by the single-phase induction motor in his very instructive paper® 
on the rotating-field theory will show that his equation is exactly 
equivalent to the corresponding one of my paper. 

1. See, for instance, Arnold, Wechselstromtechnik. V 1. 

2. Arnold, Wechselstromtechnik, and Karapetoff, JournaL A.I. E. E., 


Aug. 1921. 
3. JouRNAL A. I.E. E., February, 1925. 
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Reply to the remaining portions of Mr. Hansen’s discussion 
must consist largely of repetition of the ideas expressed in the 
opening paragraphs of my paper. Both methods have their 
own advantages, depending partly on the types of motors. 
For instance, it is obvious that the revolving-field method 
should be used for the balanced polyphase induction motor, and 
the cross-field method should be used for the a-c. series motor. 
At the same time, I believe that a study of both of these motors 
from both points of view will often be found worth while. In 
the ease of the single-phase induction motor, which seems to 
offer the most debatable ground in regard to the cross-field and 
revolving-field methods, it seems that the revolving-field method 
is much superior for the purpose of giving a mental picture of 
how the motor works. At the same time, I have found that the 
cross-field theory adds to and clarifies that picture. On the other 
hand, I am convinced that the cross-field method of analysis 
is more useful for exact analysis, since it leads directly to results 
that are immediately useful for exact numerical calculation 
without the necessity of making two separate calculations for a 
polyphase motor and then combining them. 

As Mr. Alger has pointed out, there seems to be only one 
case in which the revolving-field method can be used and where 
the cross-field method cannot be used, 7. e., where the rotor 
inductances depend upon the frequencies. Otherwise, one 
method seems to be as general as the other. 


The paper was not intended as an attempt to prove the 
general superiority of one method over another for any par- 
ticular motor, but to demonstrate the possibility of using the 
cross-field method of analysis to obtain readily usable, accurate, 
numerical methods of calculation of motor characteristics. 
My experience leads me to believe that such methods of caleu- 
lation can be most readily derived by the use of the cross-field 
method, in the ease of many kinds of motors, particularly single- 
phase motors. 


Rating of Heating Elements for Electric Furnaces 
Test Data and Integration of Interference Between Resistors 


BY A. D. KEENE 


Associate, A. I. E. E. 


Synopsis.—A study of the practical considerations involved in 
assigning kilowatt ratings to radiant heating elements in furnace 
chambers. Constants for radiation and absorption are given. Con- 
sideration is given to shape and spacing of elements with respect to 
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shielding due to adjacent elements. A method of determining the 
equivalent unshielded element is worked out to provide a basis for 


comparing dissimilar shapes of heaters. 


ff Bee failure of an electric-furnace heating element is 
usually due to the chaotic methods used in estab- 

lishing its ratings. Frequently heating elements 
are given arbitrary ratings, with no analysis of the 
conditions under which they are to operate. Some 
designers have developed rule-of-thumb methods of 
rating elements, based on current density, or on energy 
dissipated per unit area. Many of these methods are 
further elaborated to allow for increased ratings at low 
chamber temperatures. These methods must be used 
with considerable caution as they are almost invariably 
based on experience with only one type of heating ele- 
ment, used under restricted conditions. The deter- 
mination of the general constants involved has been 
hampered by the cost of making scientific measure- 
ments at high temperatures. A general formula must 
provide for the following variables: 

1. The physical characteristics of the heating 
surfaces. 

2. The relative spacing and location of the com- 
ponent parts of the heating surfaces. 

3. The allowable difference in temperature between 
the element surface and the surrounding atmosphere. 

Data and mathematical analysis, made available 
within the last year, give these constants and make it 
possible to determine factors of safety of various shapes 
and arrangements of heating elements, and so make 
direct comparisons. This will permit the heating engi- 
neer to select his units with greater freedom and predict 
the temperatures at which they will operate. The 
calculation is analogous to the calculation of the 
mechanical engineer, who determines the unit stress on 
the extreme fiber of the beam he is loading with a fairly 
accurate knowledge of the stress at which it may be 
expected to fail. 

A conductor supported in air and carrying electric 
current will increase in temperature until the heat 
removed by conduction, convection, and radiation 
equals the heat generated within the conductor by the 
passage of the current. This is true whether the 
conductor is inclosed in a furnace chamber to act as a 
source of heat, or is a part of a transmission line where 
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heat is an undesirable by-product. The relative 
amounts of heat removed by the three different means 
of transmission change rapidly with the operating 
temperature of the conductor. | 

The convection loss from a surface increases as the 
114 power of the difference in temperature between the 
surface and the surrounding room, while the radiation 
loss increases as the fourth power. At a surface tem- 
perature of 1000 deg. cent. (1832 deg. fahr.), the loss 
from a conductor in free air is roughly 90 per cent by 
radiation and 10 per cent by convection. (Conduction 
through air is so small as to be negligible and will be 
disregarded throughout the remainder of this article.) 
At this temperature, it is evident that an air space is a 
very inefficient heat insulator, since 90 per cent of the 
energy travels freely and almost without loss between 
the enclosing surfaces. 
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The simplest heating element might be a sheet of 
resistance material covering an area of furnace wall and 
parallel to the wall, the arrangement being as indicated 
in Fig. 1; F is the plate in which heat is generated with 
surface A toward, and parallel to, the charge D which 
is to be heated, and surface B toward, and parallel to, 
wall C which is a partial heat insulator. We will 
consider F a large thin plate so the losses from the 
edges may be eliminated as negligible. Heat generated 
in the plate is conducted to the surfaces A and B. We 
will assume that wall C is of such material and thickness 
that 20 per cent of the heat generated in the plate 
escapes to the outside. Surface B can then dispose of 
only 20 per cent of the energy, generated so surface A 
must attain such a temperature as to dispose of the 
remaining 80 per cent of the energy. Surfaces A and 
B are opposite sides of a thin plate and so are at approxi- 
mately the same temperature. Whenastate of equilib- 
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rium of heat-flow is reached, the temperature-gradients 
will be approximately as represented by lines J-J—K 
and I—-L-—M, the temperature at the surface of the wall 
L will be considerably higher than the temperature J at 
the surface of the charge because the difference in tem- 
perature between J and J is forcing four times as much 
heat across the space G as the difference in temperature 
between J and L is forcing across the space H. 

It is particularly noticeable in this example that all 
surfaces of an element are not equally effective in dis- 
posing of the generated heat. If we consider surface 
A as 100 per cent effective, we can then consider the 
surface B only 25 per cent effective because under 
operating conditions it disposes of only one-fourth as 
much of the generated heat. The surfaces of plate 
F as located are then only 62.5 per cent as effective 
in disposing of heat as they would be if charge D were 
disposed on both sides of plate F. The factor 62.5 per 
cent (in this case) may be called the “‘surface efficiency” 
since it is the factor by which the total surface area of 
the resistor must be multiplied to obtain the area of an 
equivalent resistor whose surface is 100 per cent 
effective. 


THEORY AND EXPERIMENTAL DATA 


(a) Single Linear Heater. Due to the relatively 
poor thermal conductivity of the supporting refrac- 
tories, and to the small area of contact, very little heat 
is conducted away from the heater elements. Hence 
radiation and convection are the principal agents in the 
transfer of heat from the elements. The fundamental 
equation, expressing the rate of heat dissipated by 
radiation and convection from surfaces, is: 


ine 
W =a(T. —T,)' 36.9 ¢ [ rive 


where 
W = Watts dissipated per sq. in. of surface 
T, = Absolute temperature deg. cent. of heater 


us 


aa 


surface 

T,) = Absolute temperature deg. cent. of room or 
furnace air 

T; = Absolute temperature deg. cent. of surrounding 
surfaces 

a = Convection constant 


é = Coefficient of emissivity (1.00 for a black body) 

In the above equation, the convection loss is shown as 
proportional to the 5/4th power of the temperature rise 
of the heater above the ambient air. The radiation 
loss, however, increases at a much greater rate, since 
it is a function of the fourth power of the absolute 
temperatures. The constants (a) and (e) vary slightly 
with the temperatures; however, the variation is so 
small that it can be neglected for practical purposes. 
The values of these constants were determined from 
experimental tests. The single linear heater element 
was suspended in free air. The input was measured 
electrically and the final temperatures were determined 
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by the use of thermocouples. An optical pyrometer 
was also used to check the heater temperatures. The 
thermocouples were 0.008-in. diameter platinum and 
platinum-rhodium spot welded to the conductor. 

From the large number of tests made, average values 
of the constants were obtained as follows: 


Constant Constant 


Heater Element (a) (e) 
Yy-in. diameter nickel chromium........... 0.0032 0.91 
34-in. wide strip nickel chromium.......... 0.0013 0.90 


Using these constants in the equation previously 
given, the curves shown, Fig. 2, were plotted. Ex- 
perimental tests on this curve covered the range of 100 
to 1100 deg. cent. The elements were tested both 
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vertically and horizontally and very little difference was 
found, especially at commercial temperatures where 
most of the heat is transmitted by radiation. 

(6) Parallel Heater Elements—Single Row. In a 
commercial furnace, the heater consists of a large 
number of parallel ribbons or rods. It is evident that 
the rating of such elements will not be as great as a 
single element, due to interference of the adjacent 
elements. For such parallel heater elements arranged 
in a row, the relative heat loss can be calculated on the 
basis of the angle subtended by the opposite interfering 
resistor. Thus, in Fig. 3 is shown a row of parallel 
strip resistors. The approximate radiation from any 
small element (d x) will be proportional to the ratio of 


(180 deg. — a) per 180 deg. An integration of these 


elements, either mathematically or graphically, over the 
total surface will give the effective radiation. Results 
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of such calculations are given in Figs. 5 and 6 for round 


rods and strips respectively. The curves are plotted 


in terms of ratios in order to be applicable to any 
particular arrangement and size of heating element. 
While these curves as calculated refer only to radiated 
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energy, tests show that they also represent very 
closely the effectiveness of the surface for both radiation 
and convection. The reason for this primarily is due 
to the relatively small amount of heat lost by convection 
—although it is a fact that by the grouping of the ele- 
ments the convection and radiation losses are reduced 
to about the same degree. These curves were experi- 
mentally checked throughout the range shown, both 
round rods and strips being used. In making these 
tests, three equally spaced parallel elements were used. 
Thermocouples were placed on all three. Means were 
provided for independently varying the current through 
the middle heater and the two outside heaters. In 
this way the current was adjusted so as to give equal 
temperatures for all three heaters. The loss from the 
middle conductor was measured. 
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(c) Parallel Heater Elements—Double Row. Insome 
furnaces it is desirable to double bank the heating 
elements. The two rows of elements will interfere to 
some extent so that the rating will be reduced. The 
“curface efficiency” of a double bank resistor composed 
of round parallel rods arranged equidistant from each 
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other, was calculated in the same manner as the single 
bank. The calculated curve is shown in Fig. 4. 

The curves, Figs. 4, 5, and 6, show values of surface 
efficiencies plotted against the ratios of spacings to 
widths and diameters respectively. The curves are not 


SURFACE EFFICIENCY IN % (SINGLE ROD = 100 %) 


Fig. 5—Curve or Surracr EFrriciENnciEs ror Rops 


directly comparable as the abscissas are not expressed as 
ratios of similar dimensions. 

It is interesting to analyze commercial heating ele- 
ments on the basis of the above data. 


SURFACE EFFICIENCY IN % (SINGLE STRIP =100 %) 


Fig. 6—Curve or Surrace HFFIcIeNCIES FOR STRIPS 


Let us assume the following conditions: 

114-in. wide strip 1/10-in. thick spaced, 114-in. 
centers arranged as in Fig. 8, 0.289-in. diameter rod 1-in. 
centers arranged in two layers, (double banked) as 
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shown in Fig. 7, and 0.289-in. rod 34-in. centers single 
layer (single banked) also shown in Fig. 3. In each 
case, power equivalent to 15 watts per square inch of 
radiating surface, is generated in the element. The 
furnace chamber temperature is fixed at 900 deg. cent. 
(1652 deg. fahr.), room temperature 27 deg. cent. 
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We will assume that the resistor enters the danger zone, 
in which oxidation becomes progressive and, therefore, 
destructive at 1100 deg. cent. (2012 deg. fahr.). 

For the Case of the Double-Banked Rod: 


de=_1-in} 

Dez 07289 

R = 03.46 

The surface efficiency from Fig. 4 is then 70 per 
cent. 


Then 15 watts per sq. in. is equivalent to 
15 + 0.70 = 21.48 watts per sq. in. dissipation. 

To use the curves in Fig. 2 at furnace chamber tem- 
peratures, we must transpose from 27 deg. cent. ambient 
temperature to 900 deg. cent. ambient temperature as 
follows: 

900 deg. — 27 deg. = 873 deg. which corresponds 
to 78 watts on the Curve A for rods (Fig. 2). 

Then 78 + 21.43 (the equivalent dissipation deter- 
mined above) = 99.48 watts which corre- 
sponds to a temperature rise of 950 deg. cent. 
(Curve A, Fig. 2). The operating tempera- 
ture of the rod is then 950 deg. cent. + 27 deg. 
cent. = 977 deg. cent. 

If 1100 deg. cent. marks the entrance to the danger 
zone, a 12.6 per cent rise in temperature will be required 
to bring the temperature of this heating element up to a 
dangerous value. This 12.6 per cent may then be 
considered as the factor of safety. 

In the Case of the 14-in. Ribbon: 


W=1% 
S114 10a 4/10 
R = 0.933 


Surface efficiency = 69 per cent from Fig. 6. 

Then the dissipation equivalent to 15 watts per sq. 
in. = 15 + 0.69 = 21.74 watts per sq. in. 

900 deg. cent. minus 27 = 873 deg. cent. which cor- 
responds to 65 watts dissipation on Curve B, 
Fig. 2. 

65 watts + 21.74 = 86.74 watts persq.in. This is 
equivalent to a 960 deg. cent rise. The 
operating temperature is then 960 deg. cent. 
+ 27 deg. cent. = 987 deg. cent. 


This gives a factor of safety as above of 1114 per 


cent. 
For the Single Banked Rod: 
= 0.75 
D = 0.289 
R= 2.6 


From Fig. 5 thé surface efficiency is 89.5. Then 
the dissipation equivalent to 15 watts per sq. 
in.is15 + 89.5 = 16.65. 

900 — 27 deg. cent. = 873 deg. cent. which corre- 
sponds to 78 watts on Curve A, Fig. 2. Then 
78 + 16.65 = 94.65 watts per sq. in. which 
corresponds to a temperature rise of 930 deg. 
cent. The operating temperature of the rod is 
then 930 deg. + 27 deg. = 957 deg. cent. 
This gives a factor of safety of 14.94 per cent. 
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It should be noted that these factors apply only to the 
physical conditions specified. A narrower ribbon or 
smaller rod would have a higher factor of safety for this 
spacing. A wider strip would havea considerably lower 
factor of safety as we are working on the steep part of 
the surface efficiency curve, Fig. 6. 

We may also make an analysis of the cost of metal 
required to generate one kilowatt of heat energy in a 
furnace chamber. Let us assume the same conditions 
of physical size and spacing as were used in the pre- 
ceding illustration, the operating temperature of the 
resistor 1000 deg. cent. and the furnace chamber tem- 
perature 900 deg. cent. 

Considering the Double Banked Rod: 

The dissipation of energy at 100 per cent surface 
efficiency on arod at 1000 deg. cent. is 106 
watts per sq. in. (from Curve A, Fig. 2). The 
dissipation at 900 deg. cent. (chamber tem- 
perature) = 79 watts per sq. in. correcting for 
27 deg. ambient temperature in each case. 

The difference is 27 watts per sq. in. or the permis- 
sible dissipation from a rod having 100 per 
cent “surface efficiency.” 

The double banked rod-as before is 70 per cent 

efficient so the actual watts permissible dissipation 
is 70 per cent of 27 = 18.9 watts per sq. in. 

To dissipate 1000 watts will require 1000 + 18.9 = 
52.91 sq. in. of rod surface. 

Thearea of one foot of 0.289-in. diameter rod is 10.9 
sq. in. 

52.91 + 10.9 = 4.854 linear feet of rod required 
weighing 0.289 lb. per foot = 1.16 lb. 

Ata list price of $4.05 per pound this is $4.80 for the 
cost of double banked rod to dissipate one 
kilowatt. 

For the Strip: 

The watts per sq. in. dissipation at 100 per cent 
surface efficiency on a strip at 1000 deg. cent. 
= 92 from Curve B, Fig. 2. 

At 900 deg. cent. = 65 (correct for 27 deg. ambient 
temperature) 

The difference is 27 watts per sq. in. permissible 
dissipation from a strip having 100 per cent 
“surface efficiency.” 

The strip as before is 69 per cent efficient so the 
actual watts permissible is 69 per cent of 27 = 
18.6 watts per sq. in. and to dissipate 1000 
watts will require 

1000 + 18.6 = 53.8 sq. in. 

The area of one linear foot of strip is 38.4 sq. in. 

53.8 + 38.4 = 1.4 linear feet of strip weighing 

0.81 Ibs. per foot = 0.782 Ibs. at $5.10 per pound 
= $3.99 for the cost of strip to dissipate one 
kilowatt. 

In the Case of the Single Banked Rod: 

The dissipation from a 100 per cent surface | 
efficiency rod as in the case of the double 
banked rod is 27 watts per sq. in. 
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The efficiency as in the earlier single banked rod 
example is 89.5 per cent so the actual watts 
permissible is 89.5 per cent of 27 = 24.16. 

To dissipate 1000 watts will require 1000 + 24.16 
= 41.35 sq. in. of heater area. 


The area of a linear foot of 0.289-inch diameter rod 
is 10.9'sq. in. 


41.35 + 10.9 = 3.793 feet of rod at 0.239 pounds 
per foot this weighs 0.9065 lb. at $4.05 per 
pound = $3.67 for the cost of single banked 
rod to radiate one kilowatt. 


In computing the above costs prices have been listed 
for nickel chromium as quoted by a well-known manu- 
facturer. As in the case of efficiencies, other physical 
dimensions will materially change the results. The 
dimensions used are those of heating elements in com- 
mon use. 


For convenience, the results of the above problems are 
tabulated below: 


Cost of metal 
Factor of safety | per kw. radiated 


Shape of Arrangement of jat 15 watts per sq. at constant 
element element in. dissipation factor of safety 
Single banked 
Strip 1% in. wide Fig. 3 11% per cent $3.99 
Single banked 
Rod 0.289 in. dia. Fig. 3 14.94 per cent $3.67 
Double banked 
Rod 0.289 in. dia. Fig. 7 12.6 per cent $4.80 


The above problems serve to illustrate several 
important points in design. 

1. Aresistor element of any shape may be supported 
in a furnace and so rated as to give a suitable factor of 
safety and reasonable service. 

2. The shape of the element does not inherently 
insure a lower first cost of material. (Low cost fre- 
quently sacrifices a part of the factor of safety). 

3. The selection of the elements for any furnace is 
an engineering problem requiring proper analysis. It 
should be approached with the idea of applying a 
suitable heating equipment, not with the idea of adopt- 
ing some specific type of element to the installation. 

In the foregoing calculations, we have disregarded 
the effect of adjacent walls. This should not introduce 
a serious error where the element itself is not so located 
as to act as a screen preventing reradiation and re- 
flection of heat energy from the wall. The wall would 
perhaps have considerable effect on convection currents, 
but convection plays a relatively small part in the dis- 
sipation of heat at these temperatures. 

Heat radiated to the wall is either reflected or is 
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absorbed by the wall. That absorbed is conducted 
away from the surface or re-radiated into the furnace 
chamber. For the relative values of these various heat 
transfers, we must again refer to test data available. 
Fire brick at a temperature of 1000 deg. cent. reflects 
40 per cent of the radiant heat falling on its surface and 
absorbs the other 60 per cent. If 50 per cent of the 
heat generated finds its way to the wall surfaces as 
radiant energy, then 20 per cent of the heat generated 
in the furnace is reflected from the walls much as light 
is reflected from a mirror. Thirty per cent is absorbed 
by the walls. If one-half of this heat absorbed is con- 
ducted to the external surface and lost, the remainder, 
15 per cent of the heat generated in the heating ele- 
ments, is re-radiated from the walls into the furnace 
chamber. 


Thus, it can be seen that with the above data, the 
furnace engineer can calculate with reasonable accuracy 
the temperatures attained by resistor elements in ser- 
vice and can determine the factors of safety. He can 
also anticipate the manner in which heat will be trans- 
mitted to the charge. These calculations are of utmost 
importance to the furnace buyer. The fact that the 
conditions in a projected furnace can be determined by 
competent engineers, much as the loading of a bridge is 
determined, is insurance against loss through furnace 
failure. 


Discussion 


G. E. Luke: The equations for heat loss as given in this 
paper are only approximate. The heat liberated by convection 
varies to some extent with the position of the resistor. Its 
variation with temperature rise to the 1.20 power is only em- 
pirically true, but it seems to hold over a rather wide range of size 
and temperature. Fortunately, the rate of loss by convection is a 
small percentage of the total so that it does not have to be so 
accurately known. The accuracy of the Stefan-Boltzmann 
equation for radiation depends upon the correctness of the 
coefficient of emissivity (e). This value (e) is not constant but 
changes somewhat with temperature. For practical purposes it 
can be considered as a constant without great error. 


Although considerable data are published regarding the rate 
of heat transfer from high-temperature conductors, yet few - 
are available as to the reduction in this loss due to the proximity 
of other parallel conductors. At first the method of calculation 
as shown on Fig. 3 was used. It was recognized that this . 
method was not rigidly correct since the intensity of the heat 
radiationfrom a point on a plane surface in any direction is 
proportional to the cosine of the angle that direction makes 
with the perpendicular. Nevertheless the approximate method 
gave results within 2 to 3 per cent of the true loss as determined 
experimentally. 

It is hoped that this paper will show the fallacy of designing 
resistors according to the constant-current-density method or 


the constant-surface-loss method. Figs. 5 and 6 show that the 


possible rating depends largely upon the resistor arrangement. 


ES 


Electrification of Paper-Making Machines 


BY STEPHEN A. STAEGE! 


Fellow, A. I. E. E. 


Synopsis.—The ever increasing speeds of paper-making 
machines has made necessary the replacement of the inadequate 
mechanical drive with electrical sectional drive, and the perfection 
acquired in modern electrical sectional paper-machine drive has 
made possible unlimited paper speed in so far as the drive and control 
is concerned. 

Not only is electrical sectional drive necessary for high speed 
machines but it is highly economical for even the slowest speed 
machines on account of the saving in power over mechanical drive, 
che great saving in maintenance, and the greater precision with which 


the section speeds can be maintained thereby greatly reducing the 
number of paper breaks and increasing production. 

This paper outlines the several trends of development in an histort- 
cal sketch of progress in the art up to the present time, devoting 
special attention to a unique system of direct current drive in which 
the section driving motors through a differential electrical field con- 
trol means, cause the several section driving motors to operate in 
synchronous relation at any desired relative speed values, which 
speed relations are at the same time adjustable at the will of the 
operator. 


INTRODUCTION 


HE production of a continuous sheet of paper 12 
A he 18 ft. wide and 250 to 1000 mi. long without a 

break on the machine—a paper speed of 1000 ft. 
per min. or more—has been made possible by electrical 
sectional paper-machine drive and control. 

The frail web of paper, about three mils thick, passes 
without support from section to section of the machine, 
passing between heavy press rolls, tons in weight; 
threading around 30 or 40 steam-heated dryer rolls; 
through the eight- or ten-roll calender stack weighing a 
hundred tons or more; and onto the reel. 

In the travel of the sheet through the paper machine 
from the “‘wire’’ where it is formed to the calender where 
it is finished, the sheet usually increases in length from 
five to ten per cent. Therefore, the sheet is actually 
traveling faster when it leaves the machine than at the 
beginning of its travel. In fact, there is usually a 
progressive increase in the speed of travel of the sheet 
as it goes from section to section, on account of its 
stretch. 

There are two principal types of paper-making 
machines, known as cylinder machines and Fourdrinier 
machines. The fundamental differences are in the wet 
or forming-end of the machine. é 

The Fourdrinier machine is the type always used for 
high speed, in making newsprint and kraft paper and 
in the manufacture of book, writing and the higher 
grade papers. 

The cylinder machine is inherently a slower speed 
type and is used chiefly in the manufacture of box and 
container board, roofing felt, and the heavier sheets. 

The paper-making machine in its usual form consists 
of a number of sections independently driven but which 
must befmaintained in operation at the proper speed 
relations to each other. Not only must the proper 
speed relation be maintained between sections, but these 
speed relations must be adjustable at the will of the 
operator so that they can be adapted to the require- 
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ments of the sheet of paper. These may change slightly 
in elongation or shrinkage on account of variations in 
the condition of the stock, temperature, atmospheric 
conditions and a number of other factors; the stretch 
or shrinkage of the sheet depending largely upon the 
thickness, quality, condition of stock and amount of 
pressure used in removing the water. . 

In addition to the requirement of adjustability of 
speed between sections to take care of variations in 
elongation and shrinkage, it-is essential that the entire 
machine be adjustable in speed over a wide range, 
without disturbing the speed relation of the several 
sections. 

The speed range of a newsprint machine may be 600 
to 1200 ft. per min.; a kraft machine, 200 to 800 ft. 
a book machine, 100 to 600 ft.; a specialty Fourdrinier 
machine, perhaps 100 to 800 ft.; while a cylinder 
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Fie. 1—Tyrican SectronaL Parer-Macuinr Drive 
machine sometimes has a speed range as great as 35 to 
350 ft. although a more common range for this type of 
machine is 50 to 200 ft. of paper per min. 

A typical high-speed Fourdrinier machine (Fig. 1) 
usually consists of eight sections; a ‘‘wire’’ or couch 
section, three press sections, two dryer sections, one 
calender section and a reel section. Fig. 2 shows 
schematically a side elevation of such a machine. 


The first section of the Fourdrinier machine, known 
as the ‘‘Fourdrinier,”’ ‘‘wire’’, or “‘couch’’ section, hasa 
revolving wire screen of fine mesh. This Fourdrinier 
wire, in the form of a wide belt the width of the machine, 
operates around two rolls, the one at the extreme end of 
the machine called the breast roll and the one at the 
other end of the “wire,” the “couch” roll. This is the 
driven member of the section, the breast roll being 
rotated as a pulley by the wire. The wire may be from 
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50 ft. to more than 100 ft. long, depending upon the 
size and speed of the machine; and the span of the wire 
is kept from sagging by a large number of small “‘table’’ 
rolls located close together under the top pass of the 
wire, which carries the stock. 

The press sections consist of pairs of heavy rolls, 
weighted with compounding levers, and between the 
upper and lower rolls of which the sheet, on its felt 
conveyor, passes. The lower roll is driven and the 
upper roll rotates by contact traction with the lower roll. 

In the dryer sections some 15 or 20 dryer rolls or 
drums, four, five or six feet in diameter are nested in a 
group and geared together by intermeshing spur gears. 
There are usually two dryer sections which may be 
independently driven and regulated or may be geared 
together. 

The calender stack consists usually of eight or ten 
chilled-steel rolls accurately ground and polished and 
driven by the bottom roll, all of the upper rolls being 
rotated by surface contact friction. 

A “uniform speed”’ reel is commonly used, the spool 
and roll of paper being rotated by the traction of sur- 
face contact with the reel drum. 
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From the “couch” the sheet, though very wet and 
frail, spans a distance of a foot or more until it reaches a 
felt conveyor by means of which it is carried through 
the first press, then to the second and third presses, on 
independent felts and across another unsupported span 
to the dryer sections. Dryer felts hold the sheet in 
contact with the hot dryer drums as it is threaded 
through the nest of dryers. From the dryers, the sheet 
passes across a span of more than five ft. to the calender 
stack and thence to the reel. 

Passing from the “wire” at the ‘‘couch,” additional 
water is removed by pressure in going through the 
presses, and most of the remaining water is removed by 
heat in the steam-heated dryer sections. 

The function of the paper machine is to reduce the 
stock mixture, evenly distributing the fibers in proper 
relation, fabricating them into a continuous web, re- 
moving the excess water by filtration, pressure and heat 
and giving the final sheet of paper the required finish, 
and to wind it into rolls of convenient size. 

In putting the sheet on the machine, it is put over 
at the full normal operating speed by means of air 
jets, in the case of high speed machines at least, by 
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A very large percentage of the paper of today is made 
from wood pulp, the individual fibers having been re- 
duced or separated by mechanical or chemical processes 
and mixed in a suitable proportion of water. 

In the manufacture of paper, the raw material passes 
through several processes and refinements before it 
goes to the paper-making machine in a fluid mass 
consisting of approximately 14 of 1 per cent stock and 
991% per cent water. 

The Fourdrinier section of the machine receives the 
stock from a flow box, located above the breast roll, 
from which it flows by gravity onto the revolving fine 
wire screen from a thin submerged orifice extending the 
width of the machine and located just above the 
“‘wire.”’ 

When the stock flows onto the ‘wire,’ much of the 
water immediately passes through by gravity, and 
further along its travel; a considerable part of the re- 
maining water is drawn through the wire from the 
stock film on its surface by a number of flat suction 
boxes located below it in which 10 to 15 inches of 
vacuum is maintained. s; 
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means of which a leader strip is detached from the 
‘““wire’”’ at the couch and blown across the gap to the 
felt conveyor of the first press. At each section the 
air jet is used to transfer the narrow leader strip to the 
succeeding section. As soon as the leader strip has 
been started the sheet is widened by tapering out at the 


‘wire’ until it is the full width of the machine. 


In cylinder machines, the design and functioning of 
the various parts is much the same as that of the 
Fourdrinier machine, except that the forming of the 
sheet is done on cylinder moulds instead of on a Four- 
drinier wire. A machine may have several cylinder 
moulds consisting of skeleton drums covered with fine 
wire screen. These revolve slowly in vats containing 
paper stock and each cylinder mould contributes a thin 
layer of stock to the final heavy sheet. A revolving 
felt conveyor picks up the stock from the cylinder 
mould drums, carries the laminated stock film between 
small presses where it is pressed into a homogeneous 
fabric and part of the water is removed, and thence 
carries it through the first press from which the opera- 
tion is similar to that of a Fourdrinier machine. 


EARLY METHODS OF DRIVE 


For many years, the paper-making machines were 
mechanically driven by variable speed engines or motors 
or other variable speed means to take care of the speed 
range required, and the individual sections were driven 
from a line shaft through gears and belt or rope drive 
with cone pulleys, so that by shifting the belt on the 
cone pulleys, the required relative speed between 
sections could be obtained. Such systems were un- 
usually subject to belt slippage on account of the poor 
belt contact on the cone pulley surfaces and on account 
of the vertical-belt drives which were usually neces- 
sary; they required mechanical clutches or belt slacken- 
ing and tightening devices so that any section could be 
stopped and started independently of the rest of the 
machine; and they suffered from more than the usual 
troubles and limitations to which mechanical drives are 
subject. 


As early as 1905 to 1910 several installations of elec- 
trical sectional paper-machine drives, but without auto- 
matic speed regulation, were made in an effort to over- 
come the serious shortcomings of mechanical drive, but 
most of these early installations because of poor speed 
regulation were unsuccessful—only two of these early 
sectional drives remaining in service. It was only 
through infinite care in the design and in field adjust- 
ing of the equipment that operation was made possi- 
ble, and that only by frequent hand adjustments of 
rheostats by the operators. 


The search for a more satisfactory type of drive was 
a difficult one. For obvious reasons, synchronous 
motors could not meet the various requirements of 
paper-machine drives and the best inherent character- 
istics of d-c. motors did not provide speed regulation of 
sufficient precision over the speed range required, and 
were furthermore subject to the effects of changes in 
resistance due to temperature changes resulting in 
variations in speed. An automatic speed regulator was 
sought, therefore, to control the speed of the d-c. 
driving motors for each of the sections. It was im- 
mediately apparent that none of the usual types of 
speed governors or regulators would suffice, inasmuch 
as speed control within limits of the order of !/10 
of 1 per cent or closer was necessary for satisfactory 
performance. The differential principle was, there- 
fore, finally made use of as this offered possibilities of 
practically infinite precision of speed control of in- 
tegrated values. To correct for a tendency of the 
motor to change in speed, a small change in angular 
displacement of the motor armature with respect to a 
time cycle is necessary, but the motor can be made to 
operate for an indefinite period without gaining or los- 
ing in revolutions per minute. 


Paper machines sectionally driven by d-c. motors and 
controlled by regulators of the electrical differential 
type have now been in operation in this country and 
Canada for some six years. The details of the mecha- 


STAEGE: ELECTRIFICATION OF PAPER-MAKING MACHINES 


Transactions A. I. EK. E. 


nism by means of which differential speed regulation with 
field control is obtained, has gone through a process of 
evolution whereby the apparatus required has been 
greatly reduced and simplified and improved in quick- 
ness of response. 


First AUTOMATICALLY REGULATED HLECTRICAL 
SECTIONAL DRIVE 


In the first electrical sectionally-driven paper machine 
in this country to be automatically controlled by the 
electrical differential regulator principle, a master unit 
was provided to which the speed of the sections was 
referred (Fig. 8). The master consisted of a motor- 
driven a-c. generator, and from each section of the paper 
machine there was also driven, through a control speed 
changer, a small a-c. generator. Connected electrically 
between the master generator and the section generator 
was a wound rotor induction motor, the stator being 
connected to the master generator and the rotor to the 
section a-c. generator. When connected in the proper 
phase relation so that the magnetic field in the rotor 
would rotate in the same direction.as the magnetic 
field in the stator and at the same speed, no rotational 
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movement of the rotor would take place. If, however, 
the d-c. section driving motor for any reason should 
slow down or speed up, this would, of course, cause a 
corresponding change in the frequency of the generator 
driven from the section motor, from that of the master, 
and the rotor of the induction motor would then rotate 
in the one direction or the other, depending upon the 
higher frequency and at a rate of speed corresponding to 
the difference in frequency of the two generators be- 
tween which it was connected. This constituted an 
electrical differential. 

A motor-operated field rheostat was provided in the 
shunt-field circuit of each of the section driving motors 
(Fig. 4) and through movement of the differential ele- 
ment, the wound rotor induction motor, contact means 
were provided so that a rotational movement of a very 
small fraction of a revolution in either direction would 
serve to make a contact thereby operating the rheostat 
in one direction or the other as required to correct the 
speed of the section-driving motor. This relay method 
of operating the field rheostat was used instead of coup- 
ling the rheostat directly to the shaft of the differential 
motor so as to relieve the differential control system 
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of the necessity of developing sufficient torque to turn 
the rheostat which would detract from its sensitivity ; 
and also to obtain characteristics whereby the travel of 
the rheostat arm was not a direct function of the move- 
ment of the rotor of the differentially connected induc- 
tion motor. Reaction magnets were provided to pre- 
vent overtravel of the rheostat and hunting. 

This system was quite effective but had its limitations 
particularly in range of control, speed of regulation and 
tendency to oscillate on account of the definite step 
characteristic of the rheostat which obviously could not 
be made to meet the exact requirements of the speed 
necessary for the section motor. 

The master and section a-c. generators used were of 
the induction frequency changer type which appeared to 
be the most desirable for this service. Standard wound 
rotor induction motors were used and were driven at a 


Fig. 4-—DirreRENTIAL RELAY AND Motor-OpERraTED FIELD 
Rueosrat or First EvectricaL DirrERENTIAL SPEED CONTROL 
Sysrem or SecTrionaL Drive 


speed usually about 50 per cent below synchronous 
speed so that when excited from a 60-cycle source, the 
output frequency of these frequency changer generators 
would be about 30 cycles at the maximum paper speed 
and this frequency would increase as the paper speed 
decreased. The use of this type of generator avoided 
the necessity of d-c. excitation and provided all of the 
characteristics required and any variations in the fre- 
quency of the exciting source wo uld have no effect upon 
the regulation as they would take place equally on both 
sides of the differential. 

With this arrangement it will be seen that when the 
speed of the section motor is correct, the secondary 
frequency of the master and section frequency changer 
or generator is the same and no rotation of the induction 

motor connected between the two frequency changers 
takes place. If, however, a change in angular dis- 
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placement of the section frequency changer takes place 
with respect to the master, a similar movement takes 
place in the rotor of the wound rotor motor and through 
the rheostat indirectly actuated by this movement 
resistance is cut in or out of the shunt-field circuit of the 
section driving motor, thereby tending to maintain its 
speed at the required value. 


Following shortly after the installation in 1919 of the 
first control system of the type described, two other 
systems of sectional paper-machine drive and control 
also came into use; one known as a “‘synchronous motor 
tie-in’’ system, and the other as an “interlock” system. 


SYNCHRONOUS Motor Tikz-IN SYSTEM 


The ‘‘synchronous motor tie-in’ system (Fig. 5), 
instead of automatically regulating the d-c. section 
motor field strength to maintain the proper speed rela- 
tion between sections, employed a synchronous motor 
for each paper-machine section, of about one-fifth the 
capacity of the main d-c. section driving motor. The 
synchronous motors were driven from the main d-e. 
section driving motors through a spur-gear reduction 
and a pair of cone pulleys with belt drive. The syn- 
chronous motors were d-c. excited and had their three- 
phase armature circuits connected to a common or 
“‘dead”’ bus, as it was called. This ‘‘dead’’ bus was not 
connected to any other source of power. 


The object of the synchronous motors was to hold the 
speeds of the d-c. section driving motors at their proper 
speed relation, as determined by the position of the 
belts on the cone pulleys. 

In the event of a tendency of the d-c. section driving 
motor to change in speed, due to a load change or 
temperature change, the synchronous motor was 
called upon to carry the increase or decrease in the load 
of the section, or the load thrown off or taken on by the 
d-c. section motor due to a temperature change and 
corresponding change in field resistance. This was 
necessary in order that the synchronous motor might 
remain in synchronism with the “dead” bus and the 
other synchronous motors. 

It will be observed that with this arrangement, any 
load taken by the section synchronous motor as a motor 
must be furnished by the other synchronous motors 
connected to the “‘dead”’ bus, as generators; and any 
load furnished by the section synchronous motor in 
question, as a generator, must be absorbed by the other 
synchronous motors. Since any change in load, or 
tendency to change in speed, on the part of a d-c. 
section driving motor creates a call indirectly upon each 
of the other section motors to carry or absorb the change 
in the section in question, the entire paper machine 
would tend to clfange in speed, to a degree depending 
upon the droop of the load speed characteristic curves of 
the d-c. section driving motors and in an amount, 
compared to the section tending to change, approxi- 
mately inversely proportional to the number of sections. 
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It will be observed, also, that the d-c. section driving 
motor in question could only change in speed with 
respect to the frequency of the ‘“‘dead”’ bus, or the 
equivalent approximate mean paper speed, an amount 
permitted by the change in belt stretch, creep and slip 
on the cone pulleys, resulting from the change in load 
being transmitted, with the exception of the transient 
speed change coincident with the angular displacement 
and change in phase position of the synchronous motor 
accompanying its change in load, the changes in 
load being transmitted by the belt drive on the cone 
pulleys being subject to any amount within the capacity 
of the synchronous machine and possibly passing 
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transmission of power from the synchronous motors was 
eliminated and the synchronous motor rotor was geared 
direct to the d-c. section driving motor and the synchro- 
nous motor stator was made to rotate at a slow speed by 
a small variable speed d-c. motor which was geared to 
the stator member of the synchronous motor. 
Additional bearings and slip rings were provided to 
permit the rotation of the stator. 

In order to adjust ‘“‘draw”’ of the sheet, or the relative 
speeds of the d-c. section driving motors, it was now 
only necessary to adjust the speed of the small d-c. 
motor driving the stator of the synchronous motor, by 
means of a hand rheostat in its field circuit; and then to 
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through zero torque on the synchronous machine in 
going from:motor to generator or generator to motor 
(Fig. 6). 

In order to maintain the synchronous motor at ap- 
proximately no-load, so as to be in a position to com- 
pensate for any change in either direction, it was, of 
course, necessary to readjust the shunt-field strength of 
the d-c. section driving motors at intervals, by suitable 
hand rheostats, a double indicating instrument being 
provided for each synchronous motor to indicate the 
approximate load as motor or generator. 

This system of speed control was soon superseded by 
a modification wherein the belt and cone pulleys for the 
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balance the load by adjusting the rheostat in the field 
of the d-c. section driving motors. 

This arrangement eliminated the belt slippage factor 
incident to the cone-pulley belt drive, and except for 
variations in speed of the small d-c. motors, which were 
under no automatic control, the major possibilities of 
speed variation of the d-c. section driving motors had 
been eliminated. In this connection it will be seen 
that, while the small d-c. motors driving the stators 
of the synchronous motors were subject to load changes 
from zero to maximum and possibly even from motor to 
generator, if the worm gear efficiencies were high 
enough, considering the ratios used, the effect of the 


March 1926 


resulting speed variations of these small motors on the 
speed of the d-c. section driving motors was only 
approximately inversely proportional to the ratio of the 
worm gear used in driving the stators of the synchronous 
motors. 


“INTERLOCK”’ SYSTEM 


; The other or “‘interlock’’ system of electrical sec- 
tional paper-machine drive referred to, employed a 


Fig. 6—SxrctronaL Drive or SyncHronous Motor Tir-IN 


SYSTEM 


mechanical differential gear system for the operation of 
face-plate rheostats in the shunt-field circuits of the 
several d-c. section driving motors (Fig. 7). 

A master shaft ran the entire length of the paper 
machine and adjacent to each of the paper machine 
sections, a shaft at right angles was taken off from the 
master shaft by means of a bevel gear. One end of the 
right angle shaft engaged with one member of a dif- 
ferential gear and the other end member of the dif- 
ferential gear engaged with a shaft driven by the d-c. 
section driving motor, through a small speed changer, 
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consisting of belt and cone pulleys or expanding V 
pulleys. The middle element of the differential gear 
was geared to the face-plate rheostat in the shunt-field 
circuit of the d-c. section driving motor. The master 
shaft was driven by the dryer section of the paper 
~ machine, which, therefore, became the master speed 
reference, and was not under regulator control. 

Speed regulation of the individual d-c. section motors 
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by this system is a function of the speed of the differen- 
tial gear members, the ratio of the middle member to 
the rheostat arm shaft, the total resistance in the rheo- 
stat and. the number of resistance steps; as well as the 
inherent regulation of the motors themselves and the 
electrical and mechanical inertia of the system. The 
regulation is also adversely affected by any back-lash or 
lost motion in the bevel, differential and rheostat gears 
and by the torsional elasticity of the master shaft; in 
fact, by any deformation or departure from synchronism 
or exact phase position of one part of the speed regulat- 
ing system to another. 

To overcome the disadvantages of the speed 
regulating rheostat with a rather hmited number of 
resistance steps and of fairly high total resistance, no 
individual step of which is likely to give exactly the 
right speed, an arrangement was employed wherein 
the rheostat contact shoe overlaps one resistance step 
or button so that a very small movement of the rheostat 
arm will serve to transfer contact to any one of three 
resistance steps of the rheostat. To maintain a correct 
mean resistance value, it is necessary that the rheostat 
arm oscillate back and forth from one contact point to 
another, remaining in contact with either at each 
oscillation such a percentage of time that the mean 
resistance is of the required value to maintain the d-c. 
section driving motor at the correct average speed. 
Ostensibly, the only force available to cause oscillation 
of the rheostat arm is the d-c. section driving motor 
which must oscillate at the same frequency as the 
rheostat arm. The frequency of the oscillation is, of 
course, determined by the reactance of the electrical 
system involved, the motor field flux changes, the 
corresponding changes in motor torque, the inertia of 
the mechanical parts involved and the lost motion and 
torsional deformation of the gear train and shafts in the 
control system. 

In each of the systems of electrical sectional paper- 
machine drive and control described, the usual method 
of obtaining desired changes in paper speed is by ad- 
justment of the voltage of the d-c. generator supplying 
current to the armatures of each of the d-c. section 
driving motors. 


_ ELECTRICAL DIFFERENTIAL REGULATOR 


The second step in the development of the electrical 
differential type of field control speed regulator system 
was the elimination of the a-c. system entirely and the 
substitution of master and section rotary contactors. 
These consisted of commutators or ring segments, the 
master and section rotary contactor being in series and 


serving to periodically short-circuit resistors in the 


shunt-field circuit of the section motor under control 
as illustrated schematically in Fig. 8. Both master and 
section rotary contactor drums or commutators operate 
normally at the same speed and the angular displace- 
ment of the one to the other determines the percentage 
of time the resistance is cut in or out of the field circuit. 
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The operation, as will be seen, is somewhat similar to 
that of a Tirrill regulator, but does not have vibrating 
contacts. 

Differing from the Tirrill regulator, there are a mul- 
tiple of resistors in series which instead of being short- 
circuited at the same time, are short-circuited alter- 
nately in such a way as to tend to produce the least 
change in voltage periodically across the motor field. 
To handle four resistors in series, six rings on the sec- 
tion rotary contactor and four rings on the master 
rotary contactor are required. 

With this arrangement, when the section rotary 
contactor is exactly in phase with the master rotary 
contactor and running at the same speed, the regulating 
resistance in the shunt field circuit of the d-c. section 
motor is short-circuited and, therefore, cut out 100 per 
cent of the time. When the section rotary contactor is 
180 deg. out of phase, lagging behind the master, then 
the regulating resistance is all cut in all of the time. 
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Fig. 8—Scuematic D1aAGRAM AND DEVELOPMENT OF MASTER 
AND SECTION Rotary Contactors or ELEcTRICAL DIFFEREN- 
TIAL SYSTEM 


If the section rotary contactor is lagging 90 deg. be- 
hind the master, then the resistance of each resistor 
step is being cut in and cut out just 50 per cent of the 
time of each revolution of the rotary contactor drum. 
For any phase position of the section rotary contactor 
with respect to the master rotary contactor, the mean 
effective regulating resistance in the shunt-field circuit 
of the d-c. section driving motor is a direct function of 
the angular displacement of the section rotary con- 
tactor with respect to the master. With more than 
four resistance steps and a corresponding increase in the 
number of commutator rings, the wiring becomes very 
complex and difficult to trace and offers various ob- 
jections for this reason. 


_Latest Type RoTARY CONTACTOR ELECTRICAL 
DIFFERENTIAL SPEED REGULATOR 


The third and latest development in improving and 
simplifying the electrical type of differential speed regu- 
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lator by field control is a change in the rotary contactor 
design whereby it becomes in effect a continuous rheo- 
stat automatically controlled. The rotary contactor 
drum consists of an annular ring segment tapered at one 
end, forming a conducting segment and a complemen- 
tary insulating segment, the two constituting the 
entire surface of the drum or cylinder, (see Fig. 9). 


Fig. 9—Latest Section Rorary CONTACTOR UNIT OF 
Evecrrican Types DirreRENTIAL SPEED REGULATOR SYSTEMS 


Twelve brushes disposed radially around the 
periphery of the drum form a single spiral helix. Re- 
sistance units are connected between the brushes from 
one end of the spiral to the other in series with the shunt- 
field circuit of the motor. The conducting segment of 
the drum serves to short-circuit as many steps of resis- 
tance as there are brushes in engagement with the 
conducting segment at any time. 

The drum is assembled on a sleeve which is mounted 
on the shaft of the section master synchronous motor, 
and is movable longitudinally on the sleeve but pre- 
vented from rotating thereon by a spline key, and the 
sleeve on which the drum is assembled is pinned to the 
shaft. The brushes are stationary and the full length 


10—Mastrer Set or Larest Evecrricat Tyres Dir- 
FERENTIAL SPEED REGULATOR SYSTEM 


of the taper of the conducting segment of the drum is 
equal to the “pitch”’ from one brush to the next in a 
direction parallel to the axis of the drum, plus a small 
overlapping allowance. 

The speed reference in this arrangement is a master 
set (Fig. 10) consisting of a master frequency generator 
driven by a d-c. master motor and controlled with 
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great precision in speed by a d-c. pilot motor and master 
rotary contactor. It is from this master frequency 
generator that each of the section master synchronous 
motors of the section rotary contactor units operates. 
Both the d-c. master motor and the pilot motor of the 
master set operate in parallel with the d-c. section 
driving motors and the master rotary contactor 
resistors are in the shunt field circuit of the d-c. master 
motor. The pilot motor is the final speed reference and 
as it operates with substantially no load changes and 
is usually located where there is little temperature 
change, its speed is very constant for any desired paper 
speed; voltage regulators being used to maintain the 
exciter voltage uniform and the main d-c. generator 
voltage constant at any desired voltage within the 
speed range of the paper machine. 

A control speed changer, consisting of a pair of cone 
pulleys and belt, is provided for each section of the 
machine, one cone pulley being driven from the d-c. 
section motor to be controlled, by a chain drive; and 
the other cone pulley shaft coupled to the screw member 
of the section rotary contactor; a nut member being 
fixed in the outer end of the rotary contactor drum with 
which the screw engages. This screw member is 
assembled on the same sleeve with the drum to assure 
perfect alinement and is rotatable thereon but is re- 
strained from moving endwise by a shoulder in the 
sleeve at one end of the screw and a collar at the other 
end on the end of the master synchronous-motor shaft. 
From this definite longitudinal location of the screw on 
the sleeve of the section rotary contactor—the spline key 
in the sleeve and drum preventing rotational movement 
of the drum on the sleeve; and considering the engage- 
ment of the screw within the nut member of the drum— 
it is apparent that any difference in speed between the 
screw and the nut will cause a longitudinal movement of 
the drum beneath the brushes. 

In normal operation, the screw member driven by the 
d-c. section driving motor through the control speed 
changer operates at the same speed as the nut member, 
drum and master; and certain resistance steps are 
continuously short-circuited corresponding to the 
brushes engaging with the continuous portion of the 
conducting segment of the drum. One step is being 
cut out periodically once every revolution, the per- 
centage of time it is cut out corresponding with the 
percentage of time the brush of this step is in engage- 
ment with the tapered portion of the conducting seg- 
ment which depends upon the longitudinal position of 
the drum beneath the brushes. The remaining re- 
sistance steps are cut in continuously, as the brushes are 
only in engagement with the non-conducting segment of 
the drum. Asa result, the motor operates at a speed 
resulting from the mean effective resistance valve of the 
rotary contactor resistor—an automatic rheostat—with 
an infinite number of steps of infinitely small incre- 
ments of effective resistance. 

- The extreme sensitivity of this regulating system will 


4 


STAEGE: ELECTRIFICATION OF PAPER-MAKING MACHINES 487 


be appreciated by the fact that any change in angular 
position or phase relation of the lower cone pulley shaft 
of the control speed changer with respect to the master 
section synchronous motor, through the screw action, 
causes a longitudinal movement of the drum beneath 
the brushes and a longitudinal movement of only a few 
thousandths of an inch is sufficient to correct for most of 
the tendencies on the part of the d-c. section driving 
motor to change in speed. A travel of the drum of 
approximately three-fourths of an inch suffices to cover 
the range from resistance all-out to resistance all-in; 
and sufficient resistance is frequently used to produce a 
speed increase of as much as 50 per cent or more when 
all cut in to the shunt field circuit of the motor. 
Another very important characteristic of such a 
differential type of regulator is the fact that any varia- 
tion in speed, no matter how small, produces a positive 
corrective effect; and the corrective effect is cumulative 
and continually increases in value until the correct 
speed has been restored. A change in angular or phase 
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Fig. 11—Scuematic Diagram AND DEVELOPMENT OF 
SuctronaL Rorary Contactor Drum, BrusHes AND WIRING 
Connections or Latest Tyrer Execrrican DIrreRENTIAL 
Sprep REGULATOR SYSTEMS 


position only, of the section with respect to the master 
serves to cut in or cut out sufficient resistance in the 
shunt field circuit of the d-c. section driving motor to 
maintain its speed at the same rate as before although 
the load may have changed. 

In this respect it is interesting to observe that the 
d-c. motor is made to function much like a synchronous 
motor in so far as maintenance of speed is concerned. 
With the synchronous motor when a load is thrown on, 
the rotor falls back in phase position with respect to the 
generator or the frequency source and the new load 
is carried without more than a transient change in 
speed and at the same rev. per min. as before; sufficient 
torque having been developed in the phase displacement 
to carry its load. In the case of the d-c. motor with 
electrical speed differential field control, when a load is 
thrown on, the rotor falls back in phase position with 
respect to the master and the new load is carried with- 
out more than a transient change in speed, at the same 
rev. per min. as before; sufficient torque having been 
developed in the phase displacement and corresponding 
longitudinal movement of the rotary contactor drum 
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beneath the brushes, thereby changing the motor field 
resistance, so as to carry the new load without change 
in rev. per min. When the load is thrown off, the rotor 
will move forward again in a manner similar to that of 
the synchronous motor. The number of mechanical 
degrees through which the d-c. motor must fall back in 
phase displacement in order to carry a load of given 
value, at the same speed as before, depends upon the 
droop of the load speed characteristic curve of the 
motor, the resistance in the rotary contactor regulating 
circuit, and the ratio of longitudinal drum movement 
to the differential angular displacement of the rotor of 
the motor. 

This electrical speed differential field regulator in its 
simplest form is not fundamentally an especially high 
speed regulator, nor is it especially adapted to correct 
with exceptional quickness for extremely heavy load 
changes and corresponding tendencies to speed change, 
although with suitable auxiliary reaction features, not 
necessary in paper machine drive, such conditions 
can be taken care of. The upper limit of speed of 
regulation of this system without auxiliary reaction 
features, is determined by the reactance of the electrical 
system and the inertia of the mechanical system; in 
other words, the speed with which the motor torque 
can be changed to meet the requirements of constant 
relative speeds, the maintenance of stability of speed 
and the capacity to pull into synchronism with the 
master promptly on starting up. 

In sectional paper-machine drive all of the require- 
ments are well within the capacity of this type of 
electrical speed differential regulator system and the 
relative speeds of the section driving motors are held 
constant with such precision that no variation in the 
“draws” of the sheet can be observed even though the 
paper may be traveling through the machine at the 
rate of 1000 ft. per min. or more which speeds are now 
common in modern high speed paper-making machines. 

The purpose of the control speed changer between the 
d-c. section driving motor and the screw member of the 
section rotary contactor is to make possible adjustments 
of the speed of the d-c. section driving motors and at the 
same time maintaining the speed of the screw member 
of the rotary contactor at the same speed as the section 
master synchronous motor. Coincident with any 
shifting of the belt on the control speed changer an 
angular displacement of the screw with respect to the 
nut takes place, moving the drum longitudinally, chang- 
ing the regulating resistance so as to give the d-c. 
section motor its new speed corresponding with the new 
belt position on the cone pulleys. 

The coning of the pulleys of the speed changer is so 
small that even though a change in section ‘‘draw,”’ 
or relative speeds of 25 per cent to 30 per cent can be 
obtained, good belt contact is always secured; and as 
no load is transmitted by the belt no slippage or creep 
that can in any way be detected takes place. 

Of much value in sectional paper-machine drive and 
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fundamental in this electrical speed differential field 
regulator system, is the fact that the section motors do 
not have to oscillate in speed to maintain the proper 
mean regulating resistance values; nor does any other 
part of this control system oscillate. The motors 
operate at a constant uniform speed and the exact mean 
effective regulating resistance values required for 
uniform motor speeds at any desired value are obtained 
by the constantly rotating tapered conducting segment 
of the drum of the section rotary contactor. 

With the twelve steps of regulating resistance 
normally employed in the design of the rotary contactor, 
resistance values sufficiently high to meet every re- 
quirement of electrical sectional paper-machine drive 
can be used with practically no visible sparking at the 
brushes and with negligible wear of brushes or drum. 
The mechanical movement between the screw and nut 
of the rotary contactor is so small that there is practi- 
cally no wear of those parts. 


Fig. 12—SxectrionaLt Parer-MacHiIneé Drive INsTALLATION 
oF EvecrricaL DirrERENTIAL Typr, FIELD CoNTROL, SPEED 
REGULATOR SYSTEMS 


In order that the screw member may readily re-engage 
with the nut member of the section rotary contactor, 
should it run out of engagement in: shutting down or 
starting up, small helical springs are so disposed within 
the drum that they come into engagement and begin 
to compress just before the screw leaves the nut so that 
there is a sufficient force to cause the re-engagement of 
the screw and nut as soon as the speeds of the respective 
members are such as to permit. 

Full automatic push-button control of starting and 
stopping operation, “‘inching”’ and changing of “draw,” 
as well as the adjustments of the speed of the machine 
as a whole for any paper speed within its range, adds 
greatly to the flexibility and makes the EAD ED E 
practically fool-proof. 

Rumors have been heard of the development in 
Kurope of an a-c. type of electrical sectional paper- 
machine drive wherein commutator-type variable speed 
a-c. motors are understood to be used for driving the 
paper-machine sections with a differential mechanism 
for automatically shifting the motor brushes to control 
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the relative speeds of the section driving motors and by 
changing the master speed to effect speed adjustment 
over the entire range of the paper machine. In- 
formation is not at hand to confirm the successful in- 
stallation and performance of this type of drive and 
control. 

The use of electrical sectional paper-machine drive 
has made possible the operation of paper-making ma- 
chines economically at higher speeds than was possible 
with existing mechanical systems of drive. This was 
largely due to the rather limited amount of power that 
can be transmitted by means of cone pulleys and belt 
drive. With electrical sectional paper-machine drive 
a very considerable saving in power is accomplished and 
maintenance is reduced to a minimum as compared to 
mechanical drive. On account of the elimination of 
belt slippage and sectional speed variations incident 
thereto, breaks in the paper are greatly reduced 
and the operating efficiency materially increased. 
More exact speed regulation throughout is made pos- 
sible and many other distinct advantages in specific 
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cases and kinds of paper machines and types of product 
have added greatly to the general efficiency, flexibility 
and operating technique in the modern paper-making 
machines. 

The object of this paper has been to chronicle the 
advance in the art of electrical sectional paper-machine 
drive and control, to indicate the several more or less 
distinct lines of development, to outline the outstanding 
characteristics of each. of the several types and to point 
out novel and rather unique methods, so far as the 
author knew, for obtaining speed regulation of great 
precision and for the making of d-c. motors to operate 
at synchronous relative speeds. 

The author wishes to express his appreciation of the 
privilege of using in this paper illustrations kindly 
furnished by the following: Vocational & Educational 
Committee of the Paper Industry; McGraw-Hill 
Book Company, Publishers of ‘“Manufacture of Pulp 
and Paper’; The Paper Mill and Wood Pulp News; 
The General Electric Company; Westinghouse Elec- 
tric & Manufacturing Company. 


The Development of the Sectional Paper- 


Machine Drive 
BY H. W. ROGERS: 


Associate, A. I. E. E. 


Synopsis.—To an increasing degree, large machines designed 
for quantity production are being subdivided into their elements, 
each section being driven by a separate motor as contrasted with 
former practise of driving these machines, as a whole, from a single 
unit. With the paper machine, this is called the sectional-electric 
drive. 

In this paper, the author has confined himself largely tothe history 


HE sectional drive, as it is commonly called, con- 
pene of a number of individual motors driving the 

various sections of a single machine with provision 
for maintaining a definite speed relationship between 
the sections, and while it is not limited in its application 
to paper machines, the use of it in this industry has 
been so extensive that it is impossible to mention sec- 
tional drives without immediately thinking of the paper 
industry. 

The sectional drive is an extremely interesting engi- 
neering problem and is very important commercially, 
especially to the pulp and paper industry. Of approxi- 
mately 1600 paper machines in use at the present time, 
probably 80 per cent are still being driven by means of 
the old type mechanical drive and steam engine, which 
would indicate that, in spite of the progress already 
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and development of the several types of the sectional drive and the 
relative merits of each particular type. 

An attempt has been made to set forth clearly the advantages 
of the sectional drive and to show that its field of application should 
increase with a fuller understanding of its advantages as to increased 
production, improved product and lower operating cost. 


made, the field of application for the electric drive has 
barely been entered. 

The advantages of the electric motor are recognized, 
as practically all new mills are 100 per cent electrically 
equipped and most old mills use motors to a limited 
extent on pumps, beaters, jordans, screens, etc. How- 
ever, the paper machine, the most important machine 
in the mill and the heart ofa billion dollar industry, has 
been neglected. A vast amount of time and thought, 
research and development work, has been devoted to 
this problem by the engineers of some of the larger 
electrical manufacturers and, like all other new applica- 
tions, developments, changes and refinements have 
taken place. 

Ina sense, these changes have come as the result of a 
broader knowledge of the problem and an honest 


‘endeavor to meet all of the requirements, but it is 


equally true that the paper manufacturers have gradu- 
ally become more exacting in their requirements. In 
any event, change and development go hand in hand 
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with progress; it is a natural process and should not be 
held out as a criticism. 

To appreciate fully the problem which confronted the 
electrical manufacturer in 1919, it is necessary to con- 
sider the details of the paper machine and its 
requirements. 

There are certain parts of every paper machine which 
run at a constant speed, regardless of the speed at which 
paper is being produced, and these parts, consisting 
of screens, pumps, suction and agitators, constitute 
what is commonly called the constant-speed end of the 
paper machine. The driving of this end of the machine 
presents no difficulty whatever in its application and 
requires very little attention. 

The variable-speed end of the machine consists of a 
number of separate sections, which have been in the 
past and are very largely at the present time driven 
from a single line shaft through a system of cone 
pulleys and bevel gears with friction clutches for 
starting and stopping each individual section separately 
if occasion requires. 
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it with respect to the machine. Speed regulation, 
flexibility of control and uninterrupted service are all 
important factors and must be given careful considera- 
tion. For this reason it is desirable to have the paper 
machine and its drive a complete unit in itself, inde- 
pendent of the rest of the mill, so that trouble in the rest 
of the mill will not result in any interruption in the 
actual production of paper. 

The line drawing, Fig. 1, illustrates the more common 
form of paper machine, consisting of the following 
sections: 

Couch (either suction or standard) 
First press (either suction or standard) 
Second press 

Third press 

First dryer 

Second dryer 

Calender 

. Reel. 

A fourth, and even a fifth press, is sometimes en- 
countered, and it is not uncommon to find a smoothing 
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The stock enters the machine at the wet end on the 
wire and consists of 991% per cent water and 14 per cent 
stock. Here the sheet is formed and, in three seconds, 
99 per cent of the water is removed after which the 
sheet passes through one or more press rolls and over 
the dryers to the calenders, reel and rewinder as finished 
paper with about 8 per cent moisture, the whole opera- 
tion requiring probably 40 seconds. 

A continuous sheet must, therefore, be maintained 
throughout the machine and owing to its condition, 
there isa slight difference in speed between each section 
which must be maintained absolutely. This difference 
in speed is called ‘‘draw’’ and varies from time to time 
with the condition of the stock and the grade of paper 
and must, therefore, be capable of adjustment. 

The drive must not only permit a very close speed 
regulation, but must also permit adjusting the 
“draw” between sections and at the same time ab- 
solutely maintain the relative speeds of the various 
sections. . 

The quality of the product depends very much upon 
the type of drive selected and the proper application of 


press with one or two breaker stacks and two or three 
calendar stacks, making a total of twelve or thirteen 
sections on one single machine. These sections, 
however, are practically independent of each other so 
that they are readily controlled, but on machines which 
involve felts common to two or more sections, the 
problem becomes complicated and both the paper 
manufacturer and the electrical manufacturer begin to 
court trouble. 

The “draws” or slight variations in speed between 
consecutive sections are not fixed but are subject to modi- 
fication due to the condition of the stock, kind of paper 
and suction; consequently, provision must be made to 
vary the speed of each individual section within certain 
limits (approximately 20 per cent) and still maintain 
a definite speed relationship between all of the sections. 
The approximate draws are indicated in Fig. 1. 

The driving of a single machine with a multiplicity of 
motors, or a sectional drive as it has come to be known, 
is not a new idea, although the demand for it is rela- 
tively recent, beginning in 1919. 

In 1909 the first real sectional drive was installed at 
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the Chisholm Falls plant of the International Paper 
Company, consisting of d-c. motors with quarter-phase 
collector rings and mechanical speed changers for 
“draw” adjustment and, although it operated success- 
fully for months, it was evidently in advance of the 
times and was eventually taken out. 

In 1919 the enormous demand for paper, which had 
been aggravated by the curtailment of paper machine 
production during the war, started a controversy re- 
garding the relative merits of wide, slow-speed machines 
and narrow, high-speed machines. Needless to say, 
the high-speed machine won out, although there is now 
a mild tendency to reverse that decision, and the de- 
mand for sectional drives was born at a time when most 
of the electrical manufacturers were not fully prepared 
to receive it. 

It was frankly admitted among machine builders and 
operators that while the mechanical drive was a possi- 
bility on high speed machines, it was not at all practical 
on account of the high maintenance and this condition 
magnified the necessity for a solution to the problem. 


SYNCHRONOUS TIE-IN TYPE SECTIONAL 
1919 1922 


DRIVE 


Fig. 


There were no reliable power data available, since it 
was practically impossible to obtain any with mechan- 
ical drives; nor werethere any accurate data on “draws” 
for the same reason. However, the need was urgent 
and the first so-called synchronous tie-in type of paper- 
machine drive, in spite of adverse criticisms and 
prophesies to the contrary at the Crown-Willamette 
Paper Company’s Mill, was built and put into success- 
ful operation. This drive was really the forerunner of 
the ever increasing demand that hasspread over the entire 
country, including Canada, and its success has had a 
marked bearing upon the development of the industry 
and the attitude of the trade toward sectional drives in 
general. A failure at that time would have been a 
reflection upon the electrical industry as a whole and 
undoubtedly would have been a serious set-back to the 
sectional drive as such. 

In theory this type of drive was all that could be 
desired; in practise it fulfilled all expectations and its 
success was duplicated in eleven other orders during the 
same year. These drives made it. possible to secure a 
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vast amount of valuable data heretofore unavailable, 
the careful analysis of which has had a great deal to do 
with the developments that have followed since their 
creation. 

During this period drives of an entirely different 
character were being exploited, although not in such 
large numbers. 

Strictly speaking, there are but two types of sectional 
drive on the market today: 

I. The synchronous tie-in type of drive, wherein 
there is an actual interchange of energy between the 
various machine sections and where the relative speeds 
are held constant by synchronous motors. This, 
truly, is preventative rather than corrective. 

II. The regulator type of drive, wherein the speed 
of the various sections is maintained by shunt field 
adjustment on the motors. It will operate on an angu- 
lar displacement similar to Type J, if the regulator 
element is of the synchronous type, but there is no 
actual restraining power to hold the motor in place and 
the success or failure of this type is determined by the 
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amount of angular displacement which causes the 
regulator to function and by the time element of the 
motor field. 

The real difference between these two types of drive 
can readily be appreciated when the peculiar character- 
istics of the d-c. motor, operating at reduced voltages 
and speeds, are considered. The speed regulation at 
full voltage and full speed may be three or four per cent 
or even less, but, owing to the armature drop, it be- 
comes extremely poor when operating at low speeds on 
low armature voltage. To maintain a constant speed 
under these conditions with a varying load requires a 
very wide change in the field strength which detracts 
from the motor torque at low speeds. In other words, 
a d-c. motor will not deliver as much torque under 
reduced armature voltages and this demands the 
use of over-capacity motors where the regulator type 
of control is used. 

With the synchronous tie-in type of drive, the motor 
capacity need not be increased because the synchronous 
motors absorb the change in load and the d-c. motors 
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may be operated at a fixed field. This type of drive, 
therefore, while higher in cost and space requirements, 
has the advantage of smaller capacity motors and will 
hold the motor speed within extremely close limits 
even where instantaneous load changes are encountered, 
whereas the regulator type of drive requires a certain 
time element between the change in load and the cor- 
rection. However, the regulator type of drive, which 
will be fully treated later in this paper, has been im- 
proved to a point where it meets the most exacting 
requirements of commercial operation and, despite the 
larger capacity driving motors which it requires for 
wide range machines, offers advantages as to first cost 
and space requirements. 

Coincident with the development of the regulator 
type of drive, the synchronous tie-in drive, while 
remaining fundamentally the same, has passed through 
several stages of improvement. 

I. The original type consisted of slow-speed d-c. 
motors with high-speed synchronous tie-in motors 


Fig. 3—First DEVELOPMENT OF SYNCHRONOUS TIE-IN TYPE 
or Drive SHowina Moprratse-Sprep SyncHrRonous Moror 
Connectep To Main Moror THroucH GEar REDUCTION AND 
Contr PULLEYS 


connected to the d-c. motor through a pair of cone 
pulleys and a gear reduction. 

II. In the second development the cone pulleys and 
belts were eliminated and a high-speed synchronous 
motor with revolving stator frame was used, the stator 
frame being driven by a small adjustable-speed d-c. 
motor. This change reduced the space requirements 
-and overcame the objection to belts. 

III. The final development of this type of drive 
utilizes a slow-speed synchronous motor mounted on the 
d-c. motor shaft, thus eliminating the gear reduction. 

On all three of these drives the synchronous motors 
were 20 per cent of the capacity of the main driving unit 
with 200 per cent pull-out torque either as a motororas 
a generator; consequently, they could take care of a 
maximum load change of 40 per cent without ex- 
ceeding their normal rating and still hold the speed 
within very close limits. The development of this type 
of drive is shown in Fig. 2. 

It is a well-known fact that the synchronous motor 
operates at a fixed speed which is dependent upon the 
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frequency of the system to which it is connected and the 
speed cannot be changed so long as it operates within 
its capacity. The use of a multiplicity of synchronous 
motors connected to the same source of supply or inter- 
connected between each other is analogous to a mechan- 
ical line shaft and gears connecting the various sections 
of a machine together. 

It is true that the loading of a synchronous motor is 


Fig. 4—Seconp DrvEeLopmMent or SyNcHRONOUS TrE-IN 
Type or Drive SHowrnG Mopprate-SPEED-GHARED, SYN- 
cHronous Moror with Rervobvine STATOR FRAME 


accomplished by an angular displacement between the 
rotor and stator, but it is equally true that a mechanical 
shaft with gears is subject to angular displacement 
under load. 

t- The angular displacement in a synchronous motor is 
perhaps 10 or 12 electrical deg. under full-load condi- 
tions which corresponds to an angular displacement on 
the main driving motor of less than one-half of a 


Fig. 5—Tuirp DerveLopmMeENT or SyncHRONOUS 'TIB-IN 
Type or Drive SHowINe Suow-SpeeD, Direct-CoNNECTED 
SyncHronous Motor wits Revotvine Stator FRAME 


mechanical degree. This displacement affects the 
sheet of paper that is passing over the roll at the time 
the load change occurs, and is present in all types of 
drive whether mechanical or electrical. It, however, 
is a negligible quantity and has no bearing upon the 
operation. 

The original type of drive which has been so success- 
ful from the beginning has been installed on twelve 
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paper machines, although one of them has since been 
modified to the regulator type for the sake of uniformity 
in equipment. The use of cone pulleys and belts be- 
tween the main driving d-c. motors and the synchronous 
tie-in motors has been questioned in a few instances on 
the basis that belts in ordinary commercial service 
operate with a slip of two or three per cent. However, 
the belts used on these drives are very much over ca- 
pacity and under actual test show a maximum slip of 


Fic. 6—Disx-Tyre SPEED REGULATOR 
As installed on sectional paper-machine drives 


00° of one per cent. 


very constant and under normal operating conditions 
will not vary more than 10 per cent. Consequently, 


The load on a paper machine is 


the speed is maintained with — of one per cent or 
less, whereas the same load change on a mechanical 
drive would be twice this amount or even more, depend- 
ing upon the condition of the belts. Each synchronous 
motor is free to act as a motor or a generator with an 
actual transfer of energy between it and the balance of 
the synchronous motors. A load change on one section, 
therefore, may affect the speed of that section 


15 y ae 
100 of one per-cent, but the effect on the remaining 


sections, which must of necessity supply or absorb the 
2 ; 
energy, is only 100 of one per cent on an eight-section 


machine. 

The second development of synchronous tie-in drive 
utilized a slow-speed d-c. motor to which a moderate- 
speed synchronous motor was connected through a gear 
reduction. The ‘“draw’’ adjustments or speed changes, 
were obtained by rotating the stator frame of the 
synchronous motor by means of a small adjustable speed 
d-c. motor. This change eliminated the cone pulleys 
and belts and had the advantages of smaller space 
requirements and “draw” adjustment through the 


medium of a field rheostat rather than the shifting of a 
belt. | A 


4 
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This type has been in successful operation since 1922 
and has also been furnished on two other machines. 

The third and final development of the synchronous 
tie-in drive utilizes a slow-speed d-c. motor and a slow- 
speed synchronous motor mounted on the same shaft. 
The ‘draw’? adjustment is obtained by rotating the 
stator frame of the synchronous motor by means of a 
small adjustable speed d-c. motor. In this drive the 
cone pulleys, belt and the gear reduction are eliminated. 
This drive has been furnished for four paper machines 
which are motored for 1440 ft. per min., a speed far in 
excess of anything that has ever been attempted in the 
past on any machine. 

In both of these developments where revolving-frame 
synchronous motors are used, the stator frame revolves 
at an extremely low speed compared with the rotor and 
consequently a speed change on the adjustable speed 
motors, which drive the stator frame, has little effect 
upon the speed of the section. In reality the regulation 
of the small d-c. motor only affects the speed of the 
stator which is but a small percentage of the synchro- 
nous speed. Consequently, the synchronous speed or 
the speed of the main driving motor will be maintained 


within 100 of one per cent or less for the load changes 
ordinarily encountered on a paper machine. 

Fifteen of these drives are now in successful operation 
and most of them have been operating for five years 


with practically no maintenance. 

THE SYNCHRONOUS DYNAMOMETER (REGULATOR) TYPE 
The possibilities of a speed regulator which operates 

on the shunt field of a d-c. motor have been fully ap- 

preciated and as early as 1920 a synchronous dynamom- 


Fic. 7—Syncuronovus T1m-1n TyPE or Drive wirH Con 
PULLEYS AND BELTS : 
As installed on a 164-in., '1200-ft.-per-min. paper machine 


eter type of speed regulator was built by the company 
with which the writer is connected. 

This regulator consisted of a small synchronous 
motor, the rotor of which was driven from the motor on 
which the speed was to be held constant through a pair 
of small cone pulleys and a small belt. The stator was 
excited from a master generator in such a way that it 
remained stationary unless there was a tendency for the 
controlled motor to change in speed, thereby causing the 
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stator to rotate and alter its field to maintain the speed 
constant. It operated on an angular displacement 
and handled the field current direct through a commuta- 
tor type of rheostat, the brush mechanism of which was 
connected direct to the synchronous motor stator. 

In 1921-1922, the disk-type regulator with synchro- 
nous motor actuating element followed closely on this 
development operating on the principle of a voltage 
regulator, except that the contacts were revolving in- 
stead of stationary. In its developmental stage the 
disks were modified to give a total angular displacement 
of 180 degrees and were so constructed as to cut the 
motor field resistance in and out of the field circuit twice 
every revolution or, twenty times a second, the effec- 
tive field resistance being determined by the angular 
displacement between the disks, one of which was 
driven by the motor to be controlled and the other by 
the synchronous motor. Subsequently, the brush 
mechanism was altered to cut the resistance in and out 
in three steps rather than one. 

“During 1922-23 this final form was furnished with ten 
paper machine drives, making newsprint, book, kraft, 
tissue, crepe and glassine; on high-speed machines and 
low-speed machines, for narrow-range and wide-range 
speeds. The regulator was subject to limitations in its 
operating range, under some conditions necessitating 
adjustments in an auxiliary field rheostat. This fea- 


Fig. 8—Recuiator Tyre or SecrionaL Drive 


As installed on a 170-in., 700-ft-per-min. machine 


ture, however, only applied to wide-range machines and 
the endeavor to overcome it and make the adjustment 
of the auxiliary rheostat automatic resulted in one more 
development in which a mechanical differential was 
added to the disks to automatically adjust the external 
field rheostat. It was built and tested under actual 
operating conditions but has never been furnished on 
any drive. ; 

As a result of past experience with all kinds of paper 
machines making all grades of paper, it is believed that 
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the speed regulator which will best satisfy the exacting 
conditions of operation and appearance is the develop- 
ment and refinement of the synchronous dynamometer 
regulator built and tested in 1920 and known as a 
synchronous dynamometer. It consists of a small 
synchronous motor, the rotor of which is driven from 
the motor to be controlled through a pair of cone 
pulleys and a belt which gives 20 per cent “draw” 
adjustment. The stator frame, mounted on ball 
bearings, is excited from a master generator and is 


Fig. 9—ContTRoL SwITCHBOARD FOR SECTIONAL PapER-M ACHINE 
DRIVE 


free to rotate. It actuates the brush mechanism of a 
commutator type rheostat which has a total movement 
of 180 deg. Therheostat has both coarse and fine steps 
and gives the equivalent of 450 operating points. 
This regulator combines a number of features not 
found in any other type of regulator: 
1. Is of the synchronous type 
2. It operates on-an angular displacement corre- 
sponding to approximately 0.05 per cent change in speed 
of the controlled motor 
8. Has 450 operating points 
4. Hasanti-hunting features | 
5. Has an absolute minimum of moving parts as 
the rotor of the synchronous motor, which is mounted 
on ball bearings, is the only moving part 
6. The rheostat mechanism is stationary except 
when load changes demand action. It is not of the 
make and break contact type 
7. Remains stationary, maintaining its operating 
position when the master generator is shut down or 
when the synchronous motor is disconnected from its 
power supply, thus overcoming any possibility of a 
“wild’’ machine 
8. Has a wide operating range 
9. Lowmaintenance _ 
10. Minimum space requirements 
11. Istotally enclosed 
12. Ismounted direct on the motor base 
18. Presents a neat compact appearance 
14. Isreadily accessible ; 
15. Issturdy in design 
16. Has motor-operated “draw’’ adjustment. 


It would seem that there has been an unusual num- 
ber of modifications in the sectional drive but a careful 
analysis of the situation will reveal that there have been 
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from the very beginning but two distinct types. The 
changes that have taken place are a natural process of 
development and do not affect the fundamental prin- 
ciple of operation. 

Thus far only the development of the two types of 
drive and their characteristics as separate units have 
been given consideration, without any particular 
reference to the machine as a whole. 

The sectional drive usually consists of the various 
parts as enumerated below. ‘ 

1, A Turbo Generator Set. 

(a) This has a separately excited shunt-wound d-c. 
variable voltage generator and a non-condensing steam 
turbine with a direct-connected exciter of sufficient 
capacity to excite the generator and all of the sectional 
motor units. 

Exhaust steam is utilized to dry the paper and the 
turbine is designed to operate at back pressures to meet 
the required conditions. In some instance an a-c. 
generator is also furnished as a part of the turbine unit 
to furnish power to the constant speed end of the paper 
machine or to float on the mill system and thereby 
insure a perfect steam balance under all conditions of 
operation. 

Synchronous motor-generator sets are sometimes 
used as prime movers and in such cases either live steam 
or exhaust steam from some other source is used to dry 
the paper. 

(b) A generator-control panel 

(c) A voltage-regulator panel with 

1. A voltage regulator for the main generator 
2. A voltage regulator for the exciter 

(d) An auxiliary control panel for controlling the 
generator voltage and the speed of the machine as a 
unit. 

II. Motor Equipment. 

(a) An adjustable speed, d-c. motor for each section 
of the paper machine. This may be of the slow speed 
direct-connected type or of the moderate speed geared 
type. Both the open type motor and the enclosed, 
externally ventilated type motors have been furnished, 
but this is entirely a matter of preference with the 
paper manufacturer. 

(b) A regulator. 

HII. Mechanical Parts. 

_ All motors are furnished with base, shaft, bearings, 
couplings, shaft extensions, and all necessary equip- 
ment not included as a part of the paper machine. 

IV. Control. 

(a) A five-point, full automatic-contactor control 
panel with overload and under-voltage protection and 
indicating meters for each sectional motor unit. 

(b) A continuous duty starting and regulating rheo- 
stat designed for 75 per cent speed reduction for each 
sectional motor unit. 

V. Master Generator Set. 

The master generator set which supplies a-c. power to 

the speed regulators consists of a 10-kw., 1200-rev. per 
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min., three-phase, 60-cycle generator, direct connected 
to an over capacity d-c. motor which is controlled from 
the main generator panel and automatically comes up to 
speed when the voltage is brought up on the generator. 

It controls the speed of the paper machine as a unit 
and its speed is adjustable within certain limits although 
it depends primarily upon the voltage at which the 
main generator is operating. 

When the synchronous tie-in type of drive is used, the 
master generator is not necessary because any one or 
more sections which happen to be running constitute a 
master for controlling the speed of the other sections. 
VI. Draw Adjustment. 

Provision is made on each sectional unit for a suf- 
ficient ‘draw’ adjustment to take care of all operating 
conditions such as variations in stock, grade of paper, 
grinding press rolls and the like. 

The “‘draw’’ adjustment is motor operated and may 
be made from the front side of the machine. 

VII. Temperature. 

All equipment is based on 40 deg. cent. rise under 
normal load. 

VIII. Location of Equipment. 

The power unit should be located preferably in the 
basement under the paper machine and in close proxim- 
ity to this unit the generator control and all of the 
motor control units may be lined up as a single switch- 
board. This arrangement leaves nothing in the!ma- 
chine room except the motor equipment and the con- 
trol buttons. 

IX. Operation. ; 

In starting up the paper machine it is to be assumed 
that the motor-generator set or turbo generator set is 
running and that there is a proper voltage supply avail- 
able. Each section of the paper machine may be 
started up in succession, starting with couch, by merely 
pressing a button after which the motor automatically 
comes up to its full speed or to a speed corresponding to 
the supply voltage and the speed regulator is auto- 
matically connected to the master generator bus and 
begins to function immediately. 

Provision is made to operate the motors at slow speeds 
for washing felts, changing wires or spearing broke. 

The individual control of the motors permits 
operating any section of the paper machine indepen- | 
dent of any other section and at the same timeassures an 
absolute synchronous tie-in between the sections when 
all motors are operating at their full speed. 


SLOW-SPEED MOTORS 


It is not difficult to design for this service either slow- 
speed direct-connected motors or moderate speed mo- 
tors with herring-bone gear reductions. Hither type 
of motor is satisfactory and it is simply a matter of 
capitalizing the higher maintenance and increased 
space requirements of the moderate-speed geared 
motor as against the slightly higher first cost of the 
slow-speed direct-connected motor. 


Sectional Electric Drive for Paper Machines 
BY R. N. NORRIS: 


Non-Member 


Synopsis.—This paper describes a system of electric control for 
sectionalized electric drive which makes use of a mechanical differ- 
ential. Further, it discusses the drive of the constant-speed end of 
the paper machine and the general advantages of electrical sectional 


N this paper will be described a system of sectional 
| electrical drive which utilizesa mechanical differen- 
tial as the basis of its control. First, this particular 
type of system, called the Interlock System, will be 
described and this will be followed by comments on 
the drive of the constant-speed end of the paper 
machine, with statement of the advantages of sectional 
driving in general. 

Like all other sectional electric drives the Interlock 
installation consists essentially of a d-c., compound- 
wound, interpole generator with an exciter, which 
exciter supplies the excitation current to the field cir- 
cuit of the generator and also the field circuits of the 
several section motors. 

It is essential that the generator and exciter be 
designed to give good regulation under varying load 
conditions and that voltage regulators be pro- 
vided to maintain a steady voltage in order to com- 
pensate for variations in load or speed of the prime 
mover. 

Fig. 1 is a schematic diagram and layout of a typical 
installation showing the section motors at the couch, 
press, dryers and calender sections of a newsprint 
machine. This illustration does not show the reel or 
winder sections, but the reel and additional calender 
sections or smoothing roll sections, ete., can be driven 
in a similar manner, and the sketch serves to show the 
arrangement of the drive in general. 

Each section of the paper machine is driven by a 
compound-wound interpole d-c. motor, which may be 
either directly coupled to the paper machine in-driving 
shafts or coupled thereto through some form of gear 
unit—double helical, worm, chain, etc. Sometimes a 
very convenient arrangement is to use direct-coupled 
motors for the heavier powers at couch, dryer and cal- 
ender sections, and geared units at the press sections. 


Fig. 2 shows direct-coupled motors driving a 234-in., 
1200-ft. per min. newsprint machine. The sectional 
drives are housed in a separate room, the in-driving 
shafts of the paper machine passing through the walls 
into the machine room proper. 


Fig. 3 shows an all-geared arrangement of Interlock 
drive, and Fig. 4 shows the semi-geared arrangement 
referred to above. Fig. 5 is a line drawing of a direct- 
coupled motor and also shows control unit. 

In large newsprint machines the dryer sections, 

1. Managing Director, The Harland Engineering Co., of 
Canada. 
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drive for paper mills. Some figures are given on the power consump- 
tion of several classes of mills. The type of drive described has been 
used for some time in Europe and Canada and it has now been 
successfully introduced in the United States. 


consisting as a rule of 40 to 46 cast-iron cylinders, five 
or six feet in diameter and up to 240 in. in face, are 
usually geared together and driven by motors driving 
through two pinions on to the same load. 

However, the arrangement of the machine, whether 
direct-coupled, gear-driven, or, as here termed, semi- 
geared, is a matter of detail which may vary with the 
particular case in question. 

As illustrated by Fig. 1, a d-c., adjustable-voltage 
generator, G, supplies the necessary power to the sec- 
tion motors, 41 to 47. This generator is separately 
excited, and the exciter also supplies the excitation 
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Fie. 1—Scuematic Diagram AND Layour oF TypicaL 


Cone pulleys and belt for 
adjusting draw 

Main synchronous motor EB. 

Master shaft 

Chain drive 

Bevel gears 


. Exciter field rheostat 
. Generator field rheostat 
Interlock bus, 
volts 
Main a-c. bus 


250 or 125. 


INSTALLATION 
A. Section motors Loe Couch press 
B. Speed reduction gear Ve 1st press 
D. Differential regulator W. 2nd press 
E. Exciter . x 3rd press 
F. Motor starting panel Ye, Dryer section 
F. Dryer starting panel Dae Calenders 
G. D-c. generator DC. Main d-c. bus, 500 or 250 
H. Contact and field connections volts 
K, . Armature starting resistance EB. Exciter bus, 250 volts 
i: 
M. 
N. 
ic, 
he 


current to the field circuit of the several section motors. 

Al to A7 represent the various section motors. 
which, on the couch and the two dryer sections, are 
direct coupled to the intake shafts. On the three 
press sections and the calender section, a single reduc- 
tion herringbone gear is employed. For purposes of 
simplicity no main switchboard is shown in this illus- 
tration; however, a main switchboard is provided be- 
tween the generator and exciter and the main busbars, 
DC, and exciter busbars, H B. On the couch section is 
shown one of the motor starting panels, F, with the 
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necessary connections from the field and armature 
circuits of the motor, and the differential regulator D; 
F1 is the starting panel for the dryer motors. 

Speed adjustment within the desired range of the 
paper machine is obtained, in the case of large news- 
print machines, entirely by variation of the generator 
voltage which is applied to the section motor armatures. 


Fic.. 2—Drrect-Courtep Motors Drivine a 234-1n.,1200- 
Fr. per Min. Newsprint MacHINE 


In book-paper machines, or other machines requiring 
large speed ranges, this speed adjustment is obtained 
by a combination of generator voltage regulation as 
above and variation of the field strength of the section 
motors. The whole of this speed adjustment is ob- 
tained from a combined regulator which is operated by 
one handwheel or by remote-control, push-button 
operation. | 

The arrangement of the Interlock control system 
- shown in Fig. 1 consists of a master shaft N, located in 


‘Fie. 3—Intertock Drive 
Secrion or 234-1n., NEwsPRInt MACHINE, 600/1000 rr. PER MIN 


any convenient place, and extending the entire length 
of the variable speed end of the paper machine. This 
master shaft transmits practically no power, as it is 
only a governor shaft. The power required to drive 
the master shaft is negligible, and the whole shaft, with 
the differential regulators but without the draw control 
pelts in position, can very readily be turned by hand 
from any point of the shaft. At each section, the 
differential control gear, D, is inserted. 
In Fig. 1 the shaft is shown passing underneath the 
reduction gear units, but it, of course, has no connection 
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with these units and is simply shown in this position as 
being a convenient position for it. 

It can be placed in any convenient position—under 
the floor if desired, with the regulator equipment sus- 


4—Spmi-Grarep ARRANGEMENT oF INTERLOCK DRIVE 


Fie. 


pended from the ceiling—and if the master shaft is an 
insuperable difficulty either in the layout of the plant 
at the back of the paper machine or in reality in the 
mind of the prospective user, then it can be replaced bya 
synchronous generator and synchronous motor at each 
section; but in the author’s opinion the shaft is the 
better drive from a point of simplicity and reliability 
and provides a more rigid and positive drive for the 
control units. 


PLAN 
Fig. 5—Suow1na Drrect-CovurLep Moror AnD Controu UNIT 


The master shaft can be driven by either a small, 
separate electric master motor or from one of the sec- 
tions of the paper machine, preferably the dryer section, 
as shown in Fig. 1. This master shaft when driven from 
the dryer sections is driven by means of,a'small (chain 
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drive or a small geared drive, whichever happens to be 
the more suitable for the layout in question. 

A diagrammatic illustration of the differential- 
control apparatus, geared to the master shaft at each 
of the sections to be controlled, is given in Fig. 6. This 


Fic. 6—DziacramMMatic ILLUSTRATION OF DIFFERENTIAL 
Controt APPARATUS GEARED TO Mastpr SHAFT AT EACH 
SECTION TO BE CONTROLLED 


differential control consists of bevel gear, P, free to 
revolve on cone pulley shaft, S, and a bevel pinion, Q, 
which is mounted on the master shaft, R. Attached to 
the bevel wheel, P, are three planetory pinions, LZ, which 
mesh with the sun wheel, K, the last named being keyed 
to the cone-pulley shaft, S; the pinions, LZ, also mesh 
with the internal teeth of the annular ring, N, which 
turns freely on shaft, S. Around the outside of the 
annular ring, N, are teeth that engage with another 
spur wheel, O, mounted on shaft, 7, this shaft being 
connected through a coupling to a shaft carrying the 
brush arm, D, in the automatic differential regulator C. 

If the shaft, S, carrying the cone pulley, J, which is 
driven by the section motor, runs (in the opposite 
direction) at the same speed as the bevel gear, Q, 
located on the master shaft, then there will be no re- 
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Fig. 7—Bevet-Grar DIrrERENTIAL 


sultant movement of the annular ring, N; but however 
slightly these two may vary in angular position relative 
to each other, a correct and instantaneous response is 
given on the annular ring, N, and coincidentally on the 
wheel, O, which is driven by the annular ring. The 
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bevel pinion, Q, is driven by the master shaft in each 
case, and the sun wheel, K, is driven from the cone 
pulley through the section motor itself, which must be 
controlled in each case. Therefore, any tendency of 
difference in angular relation between the master shaft 
and the motor to be controlled is instantly reflected on 
the annular ring. 

An epicylic train of wheels is an elusive creature when 
it is desired to know exactly what takes place, and to 
more readily grasp the simple and effective nature of 
the control it is easy to look upon it as a bevel gear 
differential as Fig. 7. This consists of a small frame, 
C, with four small bevel gears, D, D1, D2, D3, all of 
the same size and having the same number of teeth. 
Gears D and D2 turn on journals that are attached 
to the frame C; gear D1 is keyed to the shaft, at the 
other end of which is keyed the handle B; and gear 
D8 is keyed to a shaft, at the other end of which is 
keyed the handle, B; the frame C is free to turn on © 
these two shafts. Suppose the frame to be held sta- 
tionary and handle A to be turned clockwise; then, gears 
D and D2 will turn in opposite directions, and will 
cause gear D8 to turn in a direction opposite to that 
of gear D1, which is keyed to the same shaft as the 
handleA. Thetwohandles A and Bwill, therefore, turn 
in opposite directions at the same speed in revolutions 
per minute. 

Now if the frame, C, be free to turn and handle A 


: Ailend ce = ] 
NTERLOCK DIFFERENTIAL WITH COVER 
REMOVED 


Fia. 8—Epicyciic 


and B, together with gears D1 and D3, are turned in 
opposite directions at the same speed, the frame C will 
remain stationary, the conditions then in so far as the 
revolutions of the gears are concerned, being exactly the 
same as they were when the frame was held stationary. 
If, on the contrary, while A makes 100 turns, B makes 
one turn more or less than this, 7. e., 99 or 101 turns, the 
frame, C, must make half a.turn forwards or backwards, 
the same result that would be had if D1 were stationary 
and handle B made one turn. 

The angular displacement has nothing to do with 
time; it depends only on the difference between the 
number of turns made by the gears D1 and D3 regard- 
less of whether this takes one minute or one year. 
Therefore, if in any period of time, gear D1 has an 
angular velocity of 1 deg. greater or less than gear D3, 
the frame C must be displaced 14 deg. from its initial 
position. 
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The Interlock system of control is merely the appli- 
cation of this principle to the regulation of the speed of 
the electric motor connecting a single field rheostat to 
the third member of the differential, which, in the 
epicyclic differential Fig. 6, is in the ring, N, and isso 
connected by gear O, shaft 7, and coupling X. 

Fig. 8 shows the epicyclic Interlock differential with 
the cover removed, and Fig. 9 closed, and it gives a 
good idea of the robust construction. The gears all 


Fig. 9—Epicycric IntTERLOcK DIFFERENTIAL WITH COVER 


CLOSED 


run in oil, and being enormously large in comparison 
to the power required, they will run indefinitely with- 
out wear. In fact, after four years’ operation at 24 
hours per day on a large Canadian newsprint installa- 
tion, the gear teeth still show the signs of the hobbing 
eutters which milled them out of the solid. 

The field regulator portion of the control contains a 
large number of resistance units which are cut in and 
out of circuit of the motor field, the circuit being com- 
pleted through the brushes X and Y which travel over 
a number of contacts F and form a complete circuit 
through the brass ring contact E. In practise, the 
brush arm, D, quietly breathes between the two contacts, 
of which there are 80 to 100 on the regulator. 

The accuracy with which the desired speed is required 
is so great that if there were a million contacts instead 
of 80, they would not suffice to have one for every 
flicker in speed; the brush would steadily breathe but 
the movement would still be between the contacts, 
one on each side of the desired speed. Referring to the 
lower right-hand part of Fig. 6, suppose that one of these 
contacts U represents 600 rev. per min., on the motor, 
that the next contact, V, represent 640 rev. per min. and 
that a speed of exactly 620 rev. per min. on the motor 
were required; then the brush arm would be quietly 
breathing between the two contacts U and V, spending 
sufficient time on either contact to produce an average 
field that will give a perfectly steady motor speed of 
620 rev. per min., the speed that was desired for the 
moment. Should this desired speed be 635 rev. per 
min., say, then the action is exactly the same as before, 
except that the arm spends a fraction more time on 
contact V than on contact U. news 

Tf the load varies on any motor, it will immediately 
tend to speed up or slow down, which will produce a 
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tendency to change any angular variation between the 
two halves of the differential. The annular ring, N, 
will move and the rheostat arm, D, will takeup thisnew 
position to suit the load in question. 

The control is absolutely automatic and instan- 
taneous for all conditions of load which may occur, and 
no hand adjustment of the motor field strength is 
required for any load change which does occur such as 
happens at the press sections, for instance, when the 
weights are changed, or at the couch section when the 
vacuum is altered. 

If the machine operator desires to change the draw 
between sections of the paper machine, he has only to 
move the belt on the cone pulley, J,andconepulley, M, 
Fig. 6, attached to the motor shaft; the motor is then 
trying to drive, K, at a speed that is different. This 
immediately sets in motion the annular ring N, which 
comes to rest again in a moment, after moving through 
a few degrees of are, enough to alter the resistance in 
C; harmony is then once more established, and the 
motor, running at a different speed, as desired, is still 
driving the sun wheel, K, at exactly the same speed as 
that of the bevel pinion. The 11%-in. belt may be 
shifted on the cone pulleys by a hand-wheel or by 
remote control of a fractional h. p. motor that operates 
the belt-adjustment gear. 

Starting up of the respective section motors is ob- 
tained usually by means of automatic push-button- 
operated contactor motor-starting panels. The push 
buttons can be located anywhere and are usually on the 
front of the paper machine at the respective sections, 
the panels themselves being arranged usually as a 
switchboard in a substation preferably alongside the 
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Fig. 10—TyprcaL SwITCHBOARD FOR AUTOMATIC Pusu-BuTTon 
OpprateD Motor STarTING PANEL 


generator and main switchboard; Fig. 10 shows a 
typical switchboard of this nature. 

The starting panels are provided with resistance units 
capable of giving very slow crawling speeds which are 
required when putting on new Fourdrinier wires or 
felts at the press sections or the dryer sections, and also 
for the purpose of inching round the various sections 
for inspection purposes. 

Each section can be started, run at slow speeds, or 
stopped, independent of the other sections, without 
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interfering with any of the other sections. They will 
all continue to run at the predetermined speed. Should 
the master section shut down—whether it is the dryer 
sections, or a small master motor—all the other sec- 
tions automatically still continue to run at the speed 
at which they were first operating. 

Of course, for the time being, while the master section 
is standing, the Interlock is not in operation, but 
immediately the master section has again been brought 
to full speed the other sections automatically go into 
interlock. 

These conditions are all made by the means of simple 
automatic devices. 


MOTORS 


All motors, whether for direct-coupled machines or 
for geared installations, are totally enclosed and sup- 
plied with forced ventilation. This is a distinct ad- 
vantage at the back of the paper machine, as behind the 
dryer sections high temperatures are met, and behind 
the wet end of the paper machine at the couch and press 
sections a great amount of splashing of water mixed 
with paper stock occurs which is not good for the 
windings of any electric motor. Furthermore, at 
times careless use of a hose by some operator may ruin 
a motor. All this is guarded against by the use of 
totally enclosed machines. 

This Interlock sectional electric drive which was 
developed by the Harland Engineering Company has 
been in successful use since 1914 when it was first 
installed in Scotland on a small machine having a wide 
speed range of ten-to-one. During the four or five 
years previous to this installation there were two 
sectional electric drives in operation in Great Britain. 
One of these was not altogether successful and was 
replaced by mechanical drive. The other was con- 
verted to the Interlock differential-control system and 
is the drive in Scotland referred to above. This equip- 
ment is still in operation. Since the installation of this 
equipment, constructional improvements in mechanical 
and electrical details have been made as a result of 
experience, but the principles of control and operation 
have not been changed. 

Before passing from sectional electric drive refer- 
ence will be made to the driving of the constant-speed 
end of the paper machine, which seems liable to 
suffer from neglect owing perhaps to the tremendous 
interest that has been focused on its sister part. 

The paper-machine drive has always been separated 
into two groups,—the constant speed part, and the 
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variable speed end. The development of the sectional 
electric drive has provided for the latter, but there 
appears to be little movement as yet to study and 
change driving arrangements of the constant speed end. 
Where a separate driving unit is provided it is quite 
usual to have two generators and exciter, all driven 
together, consisting of a d-c. generator, its exciter 
(which also excites the sectional motor fields) for the 
variable speed end, and an alternator to provide a-c., 
three-phase supply to operate the constant speed end. 
This constant speed end may be driven by one motor, 
or it may be divided into groups, but no attempt seems 
to be made to adjust the running speed of its elements to 
suit the changing speed of the paper machine. 

A little progress has already been made in one or two 
mills in so far that in a few cases the pumps, etc., are 
being driven by separate motors, thus eliminating belts 
as far as possible. For this purpose the d-c. motor has 
been employed, which has wherever possible been direct- 
coupled to pumps, and which allows a moderate amount 
of speed control by shunt regulation, thus enabling the 
speed of the pump to be adjusted to suit the operating 
speed of the paper machine itself. For such apurpose, 
direct current clearly has an.advantage, and the author 
believes will gradually be more widely adopted. 

It is true that some portions on the constant speed 
part have been initially conceived and developed with a 
drive from a steam engine or a counter shaft in mind, 
and perhaps do not seem to be specially suited for direct 
coupling to a motor, but doubtless with the develop- 
ment and more extended use of an individual drive on 
the constant speed end, designs which the business 
seems to demand will gradually be evolved. In such 
matters engineers do not usually lag far behind. With 
such an arrangement the speeds of the various pumps 
can be adjusted to suit the output required of them, 
which to a moderate extent varies with the speed of the 
paper machine. Inthis way economies in power can be 
attained and it is believed other advantages also will 
result. It will be evident that the control of this 
part of the machine will be more complete than is 
otherwise possible. 

The following table gives averages of some hundreds 
of power readings taken from time to time on various 
machines. The first row covers readings on 14 machines 
of similar size in operation, and the second row, 6 
machines. The others are averages on selected in- 
dividual machines: 

From several readings obtained from machines having 
mechanical drives with single motor the average e. h. p. 


Electric H. P. Input to Motor per inch width of Machine per 100 Ft. per Min. Paper Speed 


Width Average 

& Type Speed Ist. 2nd. 3rd. 4th. Ist. ends 

of M/c. Ft.per min.| Couch Press Press Press Press Dryers Cal. Cal. Exciter. Total 
234-in. News 875 0.039 0.016 0.023 0.022 0.060 0.0 2 
166-in. News 750 0.054 0.029 0.027 0.0 0.674 pee peat ne 
168-in. Kraft - 675 0.039 0.027 0.020 0.017 0.041 0.036 0.008 0.188 
148-in. Book 530 0.046 0.044 0.026 0.044 0.035. 0.031 0.068 0.008 0.300 
148-in. Tissue 230 0.017 0.041 0.017 0.047 0.043 0.006 0) 171 
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per inch of width for 100 ft. per min. is 0.35 e. h. p. 

Then there is the very interesting side of the question 
relating to the effect of sectional driving on the thermo- 
dynamic efficiency (a) of the paper machine itself— 
(b) of the paper mill as a whole,—as a result of the 
saving in power effected by sectional driving. 

From the power table just given, it will be seen 
that a 234-in. paper machine, operating at 1000 ft. per 
min. would require 472 e.h.p. A mechanically oper- 
ated machine operating at the same speed would require 
about 819 e. h. p. 

Assuming that the average output of paper from the 
machine is 125 tons per twenty-four hours, and that the 
average steam requirements for drying the paper are 
3.75 lb. of steam per pound of paper, then we get a 
steam requirement in the drying cylinders of the paper 
machine, 38,900 lb. of steam per hour. 

A steam turbine operating under normal conditions 
usually met with in a paper mill would have a water- 
rate of about 38 lb. of steam per e. h. p.-hr. allowing 
for generator efficiencies, so that by utilizing to the 
fullest extent the power in the steam required in re- 
ducing it from the normal pressure to the pressure 
required for drying in the paper machine cylinders we 
can obtain approximately 1000 e. h. p. 

Now, if the paper machine is driven mechanically, 
the balance of horse power so obtainable (181. e. h. p.) 
would hardly justify the installation of an additional 
generator to supply the excess power to the constant- 
speed end of the machine, but the balance of power 
obtainable by using sectional drive, 528 e.h.p., is 
sufficient to justify this and is usually enough to drive 
the whole of the constant speed end of the paper ma- 
chine. This renders the paper machine an individual 
unit, which has many advantages. 

Sectional driving of paper machines has also had its 
effect upon building design by reducing the cost of 
basements and saving space. 

The foregoing does not pretend to deal with the 
general advantages to be obtained in the use of sectional 
electric drive as compared with mechanical drive. 
These are becoming so generally well-known that it is 
only necessary to outline briefly a few of them—such as 
the elimination of belts and ropes, and their consequent 
very high up-keep costs; the saving of power as is shown 
on the power figures given above; the very much 
steadier speed control between sections of the paper 
machine which result in a better quality and production 
of paper from a given machine with a given quality of 
stock supplied to the machine. 

Each section of the paper machine is made a separate 
unit and with electrical indicating instruments it is 
possible to detect faults which may arise on the paper 
machine itself which allows investigation and prob- 
ably rectification of the trouble before it becomes seri- 
ous, whereas with mechanical drive very probably the 
first indication of trouble is when the trouble has be- 
come serious enough to necessitate expensive repairs. 
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The greater ease in handling the paper machine by the 
paper mill operators is very marked and needs to be 
experienced to be realized. The absence of ropes and 
belts on the back side of the machine makes the machine 
more accessible, which all helps in the upkeep and 
maintenance of the plant and reducing life hazard. 

Due to the very even starting torque exerted by 
electric motors, particularly of the d-c. type, dryer gear 
life is increased as compared with the mechanical drive 
where power application of the dryer gears is usually 
by clutch or snatching of cone pulleys which puts 
sudden stress on the gears. 

These notes have been put together on the assump- 
tion that they will be read to those who have some 
knowledge of paper machines and are interested in 
present and future operation and development. There 
is to my mind a great field in the United States for 
conversion of old mechanically driven machines to 
sectional drives and although I expect there are many 
paper makers who will disagree with me, I maintain 
that there are very many advantages to be obtained in 
doing this. 

‘One, of course, still meets the man who says the 
mechanical drive is good enough and he is clearly right 
from the standard of his own point of view. LEvery- 
body knows that mechanical drives have made and 
will still make good paper. In the beginning it was the 
large powers and high speeds required by the large 
newsprint machines which forced ferward this subject 
of sectional driving, although its actual development 
was accomplished before the advent of the large high- 
speed machine. 

The steady increase in the size of newsprint machines 
finally made sectional driving a necessity. 

When its reliability became established, it made wide 
machines and high-speed machines more readily avail- 
able than formerly. Its advent also has apparently 
had an influence on the design of the paper machine 
itself as regards the widths and speeds at which it can 
be built. . 

The reliable nature of the drive in operation on news- 
print machines has been proved and has demonstrated 
also that for the small book machines, etc., the same good 
results can be obtained: in fact, it is becoming more 
general, and nearly all new book machines are fitted 
with sectional drive. As stated before there isa big 
future for the conversion of existing machines to 
sectional drive. 

In this connection it is interesting to consider that 
some form of sectional drive has been constantly the 
subject of research by independent peoples in different 
parts of the world; contemporary with the work which 
we were doing in Great Britain, other people were 


- carrying on similar experiments on this continent and 


in Europe. All these experiments, the author believes, 
were made quite independently of each other showing a 
widespread belief in the necessity and usefulness of | 
sectional drive. 
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Discussion 
PAPERS ON PAPER-MACHINE DRIVE 


(Stance, Roaers anp Norris) 
CLEVELAND, Onto, Marcu 18, 1926 


T. D. Montgomery: Mr. Staege says that a speed adjust- 
ment of from 0.1 to one percentisrequired. Doesthismean that 
some classes of paper require 0.1 per cent while othersrequire one 
per cent, or that regulation anywhere between 0.1 per cent 
and one per cent meets all conditions of paper making? 

Reference is made to differentials, either electrical or mechan- 
ical, and Mr. Staege refers to the accumulative lag in drive 
and master shaft and field clutch. Would there not be the 
equivalent lag with either the mechanical or electrical differential, 
in so far as affecting the regulation? 

L. W. W. Morrow: The object of all of these drives as out- 
lined in the papers seems to be to answer the speed-regulation 
requirements in the production of paper. I should like to see 
something that would show the response of these drives to the 
actual requirements; in other words, if there is a change in load 
in any one section, what is the time interval until adjustment to 
that situation by the drive? Each drive has been described, but 
we haven’t definite time data as to the results accomplished by 
the drive. : 


F. C. Bowler: We have heard a great deal about the exact 
regulation which will be produced by these various types of 
drives and emphasis has been put on the need of exact regulation. 
I presume that the authors have made some experiments tending 
to show what the actual regulation has been with the various 
types of mechanical drive which we have had in the past. I 
wish that might be brought out. In other words, it is a question 
in my mind whether we aren’t putting emphasis on something 
that is more refined than we need. We have made paper a good 
many years with belts and gears, and personally I doubt if we 
have ever had such regulation with mechanical drives as any of 
these new sectional drives will give us. 


N. D. Paine: I would like to agree with Mr. Bowler and say 
that we are inclined, perhaps, in the sectional drive, to attain too 
exact speed requirements. As he said, we have made paper for 
years with belts and pulleys, and now, with the electrical drive, 
it is more a question, especially on the large 234-in. machines, of 
starting the dryers than of the actual speed control. 

We do get exceptionally good speed control with the mechan- 
ical interlock, of which our company has four on the 234-in. 
machines. 

The papers lay quite a bit of stress on the fact that there is a 
large amount of stored energy in some types of motors. With 
regard to the mechanical interlock drive, that stored energy is 
used to very good purpose. The master shaft being driven from 
‘the dryer section of 34 6-ft. dryers, weighing 12 tons each, 
naturally maintains an extremely steady speed, as the energy 
stored in this section smooths out any slight speed variation 
which might occur due to small voltage fluctuations. 


Coming down to the various section motors, I can say, es- 
pecially on the couch—which we have watched more particularly 
—that speed control, where the paper is the weakest, with our 
Harland or mechanical interlock, is maintained with a small 
field variation, from 0.05 to 0.10 ampere, in the shunt field, which 
is with the machine running at 750 to 800 ft. per minute. 

H. L. Sanborn: There seems to be a question as to exactly 
what basie principles the electrical manufacturers are endeavor- 
ing to correct with their electric drive. 


Mr. Staege refers to a steel mill as having a very heavy load, - 


which would not exactly apply to the electric drive. There is 
little comparison between the steel-mill and the paper-machine 
variable loads, yet a plugged calender will subject'its motor to 
two and one-half times its starting torque, probably as great a 
variation as the steel mill when the ratio of power in use is 
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considered. This and other inherent conditions peculiar to 
paper-machine operation produce a system of variables making 
load changes one of the big factors the electric drive is called 
upon to correct. 

These load variables may be caused by mechanical conditions, 
vacuum changes on the wire, poor bearings, sections out of 
alignment, stock changes, clothing, ete. 

We have in the Abitibi Mill at Iroquois Falls the Westinghouse 
electric sectional drive. We find it more reliable than our 
mechanical types after four years of operation. The whole 
machine has greater flexibility. The operating efficiency has 
inereased and as a whole the close regulation tends to produce 
greater tonnage over the corresponding machines of the same size 
having mechanical drive. The breaks on this particular machine 
have decreased and there has been a reduction in repair labor 
and material. 

In the main, however, I think, we have perhaps forced upon 
the manufacturer of electrical material a very severe problem, 
but you must endeavor to bear this in mind:—The paper mill has 
been running for years and years, as Mr. Bowler states, and the 
electric drive is endeavoring to take up these old-time conditions 
and produce results superior to the mechanical type of drive, 
without redesigning the paper machine to fit the electric drive. 

Our sectional drive has accomplished this feat at the Abitibi 
mill and the average operating efficiency on our paper machine 
equipped with this drive, conditions being equal, has not been 
exceeded, and on the average has not been approached by either 
the mechanical or non-sectional electric-driven machines in our 
plant. 

J.F. Rhodes: I think my two friends who have just spoken 
have brought up very important arguments. I believe the Mead 
Pulp & Paper Company put in two of the first drives. 

I think the main object in the machine drive is to keep the 
sections together, that is, synchronized. With the old machines 
we had an engine that required steam pressure to be constant all 
the time. Then we depended upon the governor to maintain the 
speed. After the paper maker got his paper over the machine, 
he had nothing more to worry about unless his thickness changed 
or something caused a break. 


As we get into the electrical drives the main thing seems to be 
to get away from the engine and the only problem left is to supply 
the steam for drying. However, paper makers feel that if any- 
thing breaks down it will do so at the weakest point. If these 
things become so complicated that a brush gives away ora con- 
tact goes, we have to hunt the trouble, and in the meantime we 
may have lost three or four hours of production. The old type 
of machine was so simple that almost any paper maker could very 
quickly find out what the trouble was and get started quickly. 


In building a new paper mill I do not think there would be any 
doubt that he would adopt the extraction type turbine and put 
in the late type of electric drive, getting the one that was the 
simplest, and required the least amount of space, and of course the 
financial end would come in. 

I think we should aim towards simplicity in choosing drives. 

I do not believe there is any change in the load of the machine 
after it is started and the paper is going over the machine 
perfectly. If there should be a break at the ecalenders there 
probably would be achangein load there for a while which would 
react back to the motor-generator set and that would in turn 
slow down, if it was not properly regulated, reacting back into 
the machine again, causing another break. 


R. T. Kintzing: These papers are so broad in scope that 
they necessarily have devoted but a limited space to electric 
control used on sectional drives. Control designers should be 
eredited with solution of the very difficult electrical problem 
of precise motor-speed regulation. I should like to point out a 
few of the other control features involved in this application, and 
also to supplement the statements made in some of the papers 
concerning the various types of speed regulators. 
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Starting, stopping and inching are the usual operations re- 
quired in controlling the individual section motors. Certain 
sections are occasionally reversed, others are temporarily slowed 
down, and other motors start and stop simultaneously. Run- 
ning-load conditions are usually constant. Starting-load condi- 
tions may be those of a friction load or those of a load having 
high inertia. The latter are the most difficult to regulate. 
Starting-load conditions on the dryer and calender section are 
unusually severe. 

Individual resistor-type automatic starters having positive 
time-limit acceleration are best on account of starting from a bus, 
the voltage of which may vary over a broad range to provide for 
different machine speeds. Push-button-operated starters with 
motor-driven cam-operated accelerating contactors have proved 
very satisfactory. Time-limit overload and low-voltage pro- 
tection is necessary. Starting motors at full field strength is 
desirable to obtain high starting torque with minimum starting 
currents. 

The armatures of the section motors are connected to an 
adjustable-voltage generator while their fields and the control 
circuits obtain power from a constant-voltage exciter generator. 
All circuit breakers, disconnect switches, ete., should be con- 
nected to interlock the two sources of d-c. power and prevent 
damage from incorrect sequence of operation. It should be 
impossible to energize the control circuit of any section motor 
unless all of the switches furnishing power to the motor circuits 
are closed. Opening any switch should immediately de-energize 
the control circuits of all sections depending upon power supply 
from that switch. 

Auxiliary motors driving exciters or blowers for forced motor 
ventilation should have their control apparatus interlocked and 
connected to insure their operation when the power-supplying 
generator is started and to cut off the power supply in case of 
overload on these auxiliary motors. 

The many panels necessary for controlling and regulating 
the required apparatus should be assembled into one switch- 
board which can be located remote from the heat, water and dust 
of the machine room and under the charge of authorized 
workmen. 

In addition to the usual push-button stations for starting, 
stopping and inching the section motors and for changing the 
speed of the entire machine, there is furnished with the equip- 
ment described in Mr. Staege’s paper a ‘‘safe-run’’’ station for 
each section which permits the section control to be made safe 


‘when it is necessary to work around dangerous parts of the 


machine and which cannot be restored to the running position 
until unlocked. 

Heavy dryer sections and calenders require starting torques 
many times in exeess of the running torque, while presses and 
other sections ustally are started at reduced load and do not 
need much more than normal torque to start. If the range of 
operating speed and voltage is broad, special provision must be 
made to change the value of starting resistors as the voltage 
changes. 

When starting currents become large enough to overload the 
generator, and cause undesirable voltage variations, means must 
be provided to obtain the necessary torque without these ob- 
jectionable features. Separate low-voltage generators for 
starting purposes, separate starting motors, and series-parallel 
controls are methods in common use. In the case of dryer 
sections geared together, satisfactory stable division of the 
load on the driving motors can be obtained by a proper design of 
the motor. Motors having good speed regulation are necessary, 
but these unfortunately will not ordinarily parallel with equal 
division of load. It has been possible by means of special 
windings to design motors which have excellent speed-regulation 
characteristics and at the same time divide their loads equally 
when geared together. 

A. successful speed-regulating system must have ability 
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to hold constant motor speed in spite of the various causes tend- 
ing to change it, must respond quickly enough to avoid damage 
to the partly finished sheet of paper, and must operate with a 
minimum of attention. If the regulator can make a change in 
field strength of sufficient magnitude, can make it fast enough, 
and can stop when exactly the right amount of change has been 
made, successful operation is assured. Sturdiness and service- 
ability must be obtained in the design to make it a commercial 
suecess after these fundamental requirements have been 
secured. The most important feature of the regulator described 
by Mr. Staege is its ability to produce a perfectly graduated 
change in effective value of the field resistor by the simple 
method of intermittently short-circuiting resistor steps by 
means of a conductor having a variable width. Enough re- 
sistor steps can be used to give all of the regulating capacity 
ever needed. Unlike former systems, the amount of resistance 
is not limited by the master speed. Those sections having high 
inertia and requiring more gradual changes in resistance can be 
equipped with smaller-pitch screws. As a result it is not neces- 
sary to sacrifice regulating capacity on the high-inertia sections 
and the lighter sections can be made to respond more quickly. 
An infinite number of resistance values between maximum and 
minimum may be secured. The regulator is truly differential in 
action and must produce 100 per cent speed correction before its 
action stops. Mechanically the apparatus employed is simple 
and substantial. It is evident that this system possesses to @ 
very marked degree all three of the fundamental requirements: 
capacity, quick response and smooth regulation. 


E. F. Bearce: The sectional electric drive for paper machines 
has accomplished some very definite results for the industry. 

In the manufacture of news print, this drive is especially 
advantageous since it permits the high paper speeds with 
positive regulation. For the higher-grade paper manufacturer 
the drive has provided regulation of speed which is one of the 
important features required to get a sheet of uniform weight and 
caliber. These points of advantage are in comparison with the 
older methods of drives using a variable-speed back line in which 
the speed may be limited by belt or pulley design and the use of 
a variable-speed steam-engine drive having a regulation not less 
than three per cent. 

It is also interesting to compare the cost of the sectional drive 
with the variable-speed drive using a back line, both as to first 
cost and maintenance. It has been determined that the first cost 
of the sectional electric drive is a little greater than the back- 
line drive, but is considerably more economical as regards 
maintenance. 

The papers have brought out some very interesting points as 
to the details of construction and arrangement of the three 
different drives, each one having distinct points of advantage, 
and all three in successful operation in different parts of the 
country. 

The manufacturers of this equipment are to be congratulated 
on the development of this drive as one of their greatest con- 
tributions to the advancement of the paper industry, and I am 
sure every paper maker is ready to cooperate with them in the 
continuance of their good work. : 

E. B. Wright: We operate seven machines; three of them 
are driven electrically by d-c. variable-speed motors through a 
line shaft with cone pulleys and friction clutches. 

This type of drive works out very nicely, the regulation being 
good if the exciter voltage remains constant. The least varia- 
tion in exciter voltage causes a change in speed of the d-e. 
motors. 

A motor-generator set, with exciter direct-connected, is used 
to drive the variable-speed lines. This set takes its power from 
an extraction turbine, which when operating at maximum 
rating and extracting the maximum amount of steam, at times 
falls below normal speed, which affects the exciter voltage 
causing a variation at the paper machine. 
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I should like to ask the speakers how the cost of installing 
the individual drive compares with line-shaft drive in new 
installations, also how maintenance costs compare. 

R. S. White: Mr. Wright mentioned a variation in speed 
of the prime mover causing a speed change on the paper machine. 
My experience has been the same. 

We have a synchronous motor-generator set with exciter 
direct-connected. This exciter supplies the excitation to the 
d-c. generator as well as the synchronous motor. Therefore any 
slight change in speed causes a voltage variation in the d-e. 
generator due to the exciter voltage varying. 

When first starting, we had considerable trouble with the 
governor of our turbine and consequently had all sorts of speed 
variations. Now if the paper-machine head box were set 
for, say, 25-lb. paper at 300 ft. per min. and then the machine 
suddenly changed to 325 ft., it would cause the paper to drop in 
weight and change the dryness at the same time. 

All paper-machine drives, in my estimation, should have volt- 
age regulators to take care of just such trouble as we experienced. 
I understand that all Harland drives are now furnished with 
voltage regulators. 

The Harland drive for our No. 2 machine has been in opera- 
tion four months and the No. 1 machine two months. Outside 
of the trouble mentioned we have not any fault to find with the 
performance of the drives. 

When we started the No. 2 machine we had a suction press roll 
22 in. in diameter. Soon this was removed and a 26-in. rubber 
press roll installed. Sinee this roll was 4 in. larger, it had 
to run slower. Now the field rheostat or regulator did not 
have a range wide enough to cover this, so we had to change the 
gears and get a larger ratio. 

It seems to me that these regulators should be designed to 
cover a much larger range than they do in our machines, as 
paper mills change managers and each one wants different 
equipment. And in order to drive this equipment extra gears 
must be kept in stock. : 

Mr. Norris mentioned something that seems to me is more 
important than close regulation between sections, and that is the 
control of the supply to the machines. Why not have the 
pumps interlocked so as to give uniform supply? If the supply 
to the machine is not fed on the wire at a uniform rate, the 
paper cannot be of good quality. There should be an automatic 
arrangement so that in case the machine changed speed, 
the opening from the head box (if a Fourdrinier machine) 
would change in direct proportion to the speed. 


C. A. Farrell: We have all three drives, single-motor, 
sectional and mechanical. I guess the proof of the pudding is in 
the eating, and all of our machine men are unanimous for the 
electric drive. We find that they like the sectional drive the 
best, although I can’t see but that we get almost as good regula- 
tion with the single motor. Of course, we have belt trouble. 
I notice that one of the manufacturers has a provision also, I 
think, in the face of the motor for cutting in some series windings. 
I would like to ask whether that is necessary on all of the sections 
or just a few, and whether it is for starting purposes only. 

Mr. Norris says that he uses compound-wound motors, and 
the other manufacturers use shunt motors. I wonder if there is 
a reason for that. 


I think our sectional drive was one of the first. Our motors 


are larger than necessary and we don’t have any trouble from’ 


temperature, but I wonder if the motor is enclosed only to keep 
the water out of the machine or if they depend upon the forced 
air to keep down the temperature and therefore use a smaller 
motor. 

I would like to know what sizes of motors are used in the 
drives today compared with ours. We have 35- to 50-h. p. 
motors, I believe. 

We are particularly interested from the maintenance stand- 
point in the temperature of the motors. As large as our motors 
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are, in the heat of summer they frequently run temperatures 
that are pretty high. 

Tom Harvey: [ look at this from an owner’s standpoint. I 
am wondering if these people who put in these very expensive 
electric drives are getting a return on the money invested. 

We have four machines making box board. I was very much 
disappointed that none of the speakers said a word on box board. 
Our tonnage amounts to the total tonnage of all of the news 
paper, all of the book paper and all of the writing paper made in 
the United States, and I think it should be recognized. 

One of the authors shows a drawing of a cylinder machine and 
does not say a word about it. 

We have one old mill that has been running about 25 years, 
and because of the crowding of the mill we decided some few 
years ago to electrify it. We have spent considerable money in 
that mill and I suppose it is electrified as well as any other box- 
board mill with the exception perhaps of the mill at Ritman, 
Ohio. 

We find that we don’t get the return on the mill with the large 
investment that we do from the mill with the smaller investment. 
We also get much larger tonnage from the mill that is what I call 
directly driven from the steam engine with the rope drive. 
We have very little electricity in that mill. 

I can readily see that the electric drive is a great advantage 
to the people who are making news paper and are running their 
machines up to a 1000 ft. a minute, but I have yet to be 
shown where a manufacturer is justified in spending the amount 
of money that he has to spend to put in the electric driven 
machine. I doubt very much if the stockholders would be 
satisfied if they could see the results from the machines that are 
not electrified. 


J. H. Crossley: We have only just started up our first two 
sectional-drive machines, which are the General Electric Com- 
pany’s drive. 

I should like to ask Mr. Norris what he means when he says 
that when their interlock is out of action, the wet end of the 
machine does not run wild? J am curious to know what would 
happen to our drive if our regulator should go out of action. 


A. O. Spierling: I was glad to hear Mr. Harvey refer to the 
financial studies which must be made when considering the 
addition of electric drives to paper machines. 

At the present time we, at Hammermill, are using the mechan- 
ical type of drive on each of our five paper machines. About 
four years ago we investigated the electric drive and have been 
giving considerable attention to it since. We credit the electrical 
manufacturers with doing a splendid piece of engineering 
work in perfecting the electric drive. Any of the three types of 
electric drive described, we believe, will work very well but their 
installation involves considerable expense which is sometimes 
very hard to justify. 

We have thus far been unable to find how we could produce 
paper any cheaper by replacing our present drive with the 
electric type of drive. 

There is one point, however, which has been brought out here 
at this meeting which if shown to be true would immediately 
touch any paper maker’s heart and that is the statement that 
with the electric drive a better quality of paper might be pro- 
duced. If this is true, the paper maker would be immediately 
much in favor of this type of drive because if he can produce 
a better quality of paper he can get more money for it and there- 
fore justify the expenditure. 

Of course, the thermodynamics of the matter enter very much 
into it, and it is a heat problem from start to finish. We charge 
against our paper machines the heat units that are used not only 
for the engine drive but also for the air that must be supplied to 
carry away the evaporated moisture. 

Everything of that nature has to be taken into consideration 
before a person can say whether or not he is justified in putting 
in such a drive. It may, however, work out better with a new 


March 1926 


installation or with larger machines than it does with an existing 
installation of moderate-sized machines. Our machines are 
comparatively small compared to 300-in. machines. We manu- 
facture a high-grade bond paper and run at speeds anywhere from 
about 100 ft. a minute up to 500 ft. a minute. 


W. W. Spratt: One of the items touched upon is the heat 
balance of the paper mill. I believe it is an important subject 
to which we should give serious thought. 

Mr. Norris, in his paper, mentioned that the 125-ton machine 
requires, roughly, 39,000 lb. of steam an hr. This, he esti- 
mates, is equivalent to 1000 e. h. p. 

Let us assume that for the class of mills considered, power is 
worth from 1% to one cent a kw-hr. Mills having ade- 
quate hydroelectric development, principally in Canada, may, 
of course, get power for less thana 144 cent. Depending on the cost 
of competing power and cost of coal in the district analyzed, it is 
estimated that it may be worth from $5000 to $25,000 a year as 
an incentive for the mill to obtain by-product power from this 
quantity of steam. Taking an average condition of $15,000, the 
average mill would hardly, under these conditions, utilize live 
steam through reducing valves to do the work in the dryers, 
which points out the importance of consideration of some sort of 
non-condensing or by-product prime mover as a source of power 
for the paper machine. 

This is the question which I know Mr. Harvey, in his discus- 
sion, was referring to, especially in relation to board mills. I 
have seen many cases in board mills which did not have the best 
type of heat balance. Unfortunately, in the case of mills that 
do not have the heat balance worked out well, and are electrified, 
the story gets around that it is uneconomical to drive the mill 
electrically, while, with a much better heat balance, taking full 
advantage of the possibilities of generating by-product power, 
such a situation would not be so marked and the advantages of 
electric drive could well gap the difference of some of the losses 
on the pure question of steam utilization, as referred to the 
engine drive which unfortunately still predominates in board 
mills. 

I believe the greatest advantage of a sectional drive is in a new 
mill where advantage ¢an be taken of the smaller space and the 
basement can be utilized for other purposes. I know of one mill 
which installed sectional drive merely on the basis of lower build- 
ing cost and other items which have not been discussed. They 
operate a board machine from 50 to 200 ft. per minute. For- 
tunately, they happen to be located where they can buy power 
from Niagara and they have a cheap power rate which 
assists them. Even in their case, however, there would be some 
advantage in using a non-condensing unit to drive the d-ec. 
generator. # 

We have heard a-very interesting discussion touching on the 
relative merits of moderate-speed motors versus direct-connected, 
slower-speed motors. The discussion took us into the question 
of stored energy of the different motors. We are chiefly in- 
terested, however, in maintaining the speed of the motors, 
whether we do it by means of an interlock system, synchronous- 
motor tie-in system, or regulator system. In this connection, I 
believe we all agree that the system with the maximum stored 
energy is less susceptible to speed changes. The stored energy 
tends to maintain the speed at the proper value. Our problem 
is one of maintaining the desired speed and a large stored energy 
assists us. It is only when we are away from the desired speed 
that a large stored energy would be a disadvantage. ; 

I should like to ask two questions; one is with relation to the 
system utilizing the dryer sections as a master. I should like to 
ask why that is done,rather than haying a regulator which is 
entirely independent of any one section of the machine. 

I should like to ask Mr. Rogers how long it takes the vernier 
brush arm of the synchronous-dynamometer regulator to travel 
from one extreme to the other. 

N. D. Paine: May I answer one of the last questions,—as to 
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why the dryer section is used as a master section? I mentioned 
before that the immense amount of inertia in the dryers natu- 
rally tends to keep them at a very steady speed. As a matter of 
fact, using a Bristol tachometer which is extremely sensitive, we 
have found that when we had that tachometer on the master 
shaft, it would draw a straighter line than you could with a ruler 
for possibly four or five hours on end. It also obviates the 
necessity of using section regulators. You cut down your 
initial cost in that way. 


It has been mentioned that when the dryer section is shut 
down the master shaft is stopped and the section motors are 
running wild. This is not correct. When the dryers are shut 
down, the section motors automatically go to the non-interlock 
point of the field regulator, which is only one or two commutator 
or face-plate segments away from the operating position of the 
regulator brush arm, and this position is less than 0.25 ampere 
in field-strength value. I happen to know that our own paper 
makers hardly realize that there is any difference in speed once 
we have our regulators set when the dryers are shut down. In 
faet, once the dryers are shut down, you are not making paper; 
you can’t handle it the full width of the sheet; you can only 
take your lead strip up to the third press at most, so why worry? 


L. E. Markle: It is common practise in paper mills to have 
the machine operating for 24 hours a day, over a period of six 
days in the week. In view of this continuous service, the 
mechanical duty required of the rheostat mechanism described 
by Mr. Norris as a breathing process must be rather severe. 
We should like to ask whether special precaution is taken in the 
selection of materials and the construction of the face plate and 
brush mechanism? 

Several of the paper-mill representatives as well as the authors 
of all of the papers have emphasized the necessity for close 
speed regulation at all times. Since the permissible changes 
in speed are so small, it is certainly true that any system which 
will correct to a finer degree than other systems is desirable. 
All systems require some speed reference as a master. This unit 
may be a section of the paper machine such as the dryers, or it 
may be a unit driven by a separate motor. Since any change in 
the speed of the master unit affects the speed of the entire paper 
machine, causing it to speed up or slow down as the master speed 
changes, it would seem that an installation as deseribed by 
Mr. Staege, where the speed of the master set is regulated just 
the same as the speed of any of the main driving motors, would 
naturally give a closer speed regulation. ' 

I feel this point vital because as mentioned before the limits 
of permissible variation are small, and any system which can 
regulate better than another, no matter how small the amount, 
is preferable. 

S. A. Staege: Mr. Rogers calls attention to the controversy 
on the relative merits of high-speed, medium-width machines 
as compared with medium-speed, very wide machines, 
and indicates that there is now a tendency to favor the 
former. A more complete statement would be to say that 
the high-speed, medium-width machine first reached its su- 
premacy, but is now being followed by the high-speed, very wide 
machine, as there does not appear to be any fundamental reason 
why the very wide machines should not operate at equally as 
high a speed as the medium-width machine. Present practise 
indicates wider machines than ever built before combined with a 
maximum contemplated speed so far unapproached in actual 
commercial practise by several hundred feet per minute. The 
real limitations of the paper machine both as to speed and to 
width are determined by such factors as the maximum speed at 
which the sheet can be formed properly and by economie factors 
pertaining to the machine clothing, initial cost, ete., and not at all 
by the drive. 

All available data confirm the indication that the power re- 
quired by the several sections of the paper machine varies directly 
as the width of the machine and directly as the speed of the 
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machine so long as the other relevant factors remain sub- 
stantially constant. 

I do not agree with Mr. Rogers’ statement that the syn- 
chronous-motor tie-in system is a preventive and that the regu- 
lator type of control is a corrective system, nor am I able to agree 
that in the regulator type of control there is no restraining 
power to hold the motors in place. In fact, in the case 
of sectional drive, the d-c. motor has available a restraining 
torque equivalent to far more than the full-load torque of the 
motor, whereas, in the case of the synchronous, tie-in system, 
the full-load torque of the synchronous motor is far less than the 
normal torque of the d-c. driving motor. It is quite true, 
however, as Mr. Rogers has said, that the success of the regula- 
tor type of control depends upon the amount of angular dis- 
placement which causes the regulator to function and by the time 
element of the motor field. This means that there should be 
absolutely no lost motion and that resistance be cut in or out of 
the motor field circuit with the smallest possible change in 
angular displacement of the motor. It also means that the time 
element of the motor field circuit should be as short as possible, 
which is inevitably associated with relatively high-speed motors. 

T should like to ask Mr. Rogers if he does not feel that a speed 
change of a section of the machine of 0.15 per cent which he has 
indicated may result from a load change, in the ease of the syn- 
chronous-motor, tie-in system, is not too much for satisfactory 
operation, particularly at the dry end of the machine. Person- 
ally, I feel that such an amount of speed change between sec- 
tions is far in excess of safe or desirable limits. 

In the ease of the synchronous-motor, tie-in system, I should 
like to ask Mr. Rogers at what speed the frame of the synehro- 
nous motor is made to rotate by the small variable-speed, d-c. 
motor. It would appear that if the speed at which the frame 
rotates is a very small percentage of the rotor speed, then the 
change in speed of the small, d-c. motor might have to be several 
hundred per cent to accomplish a change in speed of the d-c., 
section-driving motor of, say, 10 per cent to compensate for 
possible changes in diameter of the roll, change in draw, etc. 

I would also like to ask whether the paragraph in his paper 
immediately preceding the description of the synchronous- 
dynamometer type applies to the paragraph immediately 
preceding it. 

From Mr. Rogers’ conclusions, it appears that the three 
authors are now unanimously in agreement that regulator con- 
trol best meets the requirements of sectional paper-machine drive. 


It is stated by Mr. Rogers that the synchronous dynamometer 
regulator operates on an angular displacement corresponding to 
approximately 0.05 per cent change in speed of the controlled 
motor. Obviously, if there is a change in speed, the angular 
displacement will continue to inerease until the speed is cor- 
rected and it would be desirable to know how long this 0.05 
per cent change in speed must continue to obtain a sufficient 
angular displacement to operate the regulator. 

It would be interesting to know through how many mechanical 
degrees the stator of the synchronous dynamometer would have 
to rotate to move the commutator rheostat brushes through 450 
operating points. J should also like to ask what means are 
employed to actuate the brush on the large-step portion of the 
commutator rheostat. I should like to ask Mr. Rogers of what 
the anti-hunting features consist in the regulator equipment 
described by him. 


Mr. Norris in describing the interlock regulating system states 
that in practise the brush arm quietly breathes between two 
contacts. I should like to ask the order of the frequency of 
oscillation for the various sections of the paper machine and the 
actual amount of angular displacement through which the d-c., 
section-driving motor oscillates in response to the resistance 
changes. 

A statement is made by Mr. Norris that should the master 
section shut down, whether it is the dryer section ov asmall master 
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motor, all the other sections automatically still continue to run 
at the speed at which they were first operating. T should like to 
ask through what means this is accomplished. 

H. W. Rogers: In connection with Mr. Staege’s paper, I 
would like to say that the General Electric Company installed 
and put into successful operation in 1909 a sectional paper- 
machine drive with a definite tie-in between the sections. 


Mr. Staege describes the synchronous tie-in type of drive and 
states that any change in load on the part of one section will 
affect the speed of the entire paper machine. In this connection, 
I wish to state that the use of synchronous motors on each sec- 
tion of the paper machine is analogous to a positive mechanical 
tie-in between the sections, and the machine operates as though 
driven by a single motor. Therefore, the effect on the total load 
of a change in load on one section is a matter of two or three 
per cent and the effect on the speed of the machine asa whole for 
such a change in load is less than 0.1 per cent. 

After describing the improvements which have been made in 
the synchronous tie-in type of drive, Mr. Staege states that 
the effect of speed variation in the small d-c. motors which 
rotate the synchronous-motor stator frame on the main driving 
motor is approximately inversely proportional to the ratio of the 
worm gear used in driving the stator. This statement is incorrect 
inasmuch as the gear ratio has nothing whatever to do with the 
speed regulation of the d-c. motor. A small d-c. motor drives 
the synchronous-motor stator at a speed which permits proper 
draw adjustment, this speed being only a small percentage of the 
speed at which the main motor is operated. Therefore, any 
variation in speed of the small motor directly affects the speed of 
the stator, but the stator speed being a small percentage of the 
rotor speed, its effect on the main driving unit is inappreciable. 

In my experience I have found that the control of the high- 
speed machine is the simplest problem with which we have to 
contend and that the low-speed and wide machines present the 
greatest difficulty. 

T am interested to know just where the third type of regulator 
mentioned by Mr. Staege is in operation and on how many 
machines. I should also like to ask what provision is made to 
eliminate a so-called wild machine when the master set is shut 
down. 

The European drive to which Mr. Staege refers on the ninth 
page consists of a-c. commutator motors and has been in success- 
ful operation at the Empire Mills, Ltd., for practically two years 
and is now being followed up by a second installation in another 
mill. 


S. A. Staege: I think there is some misapprehension as to 
the effect of inertia in the moving system with respect to the 
regulation of the paper machine. As Mr. Spratt indicated, 
where there is considerable flywheel effect, regulation is fre- 
quently easier than where there is very little. I might say that 
in respect to the dryer sections where thereis avery great amount 
of flywheel effect, the rotary-contactor regulator which has been 
described is able to take care of the regulation just as completely 
as on a press section where the inertia is almost negligible. In 
fact, Iam unable to see that the amount of flywheel effect should 
seriously affect the regulation of the paper machine. The 
amount of stored energy in the motor is so small compared with 
the inertia in the dryers that I look upon it as a very small factor. 
It is perfectly true that if there is lost motion then alarge amount 
of flywheel effect is undesirable; in fact, it is difficult if not im- 
possible to regulate if you have lost motion in the regulating 
system. It is of course true that the high-speed motor does have 
more flywheel effect than a low-speed motor. 

The speed of the motor field is the next controlling factor 
providing the regulator works instantaneously. The rotary- 
contactor regulator’s movement is absolutely synchronous with 
the change in angular displacement. The only possible chance 
for any delay in the corrective effect is in the time element of 
the motor field, and with the high-speed motor the field is very 
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quick as compared with the field of the large slow-speed motor 
where there is much more iron and turns and the inductance is 
a great deal more. The response of the armature current will 
follow with practically no lag as soon as the field is changed. 

IT am not able to follow Mr. Rogers in his conclusions that the 
field is not a controlling factor in the time element of the motor. 

The magnetic contactor is a very reliable piece of apparatus. 
When the contacts are made they rub and roll together, present- 
ing changing surfaces, and the contacts never blister nor.accumu- 
late dirt. 

Mr. Montgomery inquired as to the degree of regulation re- 
quired, mentioning 0.1 per cent, and asking whether that was 
necessary. On the wet end of the machine, between the couch and 
the first press, the machine can stand considerably more than 0.1 
per cent variation without breaking the sheet or causing any 
very serious consequences. I feel that any change in speed, 
however, tends to weaken the sheet although it may not be very 
serious. Farther on toward the dry end of the machine, a 
variation of 0.1 per cent would cause very serious straining of the 
sheet and between the dryer and the calender an elongation of the 
sheet of 0.1 per cent would almost certainly break the sheet. 
There are some grades of paper, of course, that have more elastic- 
ity than others. 

The differential accumulative effect referred to which applies 

to both mechanical and electrical differential devices is ac- 
cumulative in characteristics. If there is a change in speed, 
no matter how small, as long as it is allowed to continue the angu- 
lar displacement keeps accumulating. And the accumulated 
value of departure, if it is attached to something which is sup- 
posed to regulate, will become greater and greater until the 
required action has taken place. The rapidity with which the 
corrective effect will be brought about is dependent-upon the 
relations between the various parts, gear ratios if it 1s gears, or 
some other similar factors in determining the speed at which the 
secondary movement takes place. 


Mr. Bowler called attention to the degree of regulation as com- 
pared with that of the mechanicaldrive. As brought out in these 
papers, mechanical drives are subject to belt slippage, and it is 
very well known that belts are liable to slip anywhere from asmall 
fraction of a per cent to two or three per cent, depending upon the 
loading or condition of the belt, the are of contact with the pulleys, 
the tension and numerous other factors. Of course, the amount 
of belt slippage, other things being equal, is nearly a straight- 
line function of the load transmitted, and if the total slippage, 
for instance, is two per cent under full load, a change in load of 
10 per cent could be expected to produce a variation in that 
slippage of 0.2 per cent. However, a little moisture on the belt 
is likely to cause variations in the slippage of considerably larger 
values. It is the vatiation in slippage which affects the draw 
rather than the total or base slippage. If the drives all slipped 
exactly the same amount and never changed, you would have just 
as good a draw as though they did not slip at all. 

Mr. Paine speaks of starting the dryers and comments on the 
stored energy. It is true, as I have indicated, that there is a 
great deal of stored energy in the dryers and they have to be 
started more slowly than the other sections of the machine. 
But if the proper time element is given they should be brought 
to full speed and synchronized with the control system without 
any difficulty. And where the regulator is designed in such a 
way that it starts up with full field on the motors and then after 
the motor gets up to nearly the operating speed the regulator 
gradually cuts in the field resistance, bringing it up to regulating 
values, there is no shock brought about and nothing to start 
oscillations. Of course, if you cut in the regulating resistance 
suddenly in the full amount, it is possible, if it is too much, to 
start oscillations of the dryers which might not easily be damped 
out, but when the resistance values are of the correct amount 

and the speed at which it is cut in properly controlled, there is 
no difficulty. Zo 
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However, it is true that on the dryer sections with large inertia, 
the steepness of the regulation curve should be less than on 
sections with less inertia, because they cannot respond so quickly. 
You have there not only the lag of the motor field, but you have 
the inertia lag of the rotating mass, and the speed of cutting in the 
resistance must be adapted to the torque the motor is able to 
develop and to the inertia of the system. 

Mr. Sanborn speaks of sudden variations and overloading 
conditions. The rotary-contactor regulator, which has been 
discussed by me, is designed to take care of any changes in load 
from no load to 50 or 100 per cent overload and still maintain the 
draw, and it doesit. It has enough resistance and cuts it in at a 
sufficient rate to prevent more than a transient change in speed. 
That differs from the earlier types of regulators in which there 
was not a sufficient amount of regulating resistance to take 
care of such wide changes and in which it couldn’t be cut in fast 
enough to overcome the initial tendency to drop off in speed 
faster than it could correct it. 

Mr. Rodes mentioned the possibility of the brushes breaking 
on the regulator. If a brush should break or a wire should 
break in the rotary-contactor control, which is nothing more than 
arheostat in which every step is divided into an infinite number of 
small increments of resistance, all that would happen would be 
that the drum would move longitudinally on the shaft a small 
fraction of an inch. In fact, if you were to lift out one brush 
while running the drum would move up about 1/16 in. and pre- 
sent the next step, and you could take out a number of steps of 
resistance or cut the wires, and it would simply move up far 
enough to compensate for it. You would hardly see any 
change in the draw at all; probably you wouldn’t see any. 

The simplicity of the sectional drive is not fully appreciated 
by most paper-mill people. Electrical apparatus has been so 
standardized and used so long that there is no uncertainty about 
its performance. It will probably stand up and give good service 
as long as any kind of mechanical device with similar treatment. 
And the records show that the maintenance is extremely low, 
something that cannot be met or even approached by most 
mechanical drives. As an illustration, one drive, of which a 
record was sent to me recently, has been in operation just one 
year, and had a total maintenance expense of $21. 

Mr. Bearch questions whether there is too much refinement. 
I believe as long as we can get refinement without complication 
we ought to have it. 

Mr. Harvey has raised a very interesting point in regard to 
cylinder machines. We have sectional drives on two-cylinder 
machines and they are giving a very good account of themselves. 
The maintenance is negligibly small and the power used is about 
50 per cent less than where mechanical drive is used. 

The draw can be controlled with greater precision with sec- 
tional drives than with any possible mechanical drive. And it 
can be held where wanted. 

H. W. Rogers: In answer to Mr. Staege’s reference to my ~ 
statement that ‘‘the speed regulator which will best satisfy 
the exacting conditions of operation and appearance is the syn- 
chronous dynamometer regulator,” I might say that this refers 
only to the regulator type of drive and its latest development. 
The statement has no reference to the synchronous tie-in type 
of drive which is being furnished and will continue to be furnished 
for some applications. 

These two types of drive are fundamentally different; they 
each possess certain advantages and are both successful drives 
and yet they cannot be considered in the same class. 


The question of torque available in the motors for maintaining 
constant speed under varying load conditions has been brought 
up. It is evident that the main driving motors have an abun- 
dance of it, whether slow-speed or moderate-speed motors are 
used. With the synchronous tie-in type of drive the restraining 
power is in the synchronous motors which have 20 per cent of 
the main motor capacity and have a pull-out torque of 200 
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per cent; consequently, they will hold the speed constant within 
a 40 per cent change in load either as a motor or as a generator, 
which is well within the load changes encountered on a paper 
machine. With the regulator type of drive the restraining power 
must come from the main driving motor and it is simply a ques- 
tion of whether it is instantaneously available for maintaining 
constant speed. 

Both slow-speed direct-connected motors and moderate-speed 
geared motors have been successfully used on paper machines, 
but in my expevience the purchaser has shown a marked prefer- 
ence for the slow-speed direct-connected motor. No difficulty 
has been experienced in designing either type to meet the require- 
ments and it has been largely a matter of balancing the lower 
maintenance of one against the lower first cost of the other. 

The moderate-speed motor. will not respond more readily to 
changes in field strength than the slow-speed motor nor will it 
give a greater amount of torque for starting heavy loads. Slow- 
speed motors with good regulation can be made. 

The slow-speed motor has a heavy armature with compara- 
tively large WR’, while the moderate-speed motor is of small 
diameter with a low WR?, and while this might appear as an 
advantage to the moderate-speed motor, the truth is that we are 
not particularly concerned with the WR?. 

The stored energy in the armature is, however, of vital im- 
portance and is a direct indication of the ease and rapidity with 
which the motor will respond to the regulator and to changes in 
field. Since the stored energy in the armature is proportional 
to the square of the speed, it increases very rapidly in the higher 
speed motor, in spite of the smaller WR?, and is many times 
larger in the moderate-speed motor than in the slow-speed motor. 

As a further comparison the torque required to bring the 
motors to full speed in a given time may be of interest. Here 
again is a direct comparison of the responsiveness of the slow- 
speed motor and the moderate-speed motor, and while such wide 
changes in speed are not to be encountered, the comparison holds 
true for any percentage change in speed. 

The moderate-speed motor has fewer armature conductors 
and a lower armature reaction; it also has a much lower in- 
ductance in the field than the slow-speed motor. The field, 
therefore, should and does respond more quickly to changes in 
eurrent but that question is beside the point. What we are 
primarily interested in is the rapidity with which the armature 
responds to field changes and that is an entirely different ques- 
tion. The advantages are all with the slow-speed motor, and 
in the nature of things the field of the moderate-speed motor must 
of necessity respond about six times as rapidly as the slow-speed 
motor field to be on the same basis. This is not the case, but if 
it were possible the moderate-speed motor would still require 
many times greater change in armature current to produce the 
same responsiveness in speed, as the slow-speed motor. 

It is well known that where rapid cycles and quick reversals 
are required, asin rolling mills and some machine-tool applica- 
tions, the moderate-speed motor is always abandoned in favor of 
the slow-speed motor. The most important example of this 
application is the high-speed elevator which is driven by the 
slowest speed motor (65 rev. per min.) to secure sensitive control 
and quick response. 

As regards regulation, it should be sufficient to state that 
hundreds of motors have been built at speeds from 38 to 100 
rey. per min. with practically flat speed curves. 


The slow-speed motor not only has as much torque as it is 
possible to obtain from any moderate-speed motor, but it has 
more active material and a much greater heat-storage capacity. 
It will stand greater overloads and more punishment without 
ill effect than the moderate-speed motor. 

In first cost the advantage is with the moderate-speed motor, 
but in all other respects the advantages are with the slow-speed 
motor which may be summed up as follows: 


1. The slow-speed motor has a much lower stored energy. 
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2. It requires less torque to produce a given change in speed. 
2. The armature will respond more quickly to field changes. 
4. It has a greater heat-storage capacity. 


It will stand heavier overloads and more punishment 
with no ill effects. 

In his remarks justifying the use of moderate-speed motors, 
Mr. Spratt has stated that heavy inertia or large stored energy 
is an advantage in maintaining speed, whereas Mr. Staege has 
admitted: that the dryers, which have a large inertia, are more 
difficult to control since they do not respond quickly to changes. 


The stored energy of a couch or press section may approximate 
29 or 30 kilowatt-seconds, whereas the stored energy of a slow- 
speed motor armature is probably not more than one-quarter of 
it. The stored energy of the modertate-speed motor armature 
is probably two and one-half times that of the couch or press 
section and constitutes the bulk of the stored energy involved. 

Mr. Paine has suggested the use of the dryers as a master. 
This is a practise that has been followed extensively on news 
machines and other machines with a narrow speed range and I 
can see no objection toit. It simplifies the control somewhat and 
does not affect the speed of the other sections when shut down as 
the regulators retain their operating position. 

On wide-range machines, however, making book kraft or heavy 
papers, there is a tendency for the calenders to pull the dryers 
ahead and change the speed of the whole machine. Consequently 
a master set is a decided advantage in this case. 

Several discussors have intimated that perhaps the electrical 
manufacturers are striving for-unnecessary perfection and Mr. 
Montgomery has asked what regulation is actually required. 
In actual tests on mechanical drives I have found the regulation 
between sections to be as high as 1.2 per cent without affecting 
the operation of the machine or causing any complaint, and while 
I do not think that this should be taken as any criterion, it does 
indicate that exact speeds are not absolutely essential. Any of 
the sectional drives thus far developed will maintain speeds 
far beyond the possibilities of any mechanical drive. 

All of the regulators described are synchronous in type and 
operate on the principle of an angular displacement between the 
two elements, the successful operation depending upon the mag- 
nitude of the displacement which causes the regulator to function. 
With the synchronous dynamometer I have described, a displace- 
ment of one-quarter of a mechanical degree or less between the 
stator and rotor will cause the stator to move and the movement 
ceases when the angular displacement disappears. Under these 
conditions there is no cumulative effect as is common with a 
mechanical drive. We have made no oscillograms of the syn- 
chronous dynamometer regulator, but from close observations 
I have made it seems to respond instantly to changes in load 
such as are normally encountered on the calender. Under 
normal conditions of operation the vernier brush on the upper 
half of the commutator rheostat will have sufficient range to 
meet all requirements but for extreme load changes the lower 
brush, which operates on coarser resistance steps, comes into 
play. This lower brush is carried on a yoked arm between 
the yokes of which the vernier brush moves and until the vernier 
brush has made its complete travel, the lower brush does not 
move. 

All of the regulators described operate on the same fundamen- 
tal principle of shunt-field control; they all operate on the basis 
of an angular displacement between the two elements and it is 
simply a question of which one operates on the smallest displace- 
ment, and which one is the simplest mechanically and electrically 
and has the lowest maintenance. 


Mr. Harvey has requested information regarding the cost of | 
sectional drives and I might answer him by stating that, where a 
new machine is involved, it is always possible to justify the 
sectional electric drive over a mechanical drive with either single 
motor or steam engine. 

The use of auxiliary series fields on the dryer and calender 


or 
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motors was practised to a certain extent on some of the earlier 
drives, but at present we use shunt characteristics on both motors 
and generators with saturated fields on the dryer and calender 
motors for starting. 

The use of enclosed motors is dependent upon the wish of the 
purchaser, but in no case do the enclosing features affect the 
temperature rating nor are such features ever used to justify 
smaller frames. 

R. N. Norris: 
degree of control—was 0.1 per cent sufficient? I think that a 
little better than that is necessary. So far as I can see from 
measurements taken personally, the average we have got can be 
taken at 0.03 percent. That is from very careful measurements 
taken over a period of years. 

I don’t think there is anything in the accumulative effect. 
Tagree with Mr. Rogers in that. 

Mr. Bowler referred to the exactness of regulation on mechan- 
ical drives. I think Mr. Staege replied to that in what he said 
about belt slip. I don’t think I need to say anything more 
about it, except to say that Mr. Bowler is quite right when he 
says that for years paper makers have made paper on mechan- 
ically driven machines satisfactorily. That is perfectly true, 
but then, of course, we reached a stage in paper machines where 
they became bigger and they have to be operated at much 
higher speeds, and the increased speed necessarily led to the 
development of these sectional drives which, once developed, 
proved to be far superior to mechanical drives in several respects. 

Mr. Paine referred to the question of using the dryer section 
as the master section, and Mr. Staege also made a comment on 
this point. It is of course perfectly easy for dryer sections to be 
controlled. It isnot at all a question of not being able to control 
them. It is purely a question of convenient arrangement of the 
plant. 

It is often of considerable advantage to use the dryer sections, 
which are heavy and have considerable momentum, as a means of 
giving steady speed to the master shaft. If it is desired to 
control the dryer section it can be easily done. But why do it if 
it is not necessary? Why not simplify the equipment? That is 
one of the things at which we have aimed, namely, simplifica- 
tion in construction and installation. 

If, however, it is required to control the dryer sections, as is 
advisable on book machines, kraft machines, tissue machines, 
ete., ete., then all that is necessary is to drive the master shaft 
with a small master motor and interlock the dryer sections to 
that. As a matter of fact there are in operation in Canada 
three interlock drives so driven and two in England, the two in 
England being big newsprint machines and the three in Canada 
being smaller book machines. # 

I agree with Mr. Rogers that for the high-speed news machine 
the drive of the master section by the dryers is all right, but 
for book machines, kraft machines, and tissue machines, it is 
questionable, and my inclination is to have the master motor 
for driving the master shaft, and not to drive from the dryer 
section. ¢ 

Mr. Sanborn asked what the basic principle is that we are en- 
deavoring to correct. Weare of course endeavoring to correct the 
degree of variation in angular movement of paper-machine 
rolls, and the amount of load variation we are endeavoring to 
take account of is the normal load variations which occur on a 
paper machine. 

I agree with Mr. Staege that the average conditions of load on 
a paper machine do not vary very considerably and are nothing 
like as heavy as the load variation that will occur on, say, 4 
heavy rolling-mill plant. i have seen, however, fairly large load 
variations take place over a period of time. I have seen a couch 
motor, for instance, taking as a normal load 125 h.p., go up 
quite unexpectedly to 160 and 170 h.p. without any apparent 
reason. The reason of course was something mechanically 
wrong in the bearings or the Fourdrinier part of the paper 


4 


Mr. Montgomery asked a question on the 
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machine, or possibly increased suction, but with the interlock 
system the design of the equipment is such that we provide 
sufficient control and resistance to deal with very heavy over- 
loads and to prevent suctions dropping out of step. In fact 
we can comfortably handle overloads as high as 200 per cent if 
desired. If you put into your control the extra ability to com- 
pensate for these big changes in load then it is an additionally 
desirable condition to have. 

One diseussor referred to the question of starting motors on 
full field. That of course we always do; in fact the motors are 
started on what we call ‘‘super-field,” as they have the full normal 
shunt excitation and they have the additional heavy series turns 
in operation at the same time. 

Another gentleman referred to the question of maintenance 
costs on the regulator faceplates and brush arms. All I can say 
in reply is that we have over 30 machines in operation in 
Canada alone, and we have not yet been called upon to supply 
any spare contacts or brush arms for these regulators. We have 
supplied, I think, probably along with the installations as spares, 
some new faceplates, and probably clients have put them into 


- operation, but we have not known of it, nor have we ever been 


called upon to replace them. In fact, the amount of wear on 

the faceplates is practically nil. When we first went into this. 
question in 1912 and 1913, this question of wear troubled us also, 

but the large equipment we installed in 1913 is still running with 

the original faceplates, and this question of wear on faceplates 

need not be taken into account. 


Oo WTACTOR, 


In relation to the question of the use of direct-coupled motors 
of slow speed as against higher-speed motors geared to the 
sections, I can say that we are perfectly content to use either, 
and have used both with perfectly good results. All our motors 
are compound-wound, and the results obtained prove that the 
compound motors are quite capable of giving the service, and of 
dealing with the heavy starting torques without the necessity of 
inching motors. As a matter of fact I think it is one attribute 
to the interlock system that it will control large slow-speed com- 
pound-wound motors very satisfactorily. 

Mr. White referred to an installation that had no voltage 
regulator. I agree with him that one is essential, and on this partic- 
ular installation, I had recommended that this voltage regulator 
be installed. On the whole I believe voltage regulators do improve 
operation, but we have had some extraordinarily good results 
without voltage regulators. The Laurentide machines, which 
have operated over 1000 ft. per min. since August 1921, have 
no voltage regulators and I say without exception that the ma- 
chines are among the safest in existence today. 

The question has been asked as to the amount of draw control 
that ean be allowed at each section to compensate for the change 
in roll diameter from, say, 22 in. to 26 in. This is entirely one 
of previous decision in the design of the equipment; usually 
we allow 20 per cent, but if somebody wants 50 per cent it can be 
given. If they want to make the equipment so that they can 
change rolls with ease, it can be given. The average paper 


- machine does not need such a condition as this; in fact, I think it 
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is the first time that I have ever heard of such a condition as 
this being required. 

Mr. Harvey referred to the question of finance and the applica- 
tion of the drive to the cylinder machine, and made the statement 
that he did not see where the increased cost of the sectional 
drive warranted its installation on book machines, or how its 
installation was warranted in taking out an old machine and 
replacing it with a sectional type. 

I think the question of the cost of the drive is bound up with 
the results one can get. We have installed drives on book ma- 
chines which have given so much satisfaction to clients that they 
say the installation is more than warranted by the results they 
have obtained. 

Of course, where the book machines are going to be operated 
at higher speeds, sectional drive is the only thing. We have book 
machines on order today that go up to 850 ft. per min. I 
received an order recently for one book machine which is to have 
a speed variation of from 150 ft. to 850 ft. That is to be 170 in. 
wide, which is a pretty big book machine. 

Mr. Crossly asked what I meant by saying that the machine 
was not ‘wild’ when a certain master section was shut down. 

This can be explained by reference to the accompanying 
diagram, Fig 1. A is the full field position; B is the weak field 
position with all resistance of the regulator in circuit. C is 
the normal working position of the arm. The arm X makes 
contact from Y ring to contact C through the carbon brush. 
Possibly C may vary one contact or two contacts, as the case 
may be, but it is only a very tiny bit and gives only a very tiny 
difference in field current. 

When the master section shuts down the arm, X travels 
around, but the connection from the + busbar to Y is broken 
by an automatic contactor operated when the dryer motor is 
shut down, and, in place of the connection being made through 
the ring Y and arm X to the point C, connection is made 
through another contactor to what we call the “mid-point” 
M on the resistance itself. 

As a matter of fact the two contactors are combined in one, 
one of which opens, and the other closes, when the dryer motors 
shut down. 

The resistance connection M is adjustable in the right 
working position for the paper machine, and it is found that this 
always remains in about the same position, no matter in what 
position the paper machine is working, as the equipment is de- 
signed to operate at the same field current on high-speed machines 
all the time. Where variation of field current is required for 
wide-range machines the motors are designed so that, by the 
alteration of one combined rheostat, all field currents are operated 
at the same time in the same degree, and the arm remains in the 
same position. 

I think the above remarks also apply to Mr. Staege’s question 
as to what happens when the master shaft shuts down. 

One gentleman referred to the question of thermal conditions 
in the mill. This opens up a very interesting phase of the whole 
subject of sectional electric drive, and one to which I have given 
a little thought, of late. It is a very interesting study, and I say 
that by the use of sectional electric drive it is possible to obtain a 
better heat balance than with any form of mechanical drive. My 
reasons for this statement are too long to enumerate here, but 
it is a subject which deserves considerable investigation. 

One gentleman raises the question of carrying the paper 
through to the third press if the dryers are shut down. This is 
not an important matter in spite of what some paper makers may 
say, because, if you shut down the dryer sections for anything 
at all, it means a stoppage of several minutes. During this time, 
much the best place to let the paper go to is the pit at the couch, 
and, as a matter of fact, there has lately been installed in the 
mills of the International Paper Company at Three Rivers a 
device that, when the paper breaks at any section of the machine, 
will automatically break the paper at the couch. I think this 
is good practise. 
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Mr. Staege asked the order of frequency of oscillation for the 
various sections of the paper machine. The frequency of breath- 
ing of the regulator arm is an absolutely mechanical reflection 
of what is happening in the paper machine room, and it is there- 
fore possible to count the oscillations and the time period in 
which they take place with the interlock equipment. 

A feature which is of considerable assistance to the paper 
maker is an indication that the sectional drive is working satis- 
factorily. I would not call this oscillation; in fact there is 
no oscillation. The arm breathes quietly—and I emphasize 
“‘quietly’—from contact to contact, often taking a very con- 
siderable period of time to do it; in fact, I have personally sat and 
watched the arm work without seeing it move an amount 
appreciable to the eye, for over a quarter of an hour. 

The average speed of movement over the working range of the 
arm, under normal operating conditions, varies a little, but when 
it is caleulated into items of percentage of the variation in feet 
per minute of the paper, it works out, as I previously said in 
reply to Mr. Montgomery, to the order of 0.033 per cent. 

Mr. Staege, in his description of the interlock drive, I think, 
has quite inadvertently used the past tense in reference to many 
of his verbs, when he says that the dryer shaft ‘‘was’’ driven, 
ete.;ete.; and all I can say is that the present tense is more 
applicable, as the drives not only “‘were’”’ working satisfactorily, 
but “are” working satisfactorily, and ‘‘will’’ in future work 
satisfactorily. 

Then there is the question of this ‘backlash’? which he vis- 
ualizes, and this elastic master shaft, and with all this “‘back- 
lash” and ‘‘elasticity,”’ it is a wonder that the interlock drive has 
been able to do anything at all. But facts show that it does do 
it, and does it with remarkable success, and today holds un- 
beaten records for output in the way of tonnage on the machines, 
one machine having produced as much as 127 tons of newsprint 
in 24 hours, and having given an average, over a period of 
months, of 114 tons per day. 

Furthermore, the average highest operating speed is held by 
the interlock, since August 1921, on the Laurentide machines. 

Mr. Staege, in his description of the new system, uses the 
word “automatic” regulation, I do not quite see how he claims 
that this is automatic. The regulator in itself cannot change the 
field, and the multiplicity of contact which he refers to is an 
endeavor to get slide-wire effect, but in my opinion is not 
necessary. 

It is that which is at the back of the regulator which does the 
work, that is, the serew in the worm, which is in the nature of a 
mechanical differential, and I do not quite see how Mr. Staege 
can claimthat this entirely is an electrical differential. 

I refer again to the question of having something in our equip- 
ment which the naked eye can see is happening, which is an 
instant reflection of what is happening on the paper machine 
roll, and that is the movement of the regulator arm. It doesn’t 
matter whether you have 10 ohms in between stops, or 1000 
ohms,—as long as the arm is only moving ashort distanee, it isan 
inner mechanical connection back to the regulator, unless the 
belt is slipping, and if the belt slips you couldn’t make paper. 
There is something which is a mechanical indication to the eye 
independent of time lags of field, independent of back lash, 
independent of elastic shafts.” 

The question of the vernier on a rheostat is a matter of opin- 
ion, I think. Mr. Rogers described the interesting vernier they 
have employed on their regulator type. I think it is quite good. 
As a matter of fact we had also a vernier once upon a time, 
but we didn’t carry it any further. We thought it was an ad- 
ditional complication, and we left it out. 

Mr. Rogers referred to the question of the master shaft 
driving the high-speed machine. He says he has no objection 
to that. I quite agree with him. I think it is quite a sound 
scheme. If anybody insists on regulating it, it can be regulated. 

On book-paper machines and kraft-paper machines I agree with 
Mr. Rogers that the calender can pull round the dryers through 
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the paper alone. I have one kraft machine in mind which has 
a 75-h.p. motor on the calender and two 75-h.p. motors on the 
dryer. I have seen the calender pull 125 per cent full load, and 
the dryers practically no load. 

We had another very interesting study once when we tried to 
drive a Harper machine. First, it gave us a lot of trouble 
simply because we did not appreciate (not being papermaking 
engineers) the conditions of a Harper-machine wet end. This 
machine has interconnecting felts between the couch and the 
first press, and the first press and the second press. The felts 
actually acted as belts and one would find that first the press 
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motor was pulling the couch motor round as a generator; and 
then the couch motor would pull the press motors round as gen- 
erators, depending upon the tension of the felts. Having dis- 
covered the difficulty, alterations were made within twenty- 
four hours which enabled the machine to perform under all 
conditions required of it, and it is today running with absolute 
satisfaction. 

A reference has been made by both Mr. Staege and Mr. Rogers 
to a new drive at the Empire Paper Mills in England, using a-e. 
commutating motors. This drive works, but it is very compli- 
cated and occupies a large amount of space. 


Rural Electrification 
BY G. C. NEFF! 


Member,-A. I. E. E. 


Synopsis.—This is a paper on rural electrification, discussing 
some of the problems connected with this important development. The 
paper points out the effect of power and machinery on the living con- 


ditions of the American farm and the part electricity may play. It 
discusses the things being done by the agricultural and electrical in- 
dustries to direct and bring about a proper development of this service. 


CCORDING to a report of the United States 
Department of Agriculture, in the July 1925 issue 
of Crops and Markets, the total gross income of the 

United States farmers for the year ending June 30, 1925, 
was approximately twelve billion dollars. This figure 
includes the value of food and fuel products produced 
and consumed on these farms. A 1924 report of the 
Department of Agriculture shows that there are thirty 
billion man hours of human energy used annually on 
the farms of the United States and this figure does not 
include any time allowance for the work done by the wo- 
men in the house. If the entire gross income of the farms 
of the United States of twelve billion dollars is used to 
pay for these thirty billion man hours the hourly wage 
would be 40 cents. From these earnings the farmers 
must support and provide for their families, must pay 
all of the operating expenses in connection with their 


farms, must pay taxes on property which has a value 


of approximately sixty billion dollars, and must pro- 
vide interest on this huge amount of money which is 
tied up in farm lands and improvements thereon. 

The above statement shows that if the farmers of the 
United States are to be put in a prosperous condition, 
the hourly wage per worker must be raised. This can 
be done by either increasing the income or by main- 
taining the present income with fewer workers. I 
believe that the latter can be accomplished through a 
proper and more liberal use of power and machinery. 
Due largely to wide distribution of electric power by 
public utility companies, and to the ease with which 
this power can be automatically controlled, it will play 
a big part in reducing the number of necessary workers 
and in increasing general farm prosperity. 

A study of general conditions shows that a very close 


1. Vice-President, Wisconsin River Power Co., Madison, 
Wis. 

Presented at the Regional Meeting of District No. 6 of the 
A. I. E. E., Madison, Wis., May 6-7, 1926. 4 


relationship exists between the income of each produc- 
tive worker and the average amount of mechanical 
power available to the workers. In China, the me- 
chanical power per worker is very low and the wages 
are also very low. The average amount of power 
available to the factory worker of the United States is 
higher than in any other country in the world and like- 
wise the average wage is higher. 

The same relationship holds true in different parts of 
our country. Again, the United States Agricultural 
Department Survey shows that the use of power per 
farm worker in certain southern states is much lower 
than in certain northern states, and the income per 
worker is much less in these southern states than in 
the northern states referred to above. It seems, there- 
fore, that if the average income of the worker is to be 
raised, it must be through increased production per 
worker and this can only be done with the help of ma- 
chinery and this calls for power. Therefore, proper 
electric power supply on the farm is something which 
may have much to do with farm prosperity itself. 

While many farms are now and for some years will be 
supplied with electric service from the individual farm 
lighting units, general and permanent rural electrifica- 
tion will be brought about through a further expansion 
of our electric public utilities which now so efficiently 
serve our cities and villages. In fact, this expansion 
has begun and about four per cent of the United States 
farmers are now enjoying central station service. It 
might appear from this that practically nothing has 
been done by the utility companies in extending electric 
service to the farms. To correct this impression, please 
consider the following statements. In that part of the 
United States lying between the Alleghany Mountains 
on the east and the Rocky Mountains on the west are 
approximately 100,000 farms receiving central station 
service. 

On the average, three farms can be served from one 
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mile of rural line. Therefore, there are located in this 
middle section of the United States approximately 
33,000 miles of rural lines. If these rural lines were put 
into long straight lines, they would extend from Chicago 
to Tokio on the west, to Constantinople on the east, 
to the southern tip of South America on the south, and 
to the North Pole on the north; and there would be 
enough line miles left over to build a line from New York 
to San Francisco and back again. 
In the more thickly-settled region of the Atlantic 
Coast and in the region along the Pacific Coast, where 
electric service is used on farms for irrigation purposes, 
the number of farmers receiving electric service from 
central station lines is about equal to the number served 
in the great middle part of this country. The miles of 
line on the coast regions which are devoted to rural 
electric service add greatly to the mileage just described. 
This shows that an exceedingly large amount of rural 
lines have been built, that huge amounts of money have 
been spent, and that an appreciable start has been made 
in this greatly needed development. The fact that 
less than four per cent of the farms in this country are 
served by such a tremendous mileage of distribution 
lines clearly demonstrates that to extend adequate 
electric service to a large portion of the farms in this 
country is a task involving huge sums of money. This 
fact is fully appreciated and it is with the complete 
knowledge that the adoption of a wrong policy of 
development would result in losses very detrimental 
- both to agriculture and the utility industry, and which 
would also seriously affect other industries, that a very 
extensive plan of study and investigation has been made 
in which every angle of the extension of service to the 
farm and the use of such service is being carefully 
studied and analyzed. This work is being carried on by 
representatives of agricultural organizations and agri- 
cultural colleges, by agencies of the National and State 
Governments which have to do with agricultural prob- 
lems, and by the utility industry and the manufacturers 
of electrical and agricultural machines and appliances. 
This cooperative work is guided by a committee 
known as the Committee on the Relation of Electricity 
to Agriculture and through its efforts and the excellent 
cooperation of various state organizations, there have 
been established 17 experimental rural lines in 17 dif- 
ferent states. These experimental lines really form 
field laboratories in which to carry on the study of 
_ rural electric service. _ By a joint study of this kind it 

is believed many mistakes will be avoided which would 
otherwise be made and, while some mistakes will prob- 
ably be made, even with the precautions taken, it is 
believed the major mistakes will be prevented. In the 
meantime, rural electric service development is going 
ahead as illustrated by the statistics given above. 
Thousands of farms are being connected every month 
and the rate of increase in connection is growing each 
year. ; ; 

4. If rural electric service is to be built on a safe and 
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permanent basis, it must return a profit to the farmer 
who makes use of the service, and also make 
a proper return to the electric utility which supplies 
the service. While there is much to be learned about 
this new development, those who have studied it most 
are convinced that both of these two conditions can be 
met if the development is intelligently directed. By 
intelligent direction is meant: 


(a) Creation of a new department in electric 
utility organizations, devoted entirely to the proper 
handling and solving of all rural electric service 
problems, and made responsible for the direction of 
the development. 

(b) Placing at the head of this new department a 
man who has had training in agricultural problems 
and who is sympathetic toward agriculture. 


(c) The development of a fair, simple, workable 
and complete plan under which lines will be extended 
and service supplied. 

(d) The development of a rate schedule which will 
give the utility proper compensation but which is so 
made as to encourage increased use by the farmer. 

(e) Themaking of surveys and maps and the collec- 
tion of such information that the main trunk linesmay 
be intelligently laid out to most efficiently serve the 
entire rural territory before construction work starts. 
(This will eliminate much rebuilding, overloaded 
lines, etc.) 

(f) Keeping the rural department fully informed 
on all experimental and research work now being 
conducted in agricultural colleges and on the rural 
experimental lines in many states. This will make 
possible the most efficient and fullest use of electric 
service on the farm. 


(g) Close cooperation between this rural depart- 
ment and farm customers. 


(h) A desire on the part of the utility to supply 
good and adequate service at lowest cost, and a 
desire on the part of the farm customer to make 
fullest profitable use of such service. 


In the following ‘Program for Developing Rural 
Service” is given a complete plan of operation of a rural 
department in one of the large utility companies of 
Wisconsin. This particular department is headed by 
an agricultural engineer, a graduate of the Wisconsin 
University, who has had about two years’ experience 
in giving intensive study to electric service on the farm. 


PROGRAM FOR DEVELOPING RURAL SERVICE 


Successful development depends upon at least three 
essential factors: 


A. A sound policy of building and financing rural extensions. 

B. A rate schedule which fosters large use of current by the 
farmers. 

C. A complete understanding of the rural program and 
of the reasons underlying its adoption, by every employee who 
has any direct or indirect contact with rural customers. 
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I. Planning the Extensions 


1. A study of the location of all existing substations at which 
rural service lines may originate. 

2. Decision as to the location of additional substations 
strategically placed so that the entire territory may be served 
to the best advantage. 

3. The division of the entire territory into definite rural 
service areas, each to be served by its own substation. The 


size and shape of these areas will depend on the local conditions. - 


4. <A basic plan or map to be followed in the building of rural 
service trunk lines. The first of these lines will normally extend 
through the most thickly settled areas. These trunk lines 
should be planned with a view to serving the entire area ulti- 
mately, and all building should follow these plans. 

Feeders to and stubs from these trunk lines may be built as 
development progresses. 


II. New Rural Customers 


1. First, campaign for new rural customers to be made along 
existing rural lines, in an effort to bring the average of customers 
per mile as high as possible. 

2. Second, effort to be directed along existing pole lines on 
which it is practicable to string wires for rural service. 

3. An intensive canvass of the more promising territories 
to be traversed by the definitely planned rural service trunk 
lines mentioned in Section I. ; 

4. Definitely bringing our new rural policy to the attention 
of each existing rural customer, individually, and providing him 
with a comparison of rates based on his conditions. This work 
is to go on at the same time as that mentioned above. 


III. Procedure 


1. In securing new customers along existing lines, the rural 
service salesman will proceed as follows: 

A. Call on prospect; explain rates and advantages of new 
rural policy; sign contract in duplicate. 

B. Leave one copy of contract with prospect and send other 
to district office. 

C. Make ‘Rural Prospect Report” in duplicate, sending 
one copy to local office and other to General office. This 
will be done whether prospect signs contract or not. Data 
for this report will be brought out during sales talk. 

D. Make daily report showing calls made, contracts signed, 
miles of line covered, ete. 

2. While canvassing the line for new customers, the rural 
service salesman will also call on each old customer and give 
him the opportunity to change from old to new rates. The 
procedure will be: 

A, b, ¢, and d as above. 

E. When canvass of line is finished, report length of line, 
number of old customers, number of new customers, and 
number of transfers from old to new rate. 

3. District and local managers and all others working on 
rural service extension, but not specifically assigned to that 
work, will follow the same procedure, omitting (d), the daily 
report. : 

4. In extending rural service along existing transmission 
lines, the following procedure will apply: 

A. Decision by engineers as to whether or not it is practi- 
cable to carry a rural distribution circuit on the same poles. 

B. Estimate of costs by Engineering Department. Since 
the number of prospects who will become customers is not 
known, this estimate should show as separate item: 

a. Cost of the line itself without transformers, services, 

or meters. 3 ; 

b. The cost of supplying service to a customer at some 
specified distance from the line, and : 

ec. The amount to be added or subtracted for longer 
or shorter service lines. a Biz: 

C. Canvass of prospects by rural service salesmen, district 
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or local managers, or others to create interest, and to discover 
how many customers may be expected. This makes possible 
an estimate of the cost per prospective customer. 
D. Contracts and reports as detailed above. 

5. The location of rural service trunk lines will be made by 
the Engineering Department in cooperation with the local repre- 
sentative and with the Rural Service Department. The loca- 
tion will depend upon such factors as straightness of roads, tree 
conditions, villages to be served, lakes, marshes, or rivers to be 
erossed, density of rural population, soil fertility, farm pros- 
perity, demand for service, etc. When the location of the pro- 
posed trunk line has been fixed, procedure will be as shown 
above in 1 and 4. 


IV. Reports to Rural Service Department 


1. Daily report of rural service salesman. 

2. Rural prospect report to be made in duplicate by any 
employee who learns of a prospect, one copy to local office, other 
to general office, Rural Service Department. 

3. Completed canvass of rural line showing changes made. 

4. Record of proposed location of rural trunk lines with 
cost estimate. 

5. Route all work orders in any way affecting rural customers 
through Rural Service Department so that needed data may be 
taken off. Work order to show names of rural customers to be 
connected or disconnected, phase or service to each, and size of 
transformer and meter of each. Also estimated contribution 
to be paid by customer. 

6. A complete report by each district manager of current 
used and bills paid each month by each rural customer. 


V. Better Service 


1. The closest possible cooperation between Rural Service 
Department and the Ripon Experimental Line. 

2. Study by Rural Service Department of the reports of 
all electric farm projects and related articles. 

3. Securing by Rural Service Department of all possible 
information relating to the different types and makes of all 
machines which are likely to be operated electrically. 

4. Digests of this literature and of manufacturers’ data 
to be supplied by Rural Service Department to district and local 
managers; also tables of electric consumption by different 
machines under various conditions. 

5. A careful study of the relation between the appliances 
used and the resulting current consumption on the average farm. 
Data for this will come from the rural prospect reports and 
meter cards. This study will be made by the Rural Service 
Department and the results will be supplied to all local repre- 
sentatives. 

6. The employment of at least one first-class electrical 
repair man who has a thorough knowledge of really good farm- 
ing practise; this man to be furnished with a light truck and 
to travel the rural lines, calling on every customer. He will 
acquaint himself with the needs of the customers, and will seek 
the best solutions of the electrical problems of each. He will 
service all faulty equipment, explain ways of making fuller use of 
electric service, and will carry bulbs and some of the most com- 
monly used standard appliances to supply customers who want 
them. He must remember that he isa service man, not a sales- 
man, and that he only carries merchandise for the convenience 
of the customers. 


VI. Publicity 


1. The discovery and fostering of outstanding examples of 
the best uses of rural service in each community. Where good 
farmers can be found to cooperate, each local manager should 
try to develop electric farms that can be used as object lessons. 
But this development must not be subsidized. 

2. Local managers will place news items in local papers. 
These will report the addition of new farm customers with brief 
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statements of how each expects to use service, or tell of the 
introduction of some novel application, or give definite figures 
on the performance of some machines, etc. 

3. A definite and unified campaign of advertising in farm 
papers, supplemented by a series of articles explaining the 
company’s policy and the results that may be expected from 
the use of electricity. 

4. Statements of bills as computed under new rates, to be 
sent with regular monthly bills to old rate customers who would 
profit by changing to the new rate. Interest on the customers’ 
investment in the line should be included in showing this 
advantage. 


A carefully prepared contract form has been drawn up 
by this company which gives definite rules under which 
service will be extended to new farm customers and 
other customers living in the country. Under these 
rules, the utility companies finance the rural lines up to 
an average cost of $400.00 per farm customer whenever 
the customers agree to comply with certain conditions 
described in rules. 

This contract gives the schedule of rates used in 
billing as shown in the accompanying table. 


RATES FOR FARM CUSTOMERS 
(a) Service Charge / 


Monthly 
Transformer Capacity Required in Kv-a. Service Charge 
INOteMOre tam clio de miata see lela enele eum ellen shel eveyone are $5.50 
Over 114 and not more than 3........-.---. +++ reese 6.00 
Over 3 and not more than 5........-.-+ +. eee teers 6.60 
Over 5 and not more than 744........-- +++. sees eee 7.25 
Over 714 and not more than 10...........---++++++5: 8.00 


If more than two rural customers are served from 
one transformer, each of them will be allowed a dis- 
count on his service charge as follows: 


Customers Discount on Service 

Served Charge, Per Cent 
RE Te a A RR Mate eee eet sid soaiet hay els lalate ee 20 
AM AR Sel act betes ak Re ie oe diated bie She eh 40 
ER LO SP STEN BAL ih, w CUE eau iig Mice Sass d ere ahsi Steen 50 


(b) Energy Charge 


For the first 30 kw-hr. used per month....514 cents per kw-hr. 
For all in excess of 30 kw-hr. used per 
TION CE ee eee chan eco re ee oe ean TNS 3% cents per kw-hr. 


A discount of 14 cent per kw-hr. will be allowed on 
any bill paid within fourteen days from the date 
rendered. The rate is made up of a service charge 
sufficient to cover the fixed costs on the rural extension 
and an energy rate covering only generating and cer- 
tain transmission costs. The energy rate is compara- 
tively low and if the farm customer increases the use of 
energy very materially the addition to the monthly bill 
will be relatively small. This rate encourages new uses 
of electric service by the farmers and brings about 
increased use with decrease in cost per kw-hr. to the 
farmer, all of which is very desirable to both the 
farmer and the utility and brings about general satis- 
faction with the service. 
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The service charge in this schedule deals almost 
entirely with the distribution line costs and is based 
upon an average investment per distribution line of 
$400.00 per customer. The service charge is intended 
to cover return on the investment, retirement expenses, 
taxes, operation, and maintenance expenses. These 
expenses may be considered as more or less fixed ex- 


penses and do not depend upon the amount of energy 


consumed by the customer. Fixed costs on the invest- 
ment in power plant and transmission line could be 
included in the service charge, but in this contract all 
of these fixed expenses have been included in the energy 
charge. 

The “energy charge” is low and is based upon the 
production cost plus a certain portion of the fixed 
charges in transmission lines and generating stations. 
In arriving at this cost the rural customer has been 
given the benefit of the system load factory rather than 
the load factor of the farm electricload. This results in 
lower costs of energy but it is believed that it is the fair 
way to handle the situation. 

The accompanying table shows the kilowatt-hours . 
used by 1226 farmers served by a Wisconsin company. 
These farms are largely dairy farms. This table shows 
that full use is not being made of electric service on the 
farms listed. A number of the farms shown in the 
table each use more than 100 kw-hrs. per month and 
this demonstrates in a practical way that a large use of 
electric service is possible. 


CLASSIFICATION OF RURAL CUSTOMERS 
BY AVERAGE MONTHLY USE OF ENERGY 


ens 


Per Cent 

Number of| of Total 

Kw-hr. Consumed per Month Customers | Number 
Tess {than UO Sie staid ase, Svvsneconeualeroketeerseforensleret a etegs 123 10 
LOSE O25, He Bto’s ayeteuavee tes Shae ore Shale otek sdeteVorter sist stays my <i 390 32 
DODO Rica A vunue mlbaw in waays ieeeio on mle teddcahe, elegy 7s <0 iol eue 275 22 
BQH Dire crwas ciate eis cbse syle penels: sreustoleuehetere eteceyelegeturere 158 13 
AOZ4O cacroa cievalevelsiras crate eid eres evel fetatsracade ofopevstenere eae 75 6 
BO LOO sia Sis nate ndel set lace, ace Wee) oe xe) wile «tehetniwie (iets metial wi 131 ii 
CPVER FOOT oo cis faye aun cos euda ie aces elie ete me) viata tates tu sate mtaten) 74 6 
TOGO is caso «cco ayer ereneueieusile oye av ehenaiersl onele eestsis us: sheets 1226 100 


On the various experimental lines previously referred 
to, the farmers are using from 100 to 500 kw-hrs. per 
month and the average is continually increasing. 
It is believed that farm customers, in three or four 
years, will use on theaverage 150 kw-hrs. per month and 
if this can be brought about, those who have been 
making a study of electric service believe that such 
service, sold at any fairrate, will bevery profitable to the 
farm customers and at the same time will be a load 
desired by the electric public utility companies. When 
this condition has been brought about rural electric 
service will be established on a sound and profitable 
basis, and electric service in the country will be taken 
as a matter of course, much as it is now in the city. 


Important Features of a Successful Plan for 


Rural Electrification 
BY G. G. POST: 


Associate, A. I. E. E. 


Synopsis.—Hlectric service in rural districts is considered to be 
a necessity, and a plan for bringing this about in southeastern 
Wisconsin ts outlined in this paper. The main features discussed 
are: (1) organization for the work, (2) rural rates and financing 
of line extensions, and (8) advertising and education. A type of 
economical line construction which will render reliable service is 
described. The outstanding feature of this line construction is 


GENERAL 


HE necessity for rural electrification and its eco- 
nomic importance have been widely discussed and 
there is general agreement that electric service 
should be made available to our rural population as 
rapidly as possible. To accomplish results in this 
direction requires that definite and effective plans be 
developed and adopted by those electric service supply 
companies which are in position to serve rural territory. 
Plans for bringing about rural electrification vary 
considerably. Utilities in quite similar territories 
often differ on important points. Then, there are 
differences inherent in the territory to be served, such 
as the density of population and the farming resources, 
depending in large measure upon productivity of the 
soil and general knowledge of farming methods. It is 


‘ not the writer’s purpose to discuss or compare various 


plans but rather to outline a certain plan which has 
been worked out on a fairly extensive scale and has 
proved to be effective. 

The territory in which this plan is in operation 
includes 11 counties or portions of counties in eastern 
and southeastern Wisconsin served by The Milwaukee 
Electric Railway & Light Company and its associated 
companies—the Wisconsin Gas and Electric Company 
and the Badger Public Service Company. Fig. fis a 
general map of the lines of these companies. Thereisa 
total of 21,000 farms in the territory. 


ORGANIZATION FOR THE WORK 
The most essential thing in a rural electrification 


_ plan is a proper organization to carry on the work. No 


company would consider the prosecution of a new and 
important undertaking without putting some one in 
charge and making that person responsible for the 
results. 

Rural electrification is a new and important under- 
taking. It covers a field differing from any that has 
ever been covered before by electric utilities. If rural 
electrification is to succeed as fully as it should, the 


J. Electrical Engineer, The Milwaukee Electric Railway & 
Light Co., Milwaukee, Wis. 

Presented at the Regional Meeting of District No. 6 of the 
A. 1. E. E., Madison, Wis., May 6-7, 1926. 


the use of 300-ft. spans. Interesting data, obtained in a survey of a 
number of rural lines, are presented. The paper shows that in the 
territory served there were 2740 farms receiving service under the 
rural rate on January 1, 1926. 

Tt also shows that the general plan, which has been followed 
since 1920, encourages the extension of lines and extensive use of the 
service after farms have been connected. 


utilities must give it the same careful thought and effort 
they have given other important activities that have 
confronted them in the past and that have been suc- 
cessfully handled. The only way to do this is to estab- 
lish arural service commercial division, or department 
composed of a rural agent and such assistants or rural 
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service salesmen as may be required, to adequately 
promote the use of electric service and electric equip- 
ment by the farmers of the territory the utility serves. 
The Milwaukee Electric Railway & Light Company 
employs a rural agent and from four to six rural service’ 
salesmen. These men have worked on farms, know the 
language of the farmer, and at the same time are ex- 
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perienced commercial engineers. They study all phases 
of the rural electrification problem, take such action as 
may be necessary to follow up advertismg, keep 
prospective consumers interested in the service, carry 
on negotiations for line extensions, introduce new uses 
for the service, and do any other work which the proper 
conduct of the business requires. 


RURAL RATES AND THE FINANCING OF LINE 
EXTENSIONS 


Before any organization can be effective, a. system of 
rates and a method of financing line extensions, con- 
sumers wiring, and equipment must be developed. 

It is a sound principle that country dwellers are not 
much different in their fundamental nature and aspira- 
tions from those residing in urban districts and that in 
establishing rates and line extension policies the same 
general principles should govern in rural as in urban 
districts. If it is right and equitable to have the 
equivalent of a demand charge (active rooms) in resi- 
dence rates, and if a demand charge in commercial 
and power rates is right and equitable is it not proper 
that there should be the equivalent of a demand charge 
(active rooms and minimum charge per connected 
h. p.) in the rural rate? Fundamentally, the farm is 
the farmer’s residence and factory and the rate to be 
equitable must include the characteristics of plain 
residence rates and those of commercial or power rates. 
The rate must also be one which will discourage the use 
of motors of excessive h-p. rating and encourage the 
consumption of kw-hr. To express it in another way, 
the rates should encourage the consumer to operate at a 
high load factor and make the fullest use of the service. 
With this idea in mind a rural rate, substantially as 
follows, was developed in 1920: 

Rural consumers are defined as consumers generally located 
outside of the limits of cities and villages who are engaged in 
farming, stock raising, or dairying. 

Rural consumers located upon existing distributing lines or 
who contribute to the cost of constructing extensions in ac- 
cordance with the Company’s rules and who execute the Com- 
pany’s standard form of rural service contract for a period of not 
less than two years may purchase single-phase electric service 
at the following rates. 

(a) Service Charge. Two dollars per month for four or less 
active rooms plus forty cents per month for each active room in 
excess of the first four. 

Service charge shall include energy consumption equivalent 
to five kw-hr. per active room per month or not less than 20 
kw-hr., in case the active rooms are less than four. 

(b) Energy Charge. Three and one-half cents per kw-hr. for 
all energy consumed in excess of five kw-hr. per active room, or in 
excess of 20 kw-hr. in case the active rooms are less than four. 


The number of active rooms shall be computed on the 
following basis: 


(1) All rooms contained in the residence shall be counted as 
active, except bathrooms, basements, garrets, closets, halls, 
pantry, unwired storage rooms, and three rooms used as bedrooms 
or sleeping quarters but not used for other purposes. 

(2) Rural installations having barns, poultry houses, or green- 
houses, but not wired, shall have the residence count increased 
by one active room. 
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(3) Rural installations having barns, poultry houses, or 
greenhouses wired, shall have their counts increased by one 
active room for each separate horse barn, dairy barn, poultry 
house, and greenhouse actually connected to the distribution 
system and receiving energy. 

(4) Sheds or open barns used to shelter live stock, grains, 
feeds, or machinery (and not regularly used as horse barns or 
dairy barns), garages, and miscellaneous buildings, even though 
wired, shall be exempted from the active room count, excepting 
such garages, blacksmith shops, and other buildings that may be 
conducted for and open to the general public as repair or service 
shops. Each building so conducted shall be counted as an 
active room. 

(5) A barn used as a combination horse and dairy barn shall 
be counted only as one active room. 

(6) Where rural consumers, as herein defined, are located 
within the limits of cities and villages, such consumers may ob- 
tain service on either the rural rate or residence rate applicable 
in such localities. 

The foregoing rate shall apply to all energy used for household 
purposes, including cooking, and for miscellaneous power pur- 
poses, providing the total nominal rated capacity of motors does 
not exceed three h. p. and providing the motors are not operated 
between sundown and 11:00 p.m. Service for additional 
motors will be supplied at the foregoing rates plus an additional 
charge of fifty cents per month for each h. p. or fraction thereof 
in excess of three h. p. 

The foregoing rate does not include renewals of any incandes- 
cent lamps, but is subject to the Company’s standard prompt 
payment discount of five per cent on the first $25.00 and one 
per cent on amounts in excess of $25.00 on monthly bills paid on 
or before the last discount date. Bills will be issued as far as 
practicable 10 days prior to the last discount date. 


The gross bills under this schedule may be calculated 
from the following table. 


}MoNnTHLY BILLS FOR FARM CUSTOMERS 


The minimum charge in this table allows (a) three 
h. p. in connected motor load and (b) energy consump- 
tion of five kw-hr. per active room, or 20 kw-hr. total, 
for less than four rooms. 

For connected motor load in excess of three h. p., 
add 50 cents per month for each h. p. or fraction thereof 
in excess of three h. p. 

For energy consumption, add three and one-half cents 
for every kw-hr. in excess of five kw-hr. per active room 
(or 20 kw-hr. total for less than four rooms). 


Kw-Hr. Consumption 
Allowed on 
Minimum Charge - 


Minimum 


No. of Active Rooms Monthly Charge 


4 or less 20 $2.00 
5 25 2.40 
6 30 2.80 
ve 35 ‘ 3.20 
8 40 3.60 
9 45 4.00 
10 50 4.40 


As far as the supply company is concerned, there is 
only one essential difference between rural and urban 
service, 7. ¢., the greater distances between consumers 
in the country than in urban territory. This necessi- 
tates more line investment per consumer in rural than 
in urban territory, making it necessary that some 
means be found for providing for the excess investment. 
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Before rural service was seriously considered, utility 
companies found it necessary to devise a plan under 
which lines could be extended to supply isolated con- 
sumers in the fringe surrounding urban territory where 
the extensions were so long that the revenue would not 
justify the investment. It became necessary, under 
such circumstances, for prospective consumers to 
assist in financing the lines. It was only logical that 
this principle should be applied in extending lines 
in rural communities. Consequently the plan was 
adopted of requiring the prospective consumers to con- 
tribute toward the cost of extending the service to them 
an amount equivalent to the difference between the 
cost of the extension and the estimated three years’ 
gross revenue. At the same time provision was made 
that if other consumers were connected to the extension 
and it was not necessary for them to contribute toward 
the cost of their extensions, half of their net bills would 
be used as a refund to those contributing to the cost of 
the original extension. Such refunds are discontinued 
when the original extension has been in service three 
years, and the total refunds must not exceed the total 
of the original contributions. 

It is usually found that some farmers desire the ser- 
vice more than others, or at least are willing to invest 
more money in getting it if necessary. Some farmers 
have been willing to use the service but have been 
unwilling to contribute anything toward the cost of the 
line. Others not only are willing to agree to use the 
service on as extensive a basis as possible, but are willing 
to contribute a reasonable amount where necessary in 
order to get the line constructed and the service fur- 
nished. It is not possible in these cases to get the 
farmer consumers on a rural line to bear an equal por- 
tion of the investment the company has to make in 
excess of the amount warranted by the revenue. It has 
been found necessary to lay the amount to be advanced 
and the complete proposition before the group and have 
them decide among themselves how they will finance 
the excess cost. One of the farmers, agreeable to both 
the group and the company, is designated as the official 
representative of the group and he executes the line 
extension agreement and turns over to the company the 
part of the investment required to be advanced by the 
farmers under the line extension agreement. He may 
have paid it all himself or he may have collected various 
parts of it from different farmers. Along with every 

_line-extension agreement there is a blue-print showing 
the line as constructed and the services connected 
thereto. This record is carefully preserved and in the 
future, if there are refunds to the group to be made by 
the company due to additional consumers coming on 
the line, they are made to the official representative 
of the group who executed the line extension agreement 
and he is responsible for distributing these refunds to 
the farmers in a manner mutually satisfactory or in 
accordance with a basis previously agreed upon among 
themselves. 
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Although the ownership of lines partially financed by 
the consumers rests entirely in the utility, the amount 
contributed is not included in the utility’s valuation for 
rate-making purposes. No special fixed charge is, 
therefore, included in the rates to cover any extra 
investment in rural lines and for this reason the monthly 
charge per kw-hr. is considerably lower than it would be 
if the utility carried all of the investment. 

It must be borne in mind that, ultimately, there will 
be a vast network of distribution lines serving cities, 
villages and rural districts alike, and if rural consumers 
are to remain satisfied there must not be a special 
fixed charge in their rate to make their cost per kw-hr. 
higher than that of the urban consumers who may live 
next to them along the border lines of cities and villages. 

Recognizing that it requires a considerable amount of 
money to contribute toward the cost of lines, to wire 
farms, and to purchase equipment, a plan has been 
devised under which the utility advances the money 
for the purchase of appliances or other equipment and 
wiring and the rural consumer pays it back on the 
installment plan in accordance with the terms of 
certain agreements. 

Under the general plan for financing line extensions, 
farmers are encouraged to install as much equipment as 
possible so as to increase the gross revenue from the 
line and cut down the amount which must be contrib- 
uted toward line extensions. In a good many cases it 
has been found that this results in the installation of 
electric ranges or other equipment which would prob- 
ably not be otherwise installed. 

The farmer is thus enabled to make immediate and 
full use of the service and derive the benefits which | 
electric service always affords. 


ADVERTISING AND EDUCATION 


Advertising is just as important in the extension of 
electric service to the farmers as in any other line of 
endeavor. The farmer cannot be expected to want it if 
he is not told about its many benefits. Personal work 
with the farmers is most effective. The rural agent 
and his rural service salesmen are most valuable in 
establishing personal contacts with farmers and ac- 
quainting them with all known phases of rural electrifi- 
cation. The efforts of the rural service division are 
supplemented by the knowledge and experience of the 
company’s regular advertising forces which are es- 
pecially helpful in advertising in rural papers, in pre- 
paring special posters, talking at booster meetings in 
rural territory, etc. The specific plan adopted is to 
inform the farmer by all feasible means available as to 


‘the special applications and advantages of electric 


service to each individual farmer. Instead of waiting 
for the farmers to apply for electric service, the electric 
service company endeavors to develop the interest of 
all the farmers in the use of electric service and espe- 
cially cooperate with those who already have the desire 
for the service in getting other farmers along the pro- 


518 


posed route of the line interested, so that the line may be 
constructed and the service furnished at the lowest 
possible cost to any of the farmers. In connection with 
this work, farmers are being circularized and furnished 
booklets which show what electric service means to 
them. Advertisements are being inserted in local 
newspapers, and demonstrations are being held at 
various points where an audience of sufficient size to 
warrant 2 demonstration and exhibit can be got 
together. At these demonstration meetings well- 
informed representatives of the company are present, 
and an effort is made to furnish to the farmers any 
information desired regarding electric service and elec- 
tric equipment and how they may be obtained. 

The rural service salesmen always stress the point 
that the utility is not in the business of selling line ex- 
tensions but rather the service and that it is desirable 
for the consumer to spend as much as he can afford on 
equipment which will enable him to make the most use 
of the service not only in the farm operations but in his 
home where the convenience of the service is so much 
appreciated and enjoyed by the housewife. 


A roadside sign set up on a farm where a rural line 
extension is being installed is very helpful in attracting 
new customers. In some cases, as at the beginning of a 
line extension where service is available, these signs are 
illuminated. They are very effective, however, with- 
out illumination. 


Much effective work is also done by establishing rural 
electrification booths at state and county fairs. These 
are strictly educational and informational displays to 
emphasize to farmers the benefits of the service. 


LINE CONSTRUCTION 


Because of the small number of consumers per mi. 
of line it is important that the cost of line construction 
be kept down to the minimum, consistent with reason- 
able service. This keeps fixed charges within reason 
and reduces to a minimum the amount which prospec- 
tive consumers must contribute toward the cost of line 
extensions. 

Utilities should not come to the conclusion that ser- 
vice to farmers can be less reliable than that to the or- 
dinary small city or village. When a farmer installs a 
range upon which he depends for the cooking of his 
meals, when he installs a milking machine with which 
he expects to milk the cows, when he installs a heating 
plant which depends upon electric service for its 
operation, when he installs a motor-driven pump to 
furnish water to his stock or for the house, and when he 
installs other electrically driven equipment upon which 
his farm processes and operations depend, it is a serious 
matter if reasonably continuous service is not given and 
the farmer cannot be expected to electrify his farm if the 
service is not reliable. 

The line construction employed, although it must of 
necessity be reasonable in cost, must embody all of the 
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features which contribute to make possible safe and 
continuous operation. 

The principal features of the line construction which 
has been adopted as most reasonable in cost and which 
atthesame time meets the requirements for good service 
are as follows: 


Size of poles.............- 30 ft., 7 in. top, (western red cedar) 

Spacing of poles........... 300 ft. 

Size and kind of conductors No. 2 A. W. G., A. (Casares 

Size and kind of crossarms. 3% by 4% by 5 ft. 7 in. fir 

Size and kind of pins...... No. 581 malleable clamp pin (St. 
Louis Malleable Casting Com- 
pany) 

Insulators.............-.. No. 9404 Ohio Brass (or equivalent) 

Operating voltage......... 5000 primary, 120/240 secondary 

Every tenth pole an anchor structure. 


This pin is used only 
when 3rd wire is strung >» 
\ 


aie i = > 
1d i ” 
re 10" 19 19 10" re 
a } 4" 
ff 
6600 Volt. " AS 
Porcelain \ : be 
Insulator EX re a Bick 4 5 7" 
Clamp Pi | : \ (ex Cross-arm 
n. L a ; 
roy wx 4" 44 Galv. Carriage Bolts 
Ss Pe . 
glx Ux 266" Sb os 
Cross-arm Brace sail 3 Galv. Bolt 


56 5" Galv. Lag Screw x 


5" Galv:Bolt -->4 


5;x 5"Galv. Lag Screw —- 


Fig. 2—ARRANGEMENT OF PoLE Top 


The details of the construction are shown in Figs. 
2, 3, 4, 5, 6, and 7. The cost of a single-phase primary 
line, exclusive of transformers, lightning arresters, 
secondary mains, and services is approximately $750 
per mi. in country where there is little trouble with trees 
and where there is neither rock nor too much gravel to 
interfere with pole setting. If tree conditions are bad 
or if rock or gravel is encountered, the cost will of 
necessity be increased. The details of cost are shown 
in Table I. 

That the construction is safe is shown by the 
following: 


Conductor Stresses: 
Waste Linitis. Seg err. tees eee eee chee 1860 Ib. 
‘Ultinia ters trenotinemsrs. eye, Wentoniereie aortas 2660 Ib. 
Stress at 0 deg. fahr. with 4-in. ice and 8-lb. wind 
PYORSUTEt ES. ee iy ee at oe 1860 lb 
Conductor Clearance from Ground: 
Clearance at 0 deg. fahr..with 14-in. ice........ U9) 7-4 


Clearance required by National Hlectrical 
Safety Code 


Cee i  ) 
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Resisting Moments of Poles: 
Safe loading of 30-ft., 7-in. top western cedar, 30- 
in. cireumference at ground line........... 
Required by loading 1-in. ice and 8-lb. wind 
Conductor Spacing: 
Provided by this construction (three-phase)... . 
Required by National Hlectrical Safety Code for 
SOMERS Dall ier turn re la er A colar coe pts 
Pins and Insulators: 
Lateral stress with 14-in. ice and 8-lb. wind 


17,800 ft-lb. 
Soke 14,870 ft-lb. 


291% in. 


1834 in. 


PIRBIGUIR age ee Sowa Ok se a6 anc bac cw a ween meee Lor 
Stress in direction of line (conductors broken)... 1860 lb. 
Stress which two pins on anchor structure will 

SENSIS Aye lle NUSRAT Ua tc ogenes oO RES © OSCE ne ore ae 1950 lb. 
Stress which insulators will withstand.......... 4000 lb. 

Crossarms: 
Stress in direction of line which single arms will 

SEMIS TILES Le co eh ord tance Ee Cigna Oe ae 1880 lb. 
Stress in direction of line (maximum loading) one 

GONGUCLOLEDLO KOM se cyeitea<) eyseis eee ogeo ws! ss 1860 lb. 


TABLE I 


ESTIMATED COST PER MILE FOR THE EXTENSION OF TWO 
NO. 2 A. C. S. R. USING 300-FOOT SPANS 


Material Unit Cost | Quantity Amount 
ANU eee Ae ey ar ais orcirave otade te toie:'s shes ce $0.0208 | 10,700 ft. $222.56 
BAL Gt LUT Yn WAL CO spayerenialm + @ eix une) eosys's 0.018 440 ft. 7.92 
30 ft. western cedar poles........... 7.14 18 128.52 
35 ft. western cedar poles..........- 11.92 2 23.84 
Fiverstick Anchors: 22... .< occ cistee ss Ube 4 6.08 
INGOs 4 eX ANSTUIATOES ccc aoc 1s ooo Seas siieleysls 0.27 8 2.16 
Pole Shims saree) iccciects = a0 eo ciaisteisie 0.12 16 1.92 
2 bolt gily ClampS....0¢ 2022+ eee es 0.42 32 13.44 
Eat iised Avis (CCOSSAXTNS 5 cc cyacts wre alajere' <2. 0.69 20 13.80 
Crossarm Draces ..66.4-0..5-wcecccee 0.24 32 7.68 
INO. 581 clamp PINS... 5.6 Seis s o2 es 0.457 40 18.28 
5/8 by 12 in. galvanized machine bolts 0.083 16 1.33 
5/8 by 16 in. galvanized machine bolts 0.105 2 0.21 
5/8 by 5 in. galvanized lag bolts..... 0.0411 16 0.66 
11/2 by 4 1/2 in. galvanized carriage 
SEM  otcs Ria osu eet Rie er A ie aortas mw 8 0.0315 32 1.01 
6600 volt pin typeinsulators......... 0.14 40 5.60 
Aluminum sleeves (2 sleeves per joint) 0.16 4 0.64 
Aluminum armor for insulator ties... . 0.35 2.9 1b. 1.02 
No. 6 tie wire (annealed aluminum)... 0.33 3.0 1b. .99 
Total Material......... 457.66 
Labor 
POL CLE Were eiciece wledel o s1ete aecenere oa0 5.94 12 hrs. 71.42 
ITT ORCU EW Sys teers eclie’ Taleo alors srerelans 3.75 16 hrs. 60 .04 
Supervision and engineering..... P 19.72 
151.18 
Sundries Fe 
bist i ol fe any les RNR RNC 0.65 28 brs. 18.20 
Tools and injuries—5 per cent of 
LADO Ese ces acer liiaibyeue dese, coos euisie 7.43 
Right-of-way....---+-++++++re: 54.08 
Ueyev fal 
Contingencies 58.35 
Geran MObAL aaacs sore eieles + a0 ee eleuers $746.90 


Note: Pole Work—1 foreman, 1 driver and 6 polemen can set 12 poles 


per day of 8 hr. 5 
Line Work—1 foreman, 2 linemen and 2 groundmen can install cross- 


arms, string wire and tie jn 1 mi. in 2 days of 8 hr. each. 


Where secondary mains are necessary, 30-ft., 6-in., 
top poles spaced 150 ft. apart are used except for 
transformer poles which must have not less than 7-in. 
tops. This permits the use of No. 6 or larger, hard- 
drawn copper secondary mains installed on racks. All 
transformer connections are of copper and the copper 


JAE 
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conductors are connected to the aluminum conductors 
with approved clamps. 


RESULTS ACHIEVED 


During the fall and winter of 1925-1926 some in- 
teresting data were collected on a few rural lines. 
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Fra. 3—TRANSFORMER INSTALLATION SUPPLYING SERVICE DRopP 
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TABLE II—RURAL LINE SURVEY—AVERAGE LINE, TRANSFORMER AND CUSTOMER DATA 


Line No. 1 Line No. 3 i Line No. 3 Line No. 4 Line No. 5 Average 
Dave OL specialstest Periods... aierets cle as cle stcieke stevens opaimanscet sr ao 10/23/25 to 1/8/26 to 1/7/26 to 12/17/25 to | 1/18/26 to Winter 
10/30/25 1/14/26 1/13/26 12/24/25 1/26/26 
; Als) 
Number of customers per line, ..... 0.00.1 eee eee eee cence 6 6 13 Ms 23 25 e s; 
henge thy OF ‘Lin in Wle: sAcarcesdeha-< te wate elena wi cowed one Mee keleseratonopeteves exch atts te 0.57 0.75 ss 3 4,98 ae 2 4 
Average number of customers per Mi..............0500 emcee sees 10.5 Sa 7.9 4.66 . : 
Average size of farm ‘served—acres) 2.6... oo wes wl os wielaimietelss s 74. 63. 43. 88. ; 59. ee me 
Average load applied for at time customers requested service—kw. 9.25 4.54 3.34 6.15 5.63 5 
Average initial connected load at time customers were given " 
SOR VCR ae 1 We erotics ea assoc atees Biiesle eee oilode io coe ena tee topiette emeteeusme ted teteua ath 5.68 36 (40 6.51 ay ates 6-11 
Average kw. connected load per customer at time of special test : ;: 
DEVIC — Totaled cianieesleyeenek care betel Shere ole Punct aguante ale 9.69 7.296 4.613 8.684 5.65 6.88 
Average kw. connected load per customer at time of special test # e HA 
DENiOd =—-LASMUINES neces = waite So aietelatehe label le ate 6 Stewie MEeiete ee 0.877 0.708 0.552 0.875 0.845 0.80 
Average kw. connected load per customer at time of special test : 
POVIOM —= WADE CB mc conorot ance a larernte ote si suites Rinaicl a soe tebeuope eres avey teas 7.08 3.785 2.691 5.350 3.318 4.20 
Average kw. connected load per customer at time of special test : 
period—havindry CCUIpPMEN Ge ch. sectors « «leters sole ttle Ge oueiey arate ala 0.708 0.466 0.695 0.834 0.554 0.667 
Average kw. connected load per customer at time of special test cs 
PELIOG = PUMA INO FOLS dar rele le coielete tee to ne solebanetel omene acUst oho ionens re ONS 0.685 2.090 0.59 0.557 0.746 0.761 
Average kw. connected load per customer at time of special test : 
period—Cream separator MOtOrs......... 2.2 e eee weer eer ees 0.12 0.15 0.044 0.031 
Average kw. connected load per customer at time of special test pz - 
period-——Miscellaneous equipment............2.. eee cceeeeees 0.22 0.097 0.041 1.068 0.172 0.421 
Average size of transformers on line—Kv-a.............0e+ee005 7.5 4.5 2.6 6.6 4.5 5.24* 
Average 15 min. ky-a. demand on transformers during test period. 3.60 2.64 1.61 Saad 2.19 2.63 
Average transformer demand factor during test period (1)....... 0.19 0.298 0.32 0.273 0.333 0.28 
Maximum 15 min. kw. demand of line during test period........ 5.54 6.6 8.45 15.4 12. 9.60 
Line power factor at time of maximum demand................ 94% 89% 97% 96% 93.8% 94% 
Demand factor of line during test period (2)................00. 0.095 0.151 0.141 0.077 0.085 0.109 
Diversity factor between line and transformer demands (3)...... 0.514 0.654 O25 0.344 0.342 0.48 
Per cent line, transformer and meter losses (4)...........2.00+. 19.5% 24.4% 37.4% 32.8% 28.9% 28.6% 
Annual kw-hr. delivered to customers—Average per customer... . 1694. 826. 640. 1401. tT 1046* 
Month and kw-hr. of maximum use of energy—Average per 
CGUSUOM OLR EP RTE soso eerste Gta Ghee alee eostiorslereibre 239 July 160 Aug. 80 Oct. 124 Sept. T 121 Jul.* 
Month and kw-hr. of minimum use of energy—Average per 
CUSUOIMEL Meg ey Racer eee to ee TNT: Foe oiitece auctions 91 Mar. 32 Sept. 28 Apr. 78 Mar. 4 69 Mar.* 


*Weighted averages. 
+ New line. 
i hy 
loads. 
2 
3. 
maximum 15-min. transformer demands. 
4. 
period of time. 


25 ft.for 30 ft. poles 
30 ft.for 35 ft. poles 
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Kw-hr. figures not available or considered in determining weighted averages. 
Transformer demand factors are the ratios obtained by dividing the maximum 15-min. transformer demands by the total transformer connected 


Line demand factors are the ratios obtained by dividing the maximum 15-min. line demands by the total connected loads on the line. 
Diversity factors of line and transformers are the ratios obtained by dividing the maximum 15-min. line demand by the sum of the individual 


Per cent losses are based upon the difference between measured kw-hr. line input and kw-hr. recorded on customers meters over an extended 


These data are shown in Table II. It is interesting to 
observe that in general more load was found connected 
than the farmers agreed to connect when contracting 
to take the service. While the average contracted for 
was 5.59 kw., the average found connected was 6.88 kw. 

Another fact of interest is that the transformer 
loading was found to be low. It is known from indi- 
vidual consumers’ records that the maximum consump- 
tion is very apt not to occur in the winter, when these 
data were taken. This may be partly due to the fact 
that in the summer the farmer uses his electric range 
while in the winter he uses a wood range. He also 
does more pumping in the summer and carries on other 
operations more extensively. Comparable data taken 
during the summer months will show whether trans- 
formers larger than necessary have been furnished or 
not. 


The power factor at time of maximum load was found 
to vary from 89 per cent to 97 per cent on the various 
lines tested. Annual kw-hr. per consumer on the vari- 
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ous lines averaged from 640 to 1694. Line, trans- 
former, and meter losses were found to vary from 19.5 
per cent to 37.4 per cent. 


Fig. 8 shows the number of consumers served under 
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the rural rate by years from 1920, when the rate was 
adopted, to January 1, 1926, when there were 2740 
rural consumers connected. 


CONCLUSION 


Utility companies must view the rural business 
broadmindedly and provide a reasonable line extension 
plan and rate schedule which will encourage the use of 
the service. A rate schedule designed to pay full 
returns on investment from the very start, by using 
burdensome minimum charges or high rates per kw-hr., 
will produce the opposite result. Z 

A financing arrangement has been found to be neces- 
sary, because a rural line extension project involves a 
number of farmers, all of whom must arrive at the 
buying point at one time. Where the farmers’ activi- 
ties are somewhat varied, all may not have the funds 
available at the time the project. is developed to the 
final stage. If it cannot be concluded then but has to be 
postponed because some do not have the funds avail- 
able, when it is reopened, some of the others may 
not have the funds available, and often a project is 
delayed for an indefinite period of perhaps a year or two. 
A farmer who can afford to go into such a project at all 
will have the funds available at sometime within a 
year. A plan whereby his financial obligations can be 
taken care of satisfactorily until such time as he has the 
funds available leaves no obstacle in the way of con- 
cluding the negotiations when all agree upon terms. 

Experience has demonstrated that the all important 
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thing in general rural electrification is to make the 
service available to the farmers. The records show 
that as soon as the service is available the farmers will 
find new and increasing ways of utilizing it as industries 
in the urban centers have done and are continuing to do. 
Every farm can be made a laboratory in a greater or 
lesser degree for carrying on experimental work, and 
the greater the number of farms carrying on such work, 
the greater will be the increase of new applications for 
the service. It is important, therefore, for utilities to 
cover their rural territories as quickly as possible with 
suitable supply lines. This can be done with reason- 
able assurance that load not contemplated now will 


NUMBER OF CUSTOMERS ON RURAL RATE 


1920 1921 1922 1923 1924 1925 
YEARS 


Fig. 8—NumpBer or RuraL CUSTOMERS ON LINES OF THE 
Minwaukee Exvecrric Ratwway AND LicgHt COMPANY AND 
ASSOCIATED COMPANIES BY YHARS 


develop as new uses for the service are found and as the 
people come to realize, as they can only through use 
and reasonable encouragement on the part of the 
utility, its many and varied advantages. 


Discussion 


PAPERS ON RURAL ELECTRIFICATION 
(NEFF AND Post) 
Mapison, Wisconsin, May 6, 1926 


Eugene Holcomb: I notice the difference in the rate 
schedules in these two papers. The rates shown by Mr. Post 
seem undoubtedly too low for average rural territory. 

It has been our experience that copper-weld lines are more 
satisfactory than aluminum lines and I believe that with proper 
sizes selected for the work to be performed, this will be found 
generally true. 

The elastic limit as mentioned in the paper as 1860 lb. might 
also be checked. The sum of the strands in aluminum cable 
gives an elastic limit of 1593 Ib., whereas this is stated in the; 
table as 1860 lb. ot 
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The clearances given in the paper are mentioned as 18 ft. 
I believe 18 ft. in the code is for a 150-ft. span and for a 300-ft. 
span it is 19.3 ft. However, the clearances mentioned in the 
paper may be sufficient. 

Mr. Neff has given a vivid illustration of the magnitude of 
rural electrification. Notwithstanding that only a very small 
dent in the total has thus far been made, the 33,000 mi. of lines 
mentioned in the inter-mountain section of the country would 
reach once entirely around the earth and one-third of the way on 
the second lap. Suppose we consider the possibilities of com- 
pletely serving one township which is six miles square. A 
line on each one-mile road would total 72 mi. of line, counting 
the border lines as being halfin the adjoining townships. A 
cost of $1200 per mile gives a total investment of $86,400 for 
lines. With an average of three customers per mile there would 
be 216 customers per township. Using the rates given in the 
paper and assuming the lowest monthly service charge at the 
stated average consumption, the monthly bill for each customer 
would be $10.60 and the total annual revenue would be $27,475 
which, with good operating practise, would yield an adequate 
return on the investment and provide for replacements and other 
fixed charges. 


Of the many forms of rate schedules proposed for. rural 
service, the most practicable seem to be those which are based 
upon a demand or service charge plus a low energy charge. The 
simplest measure of demand seems to be the installed trans- 
former capacity. This is tangible and easily understood and 
sufficiently accurate for the purpose. The energy charge should 
be made low to encourage the liberal use of equipment. The 
amount of the demand charge is determined by capacity or 
investment costs. Where the customer makes the investment in 
the lines and turns them over to the utility to maintain and 
operate, then the service charge should be reduced by the amount 
of interest on such investment. If the investment is $400, the 
demand or service charge should be reduced $2.66 per month 
from the amounts stated in Mr. Neff’s paper and for a trans- 
former capacity of not over 114 kw., the amount of service charge 
becomes $2.84. In respect to the costs to the customer, it 
matters little who makes the investment. The matter of 
permitting the consumption of a few kilowatt-hours to be in- 
eluded with the minimum charge is a question of costs and if we 
are to have the large monthly consumptions desired, the 
difference would be very slight and by that time undoubtedly 
most of the rates now in effect will be materially modified. 


To electrify all the 6,500,000 farms in America will require 
some $6,500,000,000 of capital and years of time and probably 
some remote parts never will be served. As stated in the paper, 
however, progress is being made and as equipment is developed 
and experience gained from the experimental lines, the work will 
proceed more rapidly. Above all things in order to avoid 
costly mistakes, this work should be thoroughly mapped out and 
handled by men who are devoted to rural service. 

Unquestionably our industry will be able presently to show how 
electricity can be utilized by the farmer so that it will be profit- 
able to him and not only that, but will help do things for him and 
the people in the farm home that will make life there very much 
more attractive and satisfactory. 


C. B. Hayden: There are a few points which I shall men- 
tion as important from the standpoint of the Railroad Com- 
mission in particular. The question of rural electrification is 
unquestionably important and the activity of the utility organi- 
zation in cooperating with the farm bureaus and college ex- 
perimental departments in developing a workable plan to bring 
about a complete consideration of the problems involved is 
highly commendable. The response of the utilities has been 
quite unanimous and I do not believe that it ean be said that, in 


their enthusiasm to provide this service, their interests have — 


been completely submerged. And this is as it should be because 
in some instances in the past the rural policy, at least in the 
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early years following the construction, would not provide re- 
turns sufficient to carry the investment and operating expenses. 

I believe that the general policy shown by these papers, in that 
it tends to provide rural service for the larger consumer at 
very low service rates, is decidedly good. In this connection, 
however, we must not lose sight of the impression to be created 
in the mind of the average urban consumer when he realizes that, 
under the average community rate, he cannot purchase energy 
as advantageously. 

I realize fully that in order to make the service of value to the 
farmer, aside, perhaps, for the use of lighting and small power 
appliances, he must be able to purchase in quantity at low rates, 
and I think that in a few years the energy will be so used by the 
average farmer. For a number of years, however, and until the 
experimental lines and special installations have proved that the 
farmer can actually make money by the use of large quantities 
of energy on the farm, we must remember to provide for the 
smaller user on terms that will not be prohibitive to him. In 
this connection, I should like to say that where the farmer wants 
the energy it has not been difficult for him to see that it is neces- 
sary to pay the cost of securing it. This applies to the average 
well-to-do farmer and does not apply to the smaller farmer 
who is operating on 15 to 20 acres where he does not figure on 
making very much money, but on making a living and that is all. 
There the use of power in large quantities, except for special 
uses, is out of the question. 

I should like to make this point; that the average farmer must 
be given full consideration during this development period, and 
also it must be borne in mind that the rates must not favor the 
farmer as compared to the urban consumer for the same quantity 
consumption. 


E. W. Lehmann: I should like to outline briefly what I 
think is the purpose of this rural electrification program. From 
the standpoint of the farmer, I believe it is first to provide service 
so that he can improve his efficiency in production; second, to 
improve the economy or lower the cost of produetion; third, 
if possible to inerease or improve the quality of produce; fourth, 
to make the job easier and more pleasant; and fifth, to improve 
home life. From the standpoint of the public service company, 
however, I believe that the problem is to extend service to the 
farmer and to build up a load which will pay for the service 
rendered. The real job will be to sell the idea of the value of 
electricity and in that way sell more kilowatt-hours. 

It is difficult, I think, to estimate the part that electricity will 
play in agricultural production in the future. A look into the 
past, however, seeing what machinery and equipment have done 
and analyzing our present problems, will give a fair basis for an 
estimate. 

There is no question but that machinery and equipment have 
played a larger part during the past 75 years in increasing the 
productive capacity of the individual farmer than any other fac- 
tor. While about 90 per cent of our population were farming 75 
years ago, only 26 per cent are doing the job at the present time. 

In regard to the development of the dairy industry, which is so 
important in Wisconsin, in a statement before an agricultural 
policy committee in Illinois a few years ago, Dr. M. W. Hepburn, 
an authority on dairying, said, ‘‘In a general way we may say that 
four factors have been largely responsible for the development of 
dairy production. They are: 

“1. The introduction and utilization of the silo. 

“2. The centrifugal cream separator. 

“3. The discovery of the simple test for fat in milk,—the 
Babcock test, discovered at the University of Wisconsin. 

“4, Better and more rapid transportation, together with 
the development of refrigeration.” 


All recognize these factors as being mechanical and their 
effectiveness is dependent on the application of power. Even 


the filling of the silo is a problem and there are other problems of 
the same kind. 
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In the whole field of crop production, equipment and machin- 
ery have played a large part; the production of wheat per person 
employed increased eighteen times from 1850 to the beginning 
of the twentieth century. With the advent of the gas tractor 
and the combine harvester-thresher, the efficiency per individual 
has been still further increased. A local farmer in Illinois who 
purchased a combine harvester-thresher rather recently told me 
that he harvested his grain at about one-third the former labor 
cost. 2 

In discussing horticultural production, Dr. J. C. Blair, head of 
the Department of Horticulture in the University of Illinois, 
stated, ‘Without the protection afforded by spraying, insect and 
fungus attack will no doubt make apple-growing in Illinois an 
impossibility.”” This would apply also to other states. In 
certain sections of the country the application of electricity to the 
spray problem is being investigated with special attention to the 
stationary spray outfits. We should not overlook the fact that 
electrically driven equipment now plays an important part in the 
processing and manufacture of all sorts of fruits and garden 
produce. In addition to processing and canning, fruits are 
graded with electrically-driven graders and in that way made 
ready for market. In fact, in every phase of agriculture, me- 
chanical equipment has played and still is playing an important 
part. 

In considering the farmer’s immediate problem we must 
recognize the fact that he is interested most in increasing his net 
income. There are three ways in which this may be done: 
First, by getting a better price for his produce; second, by 
lowering the cost of production; third, by producing more per 
worker. I believe the application of electricity will help in all 
of these methods. 

In considering the application of electricity to the farm, re- 
member that there is more than the mere matter of equipment 
and power involved in the farmer’s problems. It is safe to say 
that four types of problems will be met in a rural electrification 
program; namely, (1) economic, (2) agricultural, (3) educational, 
(4) engineering. 

I do not want to deprecate the part machinery has played in 
what I shall now say. From an economical standpoint, there are 
three equally important factors in agricultural production— 
land, labor and capital, or equipment. In addition to this, we, 
of course, have the item of managerial ability; in other words, the 
farmer himself. I believe he is as important a factor as any of 
the other three. Every manufacturer recognizes that there must 
be a proper balance between the three economic factors men- 
tioned for economic and efficient production. 

Where there is an abundance of good land, the tendency is 
toward the bonanza type of farming, rightfully called “‘agricul- 
tural exploitation.” ,The recent rapid agricultural development 
in the Argentine has been due to this type of farming. The 
primary need there was machinery. That was formerly true in 
the Middle West. We cannot put too much emphasis now on 
the value of the soil; in fact, the life of our nation depends upon 
it. Much of our soil is already becoming depleted of its fer- 
tility. For efficient, economic production, our land must be 
well-drained, protected from erosion and must be used in ac- 
cordance with the best farming practises to maintain a high state 
of fertility. The first step in economizing on land is a more 
intensive type of farming and that is a thing farmers will do 
when there isn’t a chance for expansion. 

In countries where really intensive agriculture is practised, 
labor is cheap and a low standard of livingistherule. We donot 
want this situation in America. Under our condition, we must 
economize on labor as well as on land. With the apparently high 
wages paid in the industries competing with the farm, labor on the 
farm must not be wasted by the use of poor and inadequate 
equipment. Farm operations and organization must be more 
carefully studied so that the distribution of labor will tend toward 
more efficiency and greater economy in production. y 
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Whether the farmer receives a living wage from his produce 
will depend on his ability as a manager as well as a worker. 
The average of forty cents an hour for the farmer as his wage is 
really a misnomer because he does not receive a wage until his 
expenses are paid and his products are sold. So the farmer is not 
receiving forty cents an hour as might be inferred from the re- 
marks of the previous speaker. 

We must also remember that the problems of the individual 
farmer will not be solved by greater production in the aggregate, 
but greater production per man and at lower cost. It is true 
that labor is one of the big items of farm production cost and we 
can well economize on this point. The farmer has many ways to 
economize on labor. His whole system of farming should be 
planned with this idea in mind. In agriculture, the rotation 
of crops, methods of handling, all affect the item of labor. One 
of the methods of harvesting submitted by our Farm Manage- 
ment Department is to use hogs. Another is to use sheep,— 
in other words, no equipment at all,—practically eliminating the 
entire item of labor and producing a finished product without the 
use of equipment as far as the harvesting of the erop is concerned. 

It remains true, however, in production that ordinarily when we 
economize on labor we must spend more for equipment. We 
recognize that the farmer’s equipment must be adequate for the 
particular problems on the farm. IJ am emphasizing this be- - 
cause I believe the average engineer, or the man who goes out on 
rural electrification development work, must have a true ap- 
preciation and a true understanding of the farmer’s problems, 
for unless he does have this true understanding he is likely to 
make mistakes concerning the application and the substituting of 
power in farming operations. 

As I said before, the farmer’s equipment must be adequate. 
But what was adequate twenty years ago might not be now. 
At the present time the cost of equipment on the farm is quite 
an item. If we study any problem in agriculture in the aggre- 
gate, however, it will assume large proportions. For example 
the valuation of farm buildings in Illinois is around $750,000,000. 
On the basis of depreciation, interest on investment and upkeep 
at 10 per cent, the farm buildings in Tllinois are costing each 
year $75,000,000. The cost of electrification from the standpoint 
of the farmer, getting his wiring done, lines connected and 
equipment installed might represent a little more than his build- 
ing cost for a two-year period. Fifty dollars a year, if set aside 
on each farm, would electrify all of our farms in less than twenty 
years. This amount is about one-third of what it costs per year 
to own a low-priced car. 

However, we cannot expect all our farms to be electrified. 
I think it is a wrong idea to believe that every section is going 
to be influenced the same way. The man who farms the poor 
land and has a small income cannot have the same type of equip- 
ment and the same buildings as the man who farms the most 
fertile lands. 

There are situations where there is so much labor in a partieu- 
lar farm family that even if it costs only a few cents to operate a 
motor, it will be next to impossible to have it adopted. 

From an agricultural standpoint, the individual farmer and the 
individual farm must be considered. There are a number of 
factors that would affect the amount and kind of equipment 
that can be economically used on a farm; but I will not discuss 
this phase of the subject. The present tendeney is toward 
larger and fewer farms, better equipped. As you may know, 
there are fewer and larger farms now than ten years ago. On 
the larger farms the tendency is to displace labor with equip- 
ment, and this will continue as long as equipment costs less than 
labor. When one farmer drops out and sells his land to his 
neighbor, that neighbor expands and uses different methods. 

There are agricultural as well as economic problems involved. 
In attempting to electrify farms the principle should be recognized 
that while the type of farming may be changed successfully 
by a few individuals on applying electricity, this practise cannot 
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be generally followed. In other words, because electricity 
plays a large part in poultry and dairy farming, we cannot expect 
every farmer who has his farm electrified to buy cows and 
chickens and build new barns and poultry houses. We must 
electrify grain farms and cotton farms as well as dairy farms. 


Then there is the big problem of education. The fourth 
factor in production which I mentioned, managerial ability, 
will be greatly influenced by education. The trained farmer is 
interested in the largest possible net income, but with all factors 
of production considered. His labor income should not be pro- 
duced at the expense of his land. 

One particular point that I wish to mention is the question of 
seeing that the buildings are properly wired and that they have 
the proper number of outlets. If the wiring is left to the farmer 
and he hires a contractor, it is likely that a lot of needed outlets 
will be left out. My suggestion would be to have the rural 
service man make a definite plan and get this plan approved by 
the farmer when he is interested and knows just what he expects 
to install and then have the plan earried out by a reliable con- 
tractor. I believe every man from the utility company who 
comes in contact with the farmer should be a salesman, not 
necessarily a salesman of merchandise but one who ean sell the 
idea of electric service. Regarding rates, I believe that we should 
have a rate that will encourage the use of electricity, and to do 
that you don’t want to put into the rate schedule something that 
is going to penalize the farmer who is going to use this service. 
We should have a simple rate that is easily understood. 

The question of financing the line has been discussed. The 
possibility of having the company finance the line and eliminate 
all refunds and special records, and the possibility of eliminating 
misunderstanding and suspicion on the part of the farmer as to 
whether he is getting back all that he should are matters that 
should be considered. 

Mr. Post’s schedule of rates may be adequate, but I really 
doubt it. I wonder if it is taking care of the situation. It seems 
to me that any rate schedule that makes it necessary to charge 
a man when he installs additional outlets, penalizes him and 
makes it harder to build up a load. I don’t believe that the 
farmer wants to have, as would be indicated by this particular 
paper, one rate when service is started and a different rate later. 
I think the farmer should be sold on the basis of what it is going 
to cost him. Farmers are not looking for charity or any special 
privileges. To avoid misunderstandings and dissatisfaction, 
the rate should be simple and easily understood; this is quite 
important. 


It does not necessarily hold true that rural electrie service 
is going to cost the farmer either more or less than the urban 
customer; it might be more or it might be less. A farmer might 
be classed as a manufacturer, and there would be no question so 
far as the people in town criticizing are concerned because of the 
fact that he was getting a lower rate. The farmer expects to 
pay for what he gets whether used in his home or in his production 
work. 


F. W. Duffee: I wish to speak of the matter of rate, because 
I believe that the matter of rate is one of the most important 
things to be taken up and settled first, as we believe that the rate 
ean either kill or make the proposition. 

There are just a few things we might mention as having been 
discovered about electric service and rates. The first is 
that the farmers all want electric service and they want it very 
much. They want light probably more than anything else, 
and very frequently that is about all they think of until they 
find out through education and experience the things they can 
do with electricity. 

The next thing they want is a low monthly bill, $1, $2 or $3 
would suit them fine, but less than that would suit them still 
better. When you start talking about $5 or $6 as a minimum 
monthly bill it hurts and it hurts bad for a while until they are 
shown that they can actually get out of it $5, $6, $7 or! 
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$8 worth of value. That is a point we have to educate them up 
to, because probably the minimum monthly bill is going to be 
somewhere around $5 or $6. : 

Then, of course, we must show them the advantage of using 
equipment; and the rate should be such as to encourage the use of 
equipment, because there is no question in any one’s mind, I 
believe, that a low rate per kw-hr. can only be secured by a large 
consumption and the rate should be such as to favor that to a 
very zreat extent. A great deal of effort should be directed 
toward educating the people to the fact that a large current con- 
sumption will bring a low rate. Some of the rates in effect now 
in Wisconsin are such that, with a consumption of around 200 
kw-hr. per month, the rate per kw-hr. is actually less than in 
some of the fairly good-sized cities. 

As to our line at Ripon which has been built and upon which 
we have been working, it might be interesting to say in con- 
nection with the point that Mr. Neff brought out regarding the 
amount of power which each worker uses, that on some of these 
farms we have from 10 to 12h. p. of connected load around the 
farmstead at the present time. That includes all motors 
and all household equipment. I don’t believe that we 
are beginning as yet to get the maximum results from that 
connected load by any manner of means. I believe we can do a 
great deal toward increasing the use of that equipment, thereby 
decreasing the amount of work which the man and woman have 
to do around the barn and around the farmstead, and as you 
reduce the time that he must spend around his barn, you can 
thereby increase the amount of time he can spend in his field. 
That is a way to make more money; it is an indirect way, but a 
very real way just the same. 

Regarding the matter of rate, I have one very interesting 
example. Up near Ripon a farmer had built for himself a line. 
He was a rather well-to-do farmer. This line cost him about 
$1500. He was the only one onit. It was built when the prices 
were high, but nevertheless it was quite long, I think a mile. 
He had installed and connected an electrie range, refrigerator, 
motor-operated milking machine, a water pump and a large 
number of household appliances. His total consumption had 
been running less than 100 kw-hr. for all of that equipment. 
When asked why he didn’t operate if after he had spent all of his 
money for this line and equipment, he said it would break him to 
operate it because the rate was constructed in such a way 
that it was prohibitive to use any large quantity of current. 
He has gone onto a different rate recently and I haven’t heard 
what his consumption is at the present time. 

As to the particular projects, some things which we consider of 
the greatest importance, I shall just mention: 

Grain elevating and handling. 
Grinding feed. 

Grinding bones for chickens. 
General utility motor. 
Hoisting hay. 

Individual cooking units. 
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Some of the above applications are fairly successful now, but 
it seems as if there was room for development in order to obtain 
the maximum benefits. That will be discussed later. 

The following equipment is mechanically satisfactory if one 
can afford the initial expense of the equipment or the high cost of 
operation: 

1. Electric ranges. 

2. Electric refrigerators. 

3. Electric ironers. 

4. Water heaters for household use. 


Electric ranges, surprising as it may seem, have been found 
rather economical in certain conditions where there is no natural 
fuel on the farm. We found, in one ease, that they could 
operate an electric range for just about whet they would pay for 
coal. It has been shown by monthly readings that they must 
earn to use a range and they must use certain types of utensils 
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with it to get the best results. For example, one farmer bought 
his wife a pressure cooker. The current consumption dropped off 
about 20 or 25 per cent immediately afterward. 

The handling of grain by elevators is a thing that can be done 
very readily by electric power and is something that is not done 
generally at the present time. At threshing time it usually 
takes anywhere from two to four extra hands to handle the grain. 
That can be cut down very readily to about one hand and a small 
motor and little equipment. 

We have found that a small feed mill operated by a 3-h. p. to 
5-h. p. motor can be equipped with an overhead self-feed hopper 
and a bin underneath for ground feed or an elevator to take it 
away. Two such mills are in operation and another could be 
operated with self-feed, except that it makes a good job for an 
11-year old boy. 

During the six-months’ grinding season, these mills have 
averaged, monthly, from 12 to 35 kw-hr., grinding from 150 to 
300 Ib. daily. On the average these mills increase the monthly 
bill of each farmer 63 cents, grinding about 3.45 tons 

The loeal mills charge about $2.00 to $2.50 per ton. Even 
after adding interest, depreciation and repair on the motor and 
mill, the actual cash saving will almost pay the total monthly bill 
for electricity during the six months of use, to say nothing of 
the time saved in bagging up the grain and hauling it to town and 
back. 

In connection with this it is important to note that two of the 
mills are not troubleproof. In one case, a mill clogged and a belt 
was burned intwo. The third mill is priced so high as to put it 
out of the reach of the average farmer. We firmly believe, 
however, that developments will soon be made overcoming these 
objections. All of the mills will produce a satisfactory. product 
when grinding small grains, and one of them will handle corn on 
the cob with a little special feeding mechanism. 

Hoisting hay is a comparatively short job in the year, but a 
good job, providing we can operate a hoist satisfactorily with a 
motor. From a mechanical standpoint there is a tremendous 
overload at the beginning of the operation in breaking the bunch 
of hay away from the load, and you need either some kind of 
gear mechanism for quickly changing from a low speed to a 
higher speed or a large motor to handle the load at that time. 

The ordinary household appliances are, of course, just as 
satisfactory on the farm as anywhere else, and some more so. 
The washing machine, for example, is worth more to the farmer’s 
wife than to the city man’s wife, I believe, for the reason that she 
has a great deal of hard work and many chores to do. 


Incubation and brooding is a matter to which we have given 
considerable attention. Last year electric incubators did not 
work as well as the oil incubators, probably partly due to the 
fact that the operators were unfamiliar with the electric incuba- 
tors. This year results show that they now compare favorably. 
In the meantime we have done some work in trying to perfect 
some of the electric controls because it has seemed that they 
were not sufficiently sensitive. 

The problem of operating a milking machine is one to which 
electricity adapts itself most admirably. ’ Electrical milkers are 
being used more all the time. 

In this connection it is interesting to note that just recently the 
tariff has been raised on butter from eight to twelve cents, to 
permit farmers in this country to compete with the Danish 
farmer and the New Zealand farmer. The New Zealand farmer 
does not put butter on the market at a low price altogether 
because of the climatic conditions. It is true they have pasture 
practically all the year round, but at the same time they do use all 
the latest and best labor-saving equipment. I should like to 
repeat a remark that was made to me recently by an engineer. 
He said he thought there wasn’t a milking machine on the 

American market that was the equal of the average milking 
machine sold in New Zealand. : ais 

Another job that has proved very successful is water heating 
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for the dairy. That has been a difficult problem. The electric 
water heater solved it very, very successfully and at a moderate 
cost, the average being 57 kw-hr. per month in one ease. By 
turning on the switch when you start milking, the water will be 
hot by the time you get around to washing your utensils. 

Water pumping is another job which can be very successfully 
handled by electricity. There are a few features about that 
which we have found are not taken care of in the ordinary system. 
The current will occasionally be disconnected and the stock 
absolutely must be watered. We must have some kind of 
standby power to be able to pump water while the current is off 
or else we must have storage. Most of the automatic systems 
are so arranged with the electric motor built into the system that 
it is Impossible to operate them by hand or in any other way. 
This means you either have to have a big storage system, 
another well, or two pumps in one well so that you can operate: 
one by hand or by some other means when the current is off. 
This is a rather important problem. 

E. A. Stewart: The papers by Mr. Post and Mr. Neff are 
evidences of the fact that rural electrification is soon to be put on 
a sound scientific basis. 'The methods used in the past, whereby 
each publie utility company blindly and arbitrarily developed 
some haphazard method of carrying out rural extensions, are 
now being superseded by orderly methods. The results secured 
by experimental work, such as we are doing at Red Wing, 
Minnesota, and in nearly a score of other states, will be of no 
avail to our farmers unless the electrie utilities adopt some such 
plans as.are proposed in these two papers. The steps taken by 
these two companies in adopting a uniform method of developing 
rural service in each of their territories is a wonderful step in the 
right direction. This movement should be enlarged so as to 
continue throughout the state and even across the state bound- 
aries. I mean that these companies and other companies. 
operating in this state should get together and agree upon certain 
fundamental factors.so that the rural service will be put on a 
uniform basis throughout the state and eventually throughout all 
contiguous, comparable territory. 

You will note that the methods of financing rural extensions: 
and the fundamental methods of rate making as proposed by 
these two executives are radically different. One proposes that 
the company finance the major cost of the line, the other proposes. 
the farmers finance the major part of the costs. Some com- 
panies propose to finance the entire cost of high line, trans- 
formers, and secondaries, while others propose to have the 
farmers finance the entire cost. Urban utility business is now 
financed largely on the same basis throughout all contiguous. 
territory. It is essential that farm extensions be treated in a. 
similar way. 

On account of the difference in rate structures proposed by 
these two companies, at the fringes of their territories where the 
two services meet there will be a misunderstanding of these rates. 
by the farmers and dissatisfaction produced. One proposes a. 
rate based ona fixed or service charge, which we are inclined to 
call a delivery charge, and a low energy rate. The other pro- 
poses a rate using a minimum charge based upon energy con- 
sumption and type of installation. The former proposal is like 
the rate that was put into effect at Red Wing, Minn., in 1923, 
after a rate study extending over four years had been made. 
So far as I know, this was the first place in the U. S. A. to use this. 
type of rate for farm service. This type of rate is being used now 
by companies in at least eight different states. Our Red Wing 
rate, based on three customers per mile of line with all 3-kv-a. 
transformer installations, is a delivery charge of $6.90 per month 
per customer, and the first 30 kw-hr. at 5 cents per kw-hr., and 
all excess at 3 cents per kw-hr. It may be necessary to modify 
this rate for consumptions beyond 500 kw-hr. per month, and 
for water-heating loads. There are about ten different types of 
rates in use throughout this middle-west territory. These rates 
must be unified and coordinated to allay distrust and to make 
some of them more equitable and applicable. 
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A movement has been started in Minnesota to unify methods 
of operating rural extensions. A committee is working on 
coordination of methods in making rural extensions, particularly 
as regards financing, rate structure, organization, line construc- 
tion and utilization in rural service. We believe that it is es- 
sential for all states to agree on some comprehensive, workable 
plan that will unify methods of farm electric service. 

The rate structure proposed by Mr. Post has some features 
which may be disadvantageous and complicate the explanations 
that must be given to the farmer. It makes no difference to a 
power company whether a man has ten rooms or three rooms, 
if his maximum demand at time of system demand is the same 
in both eases. - Is not the installed transformer capacity neces- 
sary to carry the load a more probable indicator of demand? 
The active-room basis may apply to farm service as it has been, 
but not as it should be, and, may I predict, as it will be. Mini- 
mum-bill type of rates has influenced thousands of farmers to 
keep energy consumptions down to minimum-bill size by the 
psychological effect. High energy charges on the minimum 
amounts is bad propaganda and customers forget the cheap 
energy on the excess rate. 

Methods of financing the farm lines are important. If the 
farmer is to make his electric service earn money and if he is to 
be a satisfied customer with such high basic costs as are necessary 
for farm service, he must utilize electricity for many uses. To 
use electricity in many operations requires adequate wiring and 
considerable equipment. Wiring and equipment will cost from 
$500 to $1500. The farmer needs his money and eredit to carry 
out this program. It is obvious that the power company 
should carry the investment in the high line, and even services 
to the farm house, as is done in urban service. 

In reference to disparity of average kilowatt-hour charges on 
farms and in adjacent towns and cities, I cannot see how they 
ean be the same and be equitable. Are costs for taxes, foodstuffs, 
fuels, and transportation the same? Obviously they cannot be. 
The average kilowatt-hour rate on the Red Wing farms is now 
below six cents per kw-hr. Some farmers have as high as nine 
cents, and why should they be the same or the same as in urban 
service. 

I want to commend the suggestion that the rural salesman sell 
service. Also I want to say ‘More power to you,” when you sug- 
gest that farm service must be as reliable as city service. One 
hundred and eighty-five acetylene lighting plants were recently 
installed in a district having rural service. Many electric 
installations were removed. The farmers were right. The 
electric service was execrable. Electric incubators can be bought 
for a song in this territory. By its type of service this company 
has blasted the possibilities of electric service to hundreds of 
farmers. 5 

I wish to commend Mr. Neff’s suggestions on the formation of 
a department of rural service; also his suggestion as to the de- 
sirability of a proper type of rate. The manner of converting 
present customers over to the new rate structure must be care- 
fully worked out. Some plan will be proposed for Minnesota 
very shortly. It may involve refunds to purchase equipment. 


I am glad to hear the suggestion in regard to a rural service 
man. The farmer should have service. Many companies that 
are now selling farm equipment are already putting in service 
departments. Two large nation-wide organizations have started 
such service as suggested by Mr. Neff during the past year. The 
electric utility companies must adopt some such plan. 

I wish to close this paper with a plea for unified action, not only 
within the state, but in adjoining states on rural service programs. 


K. A. Pauly: I was particularly impressed with the convine- 
ing demonstration by Mr. Neff that the farmer could never 
hope to be prosperous so long as his production is so largely 
dependent upon manuallabor. This is a fact which all of us, who 
are connected with the electrical industry, fully appreciate, but 
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Lam afraid that too few workers realize the part which machinery 
plays in the prosperity of the wagé earner. 

Mr. Neff confirms the statement which I have frequently 
made myself and have heard others make, to the effect that it 
is not an unhealthy sign to see farmers’ sons leaving the farm and 
going to the city. This merely indicates that improved methods 
in agriculture have made it possible for the ever increasing 
needs of the cities to be met without a corresponding increase 
in farm labor, a distinctly healthy, rather than unhealthy, 
symptom. 

Without electric power, it would have been impossible to place 
at the disposal of the industrial worker the power which he now 
directs and which is the secret of bis prosperity and I believe 
that the opportunities for the application of electric power in 
agriculture are just as great as they were in the industrial field. 
The tremendous advances in industries have been due largely 
to new methods made possible by electric power. So we must 
look for modifications in agricultural methods for our greatest 
gains, which methods will be, as was the case with the industries, 
built up around the convenience and flexibility of electric service. 
Just as the developments in the industries have been gradual and 
the outgrowth of experience with electric power, so, I believe, 
they will be in agriculture and the new ways of doing things 
will come step by step. 

While I heartily advocate a thorough study of all the problems 
involved to avoid unnecessary and expensive errors, I am not 
optimistic to the degree of believing that we shall ever approach 
the ideal without putting into practise improved methods as they 
appear, and confidently expecting in the future to make still 
further: improvements. Experience thus gained may be of 
material assistance in hastening the further development or may 
even point the way to entirely different lines of study which 
otherwise would not have been suggested. Advance in the 
industries has not been haphazard. On the contrary, much 
study and experimentation has been at the bottom of most of the 
essential advances. 

A. H. Ford: In connection with the question of financing 
farm lines I wonder how many public utility men have considered 
that the farmer turns his capital very much slower than does the 
public utility? As the result of this, the public utility should 
finance the farm lines rather than leave it to the farmer; because 
it is too hard for the farmer to get the necessary capital. 


Practically all the discussion concerning electric service on the 
farm has been based on the premises that the farm is a factory 
and everyone has been waiting for the time to come when the 
farm factory can use electric service to advantage. It will now 
be demonstrated that this is not necessary. The farm is a home 
as wellasafactory. If the interest and taxes on the farm home 
and on a city home of the same grade are computed, each at the 
common rate, it will be found that the difference amounts to 
about $100 per year. The fixed charges on a farm line will be 
less than this amount per customer. A farm with electric service 
can have the town advantages of water supply, electric light, 
refrigeration and electric cooking at a cost not greater than the 
same services would cost in town. It seems unnecessary 
therefore to wait until economical methods are developed for the 
use of electric service on the farm. Electric service can be sold 
to him at once for use in his home and at a price which he can 
afford to pay rather than move to town in order to get the use of 
the town utilities. 


A couple of speakers have mentioned selling kilowatt-hours. 
I wish that we could forget that expression. We are not selling 
kilowatt-hours but electric power service. However, those who 
are engaged in the electric power business have thought in terms 
of kilowatt-hours so long that they seem unable to get away from 
it. We are selling electrie power service which involves a de- 
mand cost as well as an energy cost and if we talk about selling 
kilowatt-hours we are apt to forget the demand cost and the 
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corresponding charge which should be made. We are also prone 
to talk kilowatt-hours to our customers who know nothing of the 
term. What the customer wants is service and he is not in- 
terested in kilowatt-hours. The sooner we stop talking kilo- 
watt-hours and talk service, the better off we will be. 


G. G. Post: Mr. Holcomb questions the elastic limit of 
the aluminum conductor mentioned in my paper. Since the 
meeting, the elastic limit of 1860 Ib. given in the paper was 
checked with data furnished by the Aluminum Company of 
America and was found to be correct. 


Mr. Holeomb made the statement that there was little differ- 
ence as to who makes the investment in the line, whether it is 
the farmer or the utility. Of course in the long run the farmer 
pays for all that he gets. There is this to be borne in mind, 
however; where the farmer finances a portion of the line cost, 
he pays his money at the beginning; where the utility finances 
the extension work, the utility reminds the farmer every month 
forever thereafter that he has paid something toward the cost 
of the line. People who contribute toward the cost of extensions 
have the faculty, you know, of forgetting in time that they 
have paid, and it seems to me that in the long run the man who 
pays the smallest monthly bill is the one who is going to be 
permanently satisfied. 


Two of the discussors stated that the rates to the small con- 
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sumer under the two plans given are about the same. Con- 
sider the case of the farmer who uses perhaps 20 kw-hr. in a 
month. Under one rate he would pay $2.00 and under the 
other he would pay $6.60. 

Mr. Lehman apparently is under a misapprehension concerning 
some of the provisions of the rate outlined in my paper. He 
spoke of the effect of changing the number of outlets from time 
to time. The number of outlets does not affect the rates. 
The amount that the farmer pays depends upon the active 
rooms which he has in all of his buildings and upon the h. p. 
of connected motor load in excess of 3 h. p. 

There also seems to be amisapprehension concerning the mean- 
ing of the statement, ‘‘a rate schedule designed to pay full returns 
on investment from the very start, by using burdensome mini- 
mum charges or high rates per kw-kr., will produce the opposite 
result.”’ It is not the intention to change the rate in order to 
increase the return; the rate remains the same. What is meant 
is that a line which may not be productive of adequate return 
in the beginning will give an adequate return later when the 
use of the service on the line has grown sufficiently. 

I think there was also some question as to the active-room 
basis taking care of motors. It is true it does not take care of 
the motors. Motors are taken care of in another way by adding 
fifty cents to the minimum charge for each h. p. connected 
above three. 


The Quality Rating of High-Tension Cable 


With Impregnated-Paper Insulation 


BY D. W. ROPER* and 


Fellow, A. I. E. E. 


Synopsis.—During the past five or six years, practically all of the 
American cable manufacturers have made some changes in their vm- 
pregnating compound so as to produce cable having a low dielectric 
loss. Ina number of cases, these compounds were not well chosen. 
During the same period, some of the operating companies have re- 
duced the thickness of their insulation, resulting in increased dielec- 
iric stresses. 

In a number of cases, the compounds and perhaps also the 
paper that was used developed faults that were more serious than 
high dielectric loss. Some cables have been very deficient in di- 
electric strength and others have developed a new type of trouble 
which has been termed ‘‘ionization”’ and, after a comparatively short 
time, the operating voltage of such cable had to be materially reduced 
in order to keep the lines in service or the cable had to be replaced. 

The cable manufactured during this period has generally passed, 
with a wide margin, the high voltage tests required by the specifica- 
tions. Occasionally alot of cable which passes these tests by a 
narrow margin will be shipped by a manufacturer and, in such 
cases, the service record of the cable is unsatisfactory. 


HERMAN HALPERIN* 


Associate, A. I. E. E. 


The investigations which form the basis of this paper consist of: 

(a) Laboratory tests to determine what high-voltage tests cable 
known to be of good quality will withstand as well as the similar tests 
on other grades of cable. 

(b) A careful examination and dissection of samples of the cable 
as received from the factory and samples removed from lines which 
have failed in service or which have been in service for a number of 
years without failure. 

(c) A comparison of the operating records of the cable with the 
results of the dissection and examination of the samples and with the 
factory inspection and tests made on the cable before shipment. 

(d) Accelerated life tests on long samples of cable having a wide 
range in quality. 

The results of these investigations have been correlated in a manner 
which permits the determination of the relative quality of several lots 
of cable purchased, as well as changes in the specifications which 
must be made in order to secure satisfactory high tension cables with 
impregnated-paper insulation. 


INTRODUCTION 


N the earliest days of underground transmissicn by 
lead-covered cables, rubber insulation was used. A 
littlelater, it was found that unimpregnated-paper 

tapes could be used to advantage in place of rubber. 
Still later, it was found that the paper could be greatly 
improved by impregnating it with various compounds, 
and this type of insulation came into general use. After 
a few years’ experience, a solution of rosin in rosin oil 
was thought to be most suitable for impregnating com- 
pound, and for a number of years this type of compound 
was used by practically all the American manufacturers 
excepting one or two who used a solution of rosin in 
mineral oil instead. For the lower operating voltages 
which were then in use, this type of cable was found to 
be quite satisfactory; but when such cables were oper- 
ated at voltages above 7500, it was found that the cables 
would not carry as much current without failure as the 
low tension cables of the same size. Rayner,’ in 1912, 
first noted that this difficulty was due to the loss in the 
dielectric. In 1917, Clark and Shanklin? stated that 
the best method of comparing this particular quality of 
different cable was by determining the power factor of 
the dielectric, at the same time stating that there was 
only one instrument in this country suitable for making 
such measurements. In 1917, Bang and _ Louis? 
reported the results of tests on cables installed in special 
conduit, which indicated the limitations of cables with 
high dielectric loss. Farmer,‘ in 1918, gave details 
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of laboratory methods of such measurements and out- 
lined some of the laws of dielectric loss. In 1922, one of 
the authors’ presented a method for determining the 
current limits of high voltage cables from the laboratory 
méasurements of dielectric loss. leah 

With the load limits of such cables well determined, 
the operating companies, by observing the prescribed 
limitations, were able to operate such cables in a very 
satisfactory manner and with a small percentage of 
failures. The load limitations in some cases were very 
troublesome and expensive as, in the larger cities, they 
required a considerable expense for cables for under- 
ground transmission to substations. Upon this point 
being brought to the attention of the cable manufactur- 
ers, they made changes in their insulation, principally 
in their impregnating compound, so that, by 1923, the 
insulation was improved to such an extent that for 
cables up to 15 kv., the dielectric loss did not materially 
limit the carrying capacity. Even for cables up to 
about 27 kv., which was the maximum voltage then in 
use, the reduction in carrying capacity due to the dielec- 
tric loss was very small. 

In the earlier days of impregnated-paper insulation, 
the cable manufacturers used about the same thickness 
of insulation that they had previously used with rubber 
insulation. When troubles developed in service or on 
test, it was customary to add a little more insulation 
rather than to attempt to locate and remove the cause of 
the trouble. The result was that in a few years the 
cables were generally furnished with heavier insulation 
than the tests on the cables indicated as necessary. In 
recent years some of the larger operating companies 
purchasing a large amount of cable each year have made 
some reductions in the thicknesses of the insulation, 
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for the purpose of reducing the cost. In other cases, 
reductions were found expedient in order to increase the 
amount of copper and, therefore, the amount of power 
which might be carried over one cable with a given over- 
all diameter. In other cases, the operating voltage was 
increased without a corresponding increase in the thick- 
ness of insulation. These changes resulted in an in- 
crease in the dielectric stresses. 

The change in the type of impregnating compound 
and the increase in the dielectric stresses developed a 
large amount of operating troubles on the newer cables. 
In 1924, Lamb® stated that such troubles with high- 
voltage cables in England and in other countries had 
made it necessary to replace these cables in some cases 
and temporarily reduce the voltage in others. 

Up to the time that troubles of this kind developed, 
it had been customary in this country for the cable 
manufacturers to supply cable to the larger operating 
companies under a five-year guarantee. The expense 
to the manufacturers on account of this guarantee was 
very slight, as most of the claims were due to defective 
workmanship in the factory or mechanical damage dur- 
ing shipment. The claims for dielectric loss failures were 
practically eliminated by the A. I. E. E. rule for maximum 
operating temperature of 85 deg. cent. minus L, where 
E is rated voltage in kv. This rule, according to ex- 
perience previous to that time, served to determine the 
maximum temperature below which failures from this 
cause would not occur. About two years ago the 
American manufacturers reduced their five-year guar- 
antee to a maximum of two years. 

As a matter of fact, the principal safeguard of the 
purchaser rested in the five-year guarantee, as, for 
cables above 7.5 kv. normal operating voltage, the 
factory tests were quite perfunctory; they served merely 
to eliminate sections with defective workmanship, but 
gave no clue to the quality of the insulation unless it was 
very bad indeed. 

The situation today is not greatly different. High 
voltage cable which will meet the requirements of all 
specifications which it has been possible to obtain and 
which are published in this or any European country, 
may prove an utter failure within less than one year of 
operation at its rated voltage. Troubles of this char- 
acter have not been confined to any one country, to any 
one manufacturer or to any one operating company; 
several cases of such troubles have occurred within the 


year immediately preceding the presentation of this 
‘paper. High-voltage cables that have proved success- 


ful in service will pass all requirements of the most 
recent specifications by margins of the order of 30 to 
100 per cent. 

As some of the troubles may require time for develop- 
ment ranging from a few months to a few years, it is 
entirely possible for the guarantee period to expire 
before the trouble has become apparent, and then the 
operating companies are confronted with the proposi- 


tion of replacing the cable at their own expense or op- 
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erating it at a greatly reduced voltage. Therefore, 
a reduction in the guarantee period threw upon the 
operating companies, with the aid of the manufacturers, 
the responsibility of devising tests, to be made upon the 
cable at the factory before shipment, which will enable 
them to determine whether the cable will prove satis- 
factory under their operating conditions. 

Some of the manufacturers stated that the troubles 
were due to lack of thorough impregnation and sug- 
gested an ionization test for the purpose of determining 
which cables were satisfactory. A clause prescribing 
such a test has been used in recent specifications. A 
further attempt was made to improve the specifications 
by making moderate increases in the test voltages, but 
in spite of these slight changes in the specifications, the 
troubles continue. 

This paper describes the methods which have been 
used in correlating operating experience on about 
4,000,000 ft. of high-voltage, three-conductor cable 
purchased in the past six years from ten manufacturers, 
with the specification requirements and test results so as 
to determine what changes and additions should be 
made in the present requirements. 

The object of the investigation upon which this paper 
is based was to determine just what properties of the 
insulation were responsible for the failures of the cable 
in service and to indicate the changes that should be 
made in the cable specifications in order to materially 
reduce the number of service failures. 


OUTLINE OF METHODS 

With such a complex material as impregnated-paper 
insulation, having a number of widely different and 
independent qualities or characteristics, it is not possible 
to compare the products of different manufacturers or 
different lots from the same manufacturer by any 
single measurement. The only feasible method of 
making a reasonably accurate comparison is to adopt 
the scheme which for many years has been used by 
engineers with other types of material; that is, to assign 
weights to the various qualities in the light of past ex- 
perience and determine from test or inspection data the 


percentage of the maximum weight for each item which 


should be allotted to each manufacturer or lot of 
material. 

Quality rating tables have been used by the authors 
for a number of years for the purpose of comparing the 
quality of cable indicated by the proposals of the several . 
manufacturers submitted in accordance with specifica- 
tions. Later, as data accumulated from the results of — 
tests, inspection, and operation, other quality rating 
tables were made to compare the cable actually shipped. 
At first these ratings were made purely relative, by 
selecting the best performance for each of the items 
compared, and rating the product of the other manu- 
facturers by simple arithmetical calculations. Such 
a rating table for 13-kv. cables was given by one of the 
discussors’ of the paper by E. S. Lee on “Testing High 
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Tension Impregnated-Paper Insulated, Lead-Covered 
Cables,’ presented at the A. I. E. E. Convention in 
February, 1925. While this method gave a very good 
idea of the relative standing of the manufacturers at 
one time, it did not permit a determination of the 
amount of improvement which the manufacturers 
make in the quality of their insulation from year to 
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During this period, it was the practise to make 
a careful examination of the cable immediately adjacent 
to each fault and also at the manhole ends of the 
same section of cable. A detailed study of the 
results of these inspections as the data accumulated and 
a careful comparison with the test and inspection data 
permitted the primary cause of the troubles to be deter- 


TABLE I 
QUALITY RATING OF 500,000-CIR. MIL, THREE-CONDUCTOR, 13,000-VOLT CABLE 


Limits between which values 
were proportioned | 
Item Base Values for 
No. Weight Zero Weight Full Weight Various Manufacturers 
Manufacturer A B C B D 
Year Made 1925 1925 1925 1922 1925-6 
A—Results of dissections and 
visual examinations 
he Workmanship on copper......... 4 Serious imperfections No imperfections 2.0 3.0 2.5 3.0 4.0 
ie Workmanship on lead........... 2 Serious imperfections No imperfections 2.0 2.0 2.0 2.0 2.0 
3. Workmanship on insulation and 
Paes fates es Saievo irae aiciotete orca torn enreecac 8 Serious imperfections No imperfections ald 6.5 6.0 6.0 5.0 
4, Thoroughness of imprgenation. . . 8 Poor throughout Perfect throughout 7.0 7.0 4.0 120) 7.0 
ae Tearing in bending tests......... 4 2 adjacent tapes at one 
point; 3 torn tapes per 
foot of cable No tears S20 3.9 4.0 2.0 1.0 
B—Results of factory and : 
laboratory tests on insulation 
[Be Ratio of max. to min. insulation 
resistance—for lots...... « Pee Ae 6 ee ‘sig \ 4.6 4.3 = AsO || = See! 4.4 
—for sections........ re 1.075 
de Dielectric loss at 80 deg. cent, 
watts per foot.........0.-+-.- 4 0.75* 0.075* 3.6 2.4 3.2 2.2 Is: 
8. Increase in power factor at room 
temperature from 20 to 100 
volts per mil ofinsulation....... 8 0.02 0.00 3.2 0.6 0.2 Of0) | Se 2a2 
9. Puncture voltage on straight 
SAT DLOS eC Visi either stevens (oreise:s 17 74.5 119.0 8.2 9.0 4.0 — 1.7 15.9 
10. Puncture voltage on cold bent 
Een olect Jeng anos coo Uen abo 18 65.0 104.0 21.2 22.6 8.3 — 8.8 26.3 
ali Bs Ratio of item 10 toitem9........ 8 0.75 1.0) 8.0 8.0 7.4 — 2.9 8.0 
C—General 
127 Uniformity ofinsulation......... 13 Serious variations in qual- | Reasonably uniform 11.0 11.0 6.0 7.0 11.0 
ity of insulation quality 
Total, Examination........... 26 22.1 22.4 18.5 14.0 19.0 
EOC, LLOSOS ac. nta oka sietehetenakater ont 61 48.8 46.9 2251 —19.6 58.1 
_ Total, General........-......- 13 11.0 11.0 6.0 7.0 11.0 
PanchoOvalontery-terieke cater 100 81.9 80.3 46.6 {A 88.1 


Sn eines ne a 


*Corresponding power factors of dielectric are 10 per cent and 1 per cent at 60 cycles. 


EXPLANATION 


Items 1, 2, 3, 4 and 12, in the absence of definite limitations in the 
specifications, are based on arbitrary standards established for the 
guidance of the inspectors. The standards for zero weights would gen- 
erally have caused the rejection of the cable had they been noted at the 
factory. 

The figures for zero weight for Items 5, 6, 8, 9, and 10 are the require- 
ments of the latest specifications under which the cable was purchased. 
Full weight is given for Items 6, 8, 9 and 10 for values which would give 
a large factor of assurance for these qualities. All of these values appear 
possible of attainment in the present state of the art. 

Zero weight and full weight for Items 7 and 11 are about the extreme 
limits of current American practise. The reasons for Item 11 are given 
at some length in the paper. , 

In Item 6 the variation im insulation resistance is based on the largest 
ratios found for the insulation resistances in the lots of cable as submitted 
for inspection and tests by the manufacturer and also on the largest 
ratio of the insulation resistances of the several conductors of any given 
section in each lot. The weight for this item is divided equally between 


year. To secure this result, the basis was later modi- 
fied so as to make all of the comparisons on a fixed basis 
and this meant the adoption of a standard for each of 
the items in the specifications. Table I gives such a 


quality rating for 13-kv. cables, and Table II for 35- 
kv. cables. 


the values for the lots of cable and for the individual sections. 
part would disappear for single-conductor cable. 


The values for Items 1, 2, 3 and 4 were determined by the inspection 
at the factory plus information obtained during and after installation. 
The values for Items 6 to 10, inclusive, were based on the averages of the 
poorest 20 per cent of the test results. In Items 1, 2, 3, 4, 5, 8 and 12 
the values given to each manufacturer were proportioned between zero 
and base weight and no negative values or bonuses were given on these 
items. In Items 6, 9 and 10 the values were proportioned arithmetically 
between zero and full weight and negative values were given if the results 
were poorer than the values for zero weight, and extra weight was given 
when the results were better than required for full weight. In Items 
7 and 11, negative values were given if the results were poorer than 
required for zero weight, and no extra value was given if the test results 
were better than required for full weight. ) 


All values are based on tests and inspection of cable received and ac- 
cepted by the purchaser. 


The latter 


Note: Atleast 9 mi. of cable are represented in each of the above ratings. 


mined. A reference to the corresponding test and 
inspection data then furnished a basis for determining 
the base weights for each item, a part of the limits 
between which the values were proportioned, and the 
values assigned to the several manufacturers for the 
various items in the tables. 
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TABLE II 
QUALITY RATING OF 350,000-CIR. MIL, THREE-CONDUCTOR, 35,000-VOLT CABLES 


Limits between which values 
were proportioned 
Item Base Values for 
No. Weight Zero Wei rei Riera 
1g. ero Weight Full Weight Various Manufacturers 
Manufacturer M N O P Q mM} 
Year made c 
1925 | 1924 | 1924 | 192 2 
A— Results of dissections and visual 7 een ee 
examinations 
4 eee ON\COPPEE ak ve weles'e se S Serious imperfections No imperfections Oy 3.0 2es 2.6 2415) 2.0 
2. Workmanship on lead. terete eres eees 2 Serious imperfections No imperfections 2.0 2.0 2.0 2.0 2.0 2.0 
or Workmanship on insulation and fillers 8 Serious imperfections No imperfections Aw) 5 Sao S350) 5.0 1.5 
4. Thoroughness of impregnation....... 8 Poor throughout Perfect throughout 7.0 7.0 7.0 5.0 5.0 3.0 
(5 Tearing in bending tests............ 3 2 adjacent tapes at one 
point; 3 torn tapes per 
foot Of CAblO nn. «<7 ee © No tears 2.9 0.5 0.5 2.0 3.0 2.5 
B—Results of factory and labora- 
tory tests on insulation 
6. Ratio’ of max. to min. insulation 
resistance—for lots.............-- 6 ere faze 6.0 4.8 5.9 5.3 0.3 | —4.8 
—for sections............ 125 1.0753 
(fe Dielectric loss at 80 deg. cent.-watts 
NEMO Ga See Ge Reo Oh Gore os ca 7 Oiler 0.35* B35 0 2.0 0.0 6.0 6.2 0.1 
8. Increase in power factor at room 
temperature from voltages of 20 to 
100 volts per mil of insulation....... 8 0.02 0.00 33.83 0.4 0.0 0.4 0.0 0.0 
9. Puncture voltage on straight samples, 
Reyer Vera ek te henna chs Sr oue size (sbavanal ors 17 160 256 il(57" |) 13583 Kon 2.3 |—1.8 |-—1.8 
10 Puncture voltage on cold bent sam- 
ples, Va robe roub eracene ete ray sistance 9's fhersaanans 17 140 224 DOe2 loa. ete LO rset 2 nO ela sre: 
218 Ratio of item 10 to item 9........... 8 0.75 1.0 5.6 1.4 8.0 8.0 3.8 2.2 
C—General 
122 Uniformity of insulation............ 13 Serious variations in| Reasonably uniform | 11.0 | 12.0 | 12.0 6.0 | 10.0 5.0 
quality of insulation quality 
Total, Hxamination..<........-%-. 24 216 || 2060) | 1523) (014.6 27.5 ero 
take PeSUSs 4 wit cw. +. <: cine ple w'o's Bie ote" 63 56,5 | 37.0 | 33.1 )/32.1 6.5 | —7.7 
MO GaleGSHeLaloc me etstseis-5)5, « eurevacecet= 13 11.0 | 12.0 | 12.0 6.0 | 10.0 5.0 
(errr 6 04 Wt 2: Ree en See Sere eo 100 89.1 | 69.0 | 60.4 | 52.7 | 34.0 8.3 


*Corresponding power factors of dielectric are 6 and 1 per cent at 60 cycles. 


The same letters are used in Table II and Fig. 12. 


The data were obtained from orders of several thousand feet of cable for columns M and Q;: all other ratings represent several miles of cables. 


The explanation under Table I also applies to Table II. 


A perfect method of rating the quality of cables 
would accurately predict their operating performance. 
To be useful, such a method must be approximately 
accurate over a wide range of quality of insulation and 
be equally applicable to the widely varying types of 
insulation now on the market. In the past few years 
there have been received several lots of cable of inferior 
quality, and also a larger amount of cable of a quality 
ranging upward to excellent. The system of the 
Commonwealth* Edison Company includes over 1300 
mi. of 9-, 13-, 20-, 22- and 35-kv., three-conductor 
cable. The service records for all of this cable and the 
test and inspection data on the 800 mi., purchased 
from ten manufacturers during the past six years, were 
at hand. All of these data were drawn upon in attempts 
to devise a quality rating method. Each new construc- 
tive suggestion was tested by calculating a new rating 
table with the same original data in the endeavor to 
secure results which would at least rate the cables in 
their proper order of merit. 

No great difficulty was found when the study was 
confined to 13-kv., three-conductor cables, all of which 
were insulated with manila paper and impregnated 
with compounds that were very much alike. But 
when the method was extended to 35-kv., three-con- 
ductor cables, insulated with a variety of paper ranging 
from 100 per cent manila to 100 per cent wood pulp and 
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impregnated with compounds ranging from heavy 
grease to a medium heavy oil, serious difficulties were 
encountered. By carefully going over the operating 
records and comparing them with the test and inspec- 
tion data and the results of examination of the cable 
near failures, the rating tables were altered and adjusted 
so as to bring the final results in accord with the op- 
erating experience. 

While these studies were in progress, a series of tests 
had been undertaken to determine what high-voltage 
tests successful cable should withstand. After some 
data along this line had been obtained, it appeared 
perfectly feasible to devise an accelerated life test so 
that the approximate life of the cable would be indi- 
cated by the time that the cables withstood the test. 
This resulted in a second method of quality rating en- 
tirely independent of the first. A comparison was then 
made of the two sets of results on the assumption that if 
the two methods were reasonably accurate, some simple 
relation must exist between them. 


HiGH-VOLTAGE TESTS 
For many years it had been noted that the high- 
voltage tests which the cables actually withstood when 
tested at the factory were very much higher than the 
specification requirements. It had also been noted in 
a few lots of cable which had proved to be of inferior 
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quality, the high-voltage test results were only slightly 
higher than the specification requirements. A series of 
high-voltage tests were, therefore, undertaken to 
determine what changes should be made in the specifica- 
tion requirements in order to eliminate such inferior 
lots of cable and, at the same time, allow the manu- 
facturer a reasonable margin. As these high-voltage 
tests form a large portion of the investigations on which 
this paper is based, the tests will be described in detail. 

During the past few years, a number of papers have 
been published describing attempts to determine by 
laboratory tests how dielectric failures occur. It had 
been the hope that the solution of this problem would 
afford great assistance not only in improving the insula- 
tion by altering the manufacturing methods or ma- 
terials, but also in indicating the tests that should be 
applied to the insulation to determine its quality. 
Although it has not been possible to determine how 
dielectric failures occur, it still appeared possible to 
make some considerable improvements in the quality of 
cable installed, by approaching the problem from an 
entirely different angle and determining the limiting 
conditions under which the cable would not fail. 

The previous experience with high-voltage tests on 
short samples at the factory had shown a wide differ- 
ence in the results of the tests on samples cut from 
different sections of the same lot of cable. In making 
the high-voltage tests, it was desirable to determine, if 
possible, what length of sample should be used so that 
the sample would indicate with reasonable accuracy 
the quality of the lot of cable which it represented. 

When the tests were started, the sections of cable 
used were about 200 ft. long for 138-kv., and 100 ft. 
long for 35-kv., three-conductor cable. These sections 
were as long as could be conveniently handled in the 
testing room and, further, the length of the 35-kv. 
cable was also limited by the testing transformers. 

The cable was supported on small wooden blocks on 
the testing room floor and arranged in one or two long 
loops with large radius bends so as to avoid injuring the 
insulation. The lead sheath was very thoroughly and 
carefully grounded, so that the test operators could 
freely handle the cable with their bare hands and 
determine the location of hot spots. Previous to ap- 
plying the voltage, thermometers were fastened to the 
lead sheath at intervals of about 25 ft. Additional 
thermometers were suspended in the vicinity to record 
room temperature. ‘The power was supplied by a three- 
phase, 20-kw., 60-cycle rotary converter through three 
transformers with delta-connected primary and Y- 
connected secondary, having the neutral point 
grounded. 

The initial pressure applied to the cables was ap- 
proximately rated voltage. The pressure was then 
raised at a rate of about one kilovolt per second for 
13-kv. cable, and 3 kv. per second for 35-kv. cable 
until the desired test pressure was reached. During 
the test, and with the voltage on the cable, the lead 
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sheath was carefully examined by the test operators 
every five or ten min. during the first hour of the test in 
order to detect points where the sheath temperature was 
higher than the remaining portions. At each of these 
warmer places, which are called ‘‘hot spots,” an addi- 
tional thermometer was fastened to the sheath. After 
the first hour, the examinations were made at longer 
intervals. ; 

If the failure occurred at or near the terminal bell, a 
new bell was made and the test continued. If the 
failure occurred in the central portion of the length of 
cable, a section about 5 ft. long, including the fault, 
was removed and the remaining portions of the cable 
were connected by a joint. Pronounced hot spots 
were removed at the same time. The tests were con- 
tinued until the portion remaining became too short 
to be a fair, representative sample. From three to 
seven tests usually were obtained on each original 
section of cable. Marks were made 10 ft. apart on 
the original length of cable and the locations of the hot 
spots were recorded so as to determine whether they 
would recur at the same location following an interrup- 
tion of the test. The cable at and near the points of 
failure and the hot spots was carefully dissected and 
examined and the results recorded. 

At the start and occasionally during the progress of 
the tests, when changes in the procedure appeared de- 
sirable, special tests were made to determine the details. 

In the earlier tests, the procedure was to apply the 
full reel test voltage (2.5 times normal) for 60 min., 
followed by 15 min. at no voltage. Then the voltage 
was increased in steps of 20 per cent, the voltage being 
held constant for 15 min., followed by a rest period of 
the same length. Generally the tests were continued 
in this manner until failure occurred. After some 
preliminary information had been obtained, the pro- 
cedure was changed so as to make the test at 3.6 times 
normal voltage, the voltage being maintained constant 
until failure occurred. While this plan was quite 
successful for the cables of low quality, it made the test 
unduly long when testing sections of high-grade 13-kv. 
cable. To reduce the expense of such tests, the voltage 
was increased 20 per cent after eight hours and held 
at the new voltage for a second eight-hour period, after 
which a second 20-per cent increase was made. A 
study of these test data indicated that one hour at 3.6 
times normal voltage would, very roughly, for low grade 
cable, correspond to about one year in service at the 
rated voltage, and this test voltage was, therefore, 
adopted for the accelerated life tests. Later, in order 
to obtain a voltage time curve that would show the 
time that the cables withstand various voltages, tests 
were made on samples at a number of higher voltages, 
maintained constant until failure occurred. 

About 8000 ft. of cable have been used in making 
about 250 such tests. The cable was about equally 
divided between new and second-hand cable. In 
selecting the sections of cable for these tests, samples 
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were obtained from the cable that had been shipped by 
the several manufacturers, and in this manner informa- 
tion was secured concerning the quality of each lot or 
type of cable shipped. In the same way, the sections 
of second-hand cable were selected so as to obtain 
similar data for cables of a wide range of quality whose 
service records were definitely known. The sections of 
cable used for this purpose were removed on account of 
failure, external damage, or changes in the transmission 
system. 


Discussion of Quality Ratings 
A. WORKMANSHIP 


The first five items in Tables I and II can be 
considered under the general heading of workman- 
ship. The information for calculating the values 
for these items was secured from the factory in- 
spection reports and by examination of samples of 
cable taken from the ends of sections as received or from 
the middle of the sections whenever possible. Further 
information was obtained from time to time by the 
examination of samples of cable taken from sections 
removed on account of failures or other causes. Some 
of the defects of workmanship that have been noted 
upon examination of such samples are as follows: 

Defective Conductors. Sharp corners made by the die 
in shaping the sector conductors, buckled and pro- 
truding strands, defective brazing of strands, excessive 
twisting of sector conductors, omitted strands. 

Defective Lead. Spots of dross, laminated lead, 
longitudinal and transverse splits, holes in lead. 

Defective Insulation. Loose, misplaced or knotted 
fillers, creases in individual tapes, wrinkles in tapes 
extending through many layers, registered tapes, omit- 
ted tapes, tapes folded and mishandled, damage to 
conductor insulation during the cabling of the three 
conductors. 

Defective Impregnation. Insufficient or unsuitable 
impregnating compound, as shown by occasional air 
pockets or waxy flakes or black spots or tree designs 
distributed through the insulation; a marked difference 
in the impregnation of theinsulation of several conduc- 
tors at one location; a marked difference in the impreg- 
nation of the samples from different portions of one 
section or of one lot of cable or of different lots of cable 
from the same factory. ; 

The values assigned to each of the several manu- 
facturers for the first four items in the rating tables were 
determined by the men who had charge of the examina- 
tions of the sections of cable as above described, and the 
values were assigned on the basis of the influence of 
similar defects found at or near the points of failures 
which had. occurred on.test or in service. The values 
assigned for Item 5 were determined from the results of 
factory inspection as later described. 

Impregnation. In order that the impregnation of 
paper-insulated cable may be satisfactory, it is neces- 
sary that: $i 
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1. The impregnating compound be suitable for the purpose, 
that is, it must be stable under the electrical stresses at all 
temperatures that will be experienced in normal operation. 

2. Theimpregnating process be performed so as to completely 
remove the air and moisture and thoroughly impregnate the 
insulation, and eliminate voids. 


Several tests have been evolved by the cable manu- 
facturers and the Electrical Testing Laboratories to 
determine whether the compound will be stable, but 
such a test was not included in the specifications and 
tests on the cable covered by this paper. Therefore, 
this characteristic is not considered in the tables, and 
Item 4 refers only to the completeness of the 
impregnation. 

The men who examined the samples for Item 4 de- 
termined the variation in the impregnation by visual 
inspection. They did this with considerable accuracy 
as they correlated their experience gained from similar 
examinations on samples of cable, taken from sections 
on which laboratory tests had been made for ionization 
and chemical tests to determine the thoroughness of 
impregnation. 

Several cable manufacturers were furnished with 
copies of the earlier rating tables with a request for their 
comments, and they contributed more discussion on 
this item of impregnation than on all of the other items 
combined. Apparently all of this discussion was en- 
tirely warranted by the importance of the subject. 
No satisfactory explanation has been obtained for the 
marked differences in the impregnation on the three 
conductors at one place in the cable nor for the large 
differences in impregnation throughout the length of 
one section. 

This difference in the impregnation of the three 
conductors in a section is shown by measurements of the 
insulation resistance and power factor. When the 
insulation is examined near a point where a failure due 
to ionization has occurred, a pronounced difference in 
the impregnation is frequently found as, for example, 
the insulation of one conductor will be filled with the 
evidences of ionization, while the insulation of the other 
two conductors will be entirely free from such evidence. 
In other cases, many evidences of ionization will be 
found in the insulation of all three conductors near the 
point of failure, but will be entirely lacking in the 
manhole ends of the same section of cable. 

Tearing of Paper Tapes in Bending Tests. The 
routine tests on the cable at the factory include a bend- 
ing test on an occasional short sample that has been 
cooled to the minimum operating temperature which, 
for Chicago, is about minus 5 or 10 deg. cent. This is 
followed by a puncture voltage test and later by an 
examination of the paper tapes in a three-ft. section of 
the cable, cut from the middle of the bent portion. The 
number of edge tears and longitudinal tears of the 
paper tapes are noted and recorded. In the table, 
the number of torn tapes and the number of tears are 
considered, no tearing receiving full weight. 

If the tapes are not too wide, longitudinal tears 
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occur only when the tapes are applied with a lap, that 
is, when each turn of tape overlaps a portion of the 
preceding turn. Edge tears will not occur if the paper 
tapes are applied perfectly flat without lap and if the 
impregnating compound does not become too viscous 
or stiff at the low temperature. 

The tearing of the paper tapes in the bending test has 
been the subject of many extended and animated 
discussions with the cable manufacturers for a number 
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of years, but the improvements in the machines for 
applying the paper tapes within the past few years have 
about eliminated this prolific cause of controversy. 
The leading manufacturers are now furnishing cable 
which gives a practically perfect performance in this 
test. Incidentally, some of the manufacturers state 
that the new taping machines not only make better 
cable, but the cost of the cable is reduced, as the ma- 
chines are run continuously until the rolls of tape are 
exhausted instead of being frequently stopped to 
repair broken tapes. 

The evidences of defective workmanship were found 
upon examination of some of the earliest failures due to 
the recent troubles, but it did not appear, at that time, 
that the defects found were sufficient to cause the 
failures. Apparently this view was correct, as later, 
other failures occurred where there was no such evidence 
of poor workmanship, indicating that the quality of the 
insulation was poor. This experience indicates that if 
the insulation has a very small factor of safety, the 
first failures will probably occur at points where the 
dielectric strength of the insulation has been reduced 
by mechanical defects. 

During the past few years, the leading American 
manufacturers have made some marked improvements 
in the workmanship of the insulation as shown by the 
paper tapes being applied more smoothly and evenly, 
the number of torn tapes in the bending test reduced, 
and the impregnation improved. The extent to which 
these improvements in workmanship have improved 
the quality of the insulation is indicated by the reduc- 
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tion in the effect of the bending test on the dielectric 
strength of the insulation. The extent of this improve- 
ment is shown in Fig. 1 which shows the ratio of the 
puncture voltage, obtained on the samples that have 
been subjected to the cold bending test, to the punc- 
ture voltage obtained on the straight samples. During 
the past few years this ratio has risen from about 65 per 
cent to 100 per cent. It therefore appears that this 
ratio can be used as an excellent test for workmanship. 


B. TESTS ON INSULATION 


Insulation Resistance. The insulation resistance is 
one of the most sensitive tests that are made on each 
section of cable at the factory. At the present time, 
the greatest use for the results of this test is as an indi- 
cation of the uniformity of the manufacturing processes. 
In Fig. 2 is shown the variation in insulation resistance 
of 125 consecutive reels as submitted by two manu- 
facturers. Figs. 3 and 4 show the variation of the 
power factor of the dielectric with the insulation re- 
sistance as obtained from 30 consecutive reels sub- 
mitted by two manufacturers. Fig. 5 shows similar 
data from two different lots of cable submitted, a few 
months apart, by another manufacturer; from such 
data and from other tests showing that no change in the 
paper was made during the same period, it is evident 
that the cable manufacturer changed the impregnating 
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compound, a conclusion which has been verified by — 
the manufacturer. 

Dielectric Loss at 80 Deg. Cent. For uniformity, the 
dielectric loss at 80 deg. cent. is used for comparison, 
although for 35-kv. cable it is realized that this is above 
the standard maximum operating temperature. Oper- 
ating conditions arise infrequently, however, which 
render it expedient to carry an abnormal load on a 
cable for a short time rather than open the line and 
cause interruption of service. The dielectric loss tests 
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at 80 deg. cent. permit the heating of the cable under 
such abnormal conditions to be predetermined. 

The manufacturers are now furnishing cable for 
voltages up to about 20 kv. with insulation with such 
low dielectric loss that this loss does not reduce the 
carrying capacity of the cable more than one or two per 
cent. For practical purposes, this can be considered 


~N 
wn 


RATING OF HIGH-TENSION CABLE 535 


turers has shown losses materially below this figure, 
thus allowing an increased load to be carried on the 
cable without exceeding the maximum permissible 
operating temperature. 

“Tonization” Test. A test made by measuring the 
increase in power factor over a certain specified range in 
voltage, say, from 20 to 100 volts per mil of insulation 
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Power factor of dielectric is value obtained at room temperature on each section of cable at 100 volts per mil of insulation thickness. Insulation 
resistance is average for value for three-conductors obtained by the standard method with direct current 

Data are shown for 30 consecutive sections of cable from makers C and A and for two lots of 30 consecutive sections, each presented several” months 


apart, by maker B. 


inappreciable. A general idea of the effect of the power 
factor of the insulation on the permissible copper losses 
in the cable (and the sheath losses also in the case of 
single-conductor cable) is indicated in Table III. From 


TABLE III 


RELATION OF POWER FACTOR OF INSULATION TO 
OPERATING VOLTAGE 


Losses at max. 
operating temperature 
— watts per foot 


' Permis- 
Power Total sible Ratio 
factor of| Dielec- | per copper 
dielec- tric | cable | lossest | _4_ 
Cable* tric in % A B B-—A B 
500,000-cir. mil, 3-cond, 13 ky. 5 0.37, LL 10.63 0.0384 
350,000-cir. mil, 3-cond, 35 kv. 5 1.75 8 6.25 | 0.22 
600,000-cir. mil, 1-cond, 
132 kv 5 8 8 0 0.00 


*Sizes used by the Commonwealth Edison Co. 
tIncluding sheath losses in single-conductor cable. 


the table it follows directly that, for commercial con- 
sideration, as the operating voltage increases, the maxi- 
mum allowable power factor of the dielectric should 
decrease. Experience has shown that a dielectric loss of 
1.75 watts per ft. of 35-kv., three-conductor cable does 
~ not result in service failures due to cumulative heating. 
The recent product of some of the leading manufac- 
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thickness, is called an ionization test. In the later 
specifications under which this cable was purchased, 
there was a further provision that the upper voltage 
should be at least 150 per cent of the rated voltage of the 
cable. Several recent specifications require such a test 
on each section of cable. 


Smit Kleine, Proos and Van Staveren® contend that 
there should be no rise in the power factor for about the 
same change in voltage, and this opinion is privately 
confirmed by other European manufacturers. Another 
manufacturer states that according to his experience a 
rise of two per cent for three-conductor cables, or one 
per cent for single-conductor cables, insures satisfactory 
impregnation. Probably each statement is correct 
as applied to the particular combination of paper and 
impregnating compound in the cable from which the 
experience was obtained, but this change in power 
factor over the specified range in voltage is very dif- 
ferent for the different types of thoroughly impregnated 
insulation as made by the several manufacturers. 
Fig. 6 shows a number of such curves taken from actual 
tests on samples of commercial cables made by manu- 
facturers that are considered among the leading manu- 
facturers in the world. Some of these cables having the 
greatest increase in power factor over the specified 
range in voltage have given the best service, while 
other cables, which have a very small increase in power 
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factor, have been found unsatisfactory for service at 
their rated voltage. In several cases, subsequent tests 
have developed that the impregnating compound was 
unstable, and this means that a test on the impregnating 
compound itself is necessary, in addition to the ioniza- 
tion test, in order to insure satisfactory cable. 
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The fact still remains, however, that the experience 
to date shows that cables can be entirely satisfactory 
and still have a wide range in the increase in power 
factor with a given increase in voltage. The insulation 
in these cables also varies widely in their composition, 
that is, they contain varying proportions of wood pulp 
and manila paper and entirely different impregnating 
compounds. These facts indicate the necessity of 
considerably more information before the proper limits 
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Waxy flakes and black spots on center filler of three-conductor, 35-kv. 
cable, impregnated with a heavy grease. Cable was removed after being 
in service. 


for the increase in power factor can be fixed for the 
various types of insulation, so that all types will be 
equally satisfactory. 

The several manufacturers making satisfactory cable 
use different methods of measuring the power factor, 
some tests being three-phase and others single-phase. 
In addition to this, the ratio of the thickness of the 
insulation on the conductor to the outer belt insulation 
varies. Apparently the ionization test in its present 
form cannot be considered satisfactory until we also 
have information regarding the factors to be used in 
converting the results of the single-phase tests so as to 
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secure results strictly comparable with the results 
obtained from three-phase tests. 


The visible evidences of high-voltage discharges or of 


ionization which are found upon dissecting the affected 


insulation, in the order in which they usually appear to 
develop in service are: 
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Removed from space between adjacent turns of tapes of conductor 
insulation of same cable as in Fig. 7 
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Along edge of a tape of the conductor insulation of cable impregnated 
with a heavy oil 


Fig. 10—Two-DiameterR MaGniricaTIon oF TREE Dusian 

Developed in and on tape of conductor insulation of three-conductor, 
35-kv. cable, during test at 127 kv. 

a. Waxy flakes and black spots in the compound 

b. Black or brown spots in the paper 

ce. Fern-leaf or tree designs in the paper, and pin 
holes through the paper. 

Figs. 7,8, 9 and 10 show reproductions of photographs 
of these evidences. 

The waxy flakes and black spots in the compound 
can be readily removed with the compound, but the 
other evidences of ionization will remain in the paper 
after the compound has been removed. 


‘ vary in different portions. 
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The waxy flakes and black spots in the compound, 
under a low power magnifying glass, appear similar in 
structure. The impregnating compound, whether a 
grease or an oil, apparently first turns to a jelly and, 
later, develops a granular structure. The appearance 
of various waxy flakes and black spots varies consider- 
ably as the appearance of honey turning to sugar will 
If the impregnating com- 
pound is a grease similar to petrolatum, the waxy 
flakes are of a conspicuous yellow color, but if the com- 
pound is a heavy oil, the flakes are quite inconspicuous, 
as their color is not very different from that of the oil. 

The brown or black spots in the paper generally 
appear in the middle or outer portion of the conductor 
insulation, sometimes accompanied by tiny punctures 
in the layers near the conductor and tree designs in the 
other layers. The evidences of ionization are generally 
found in the largest quantity where the stresses are the 
greatest, but their distribution throughout the insula- 
tion varies widely in different cases and appears to be 
affected by local variations in the impregnation. In 
the high voltage tests on samples of cable, the waxy 
flakes develop only when the tests continue for a long 
time, of the order of 40 hr. or longer; but the other 
evidences are developed by higher voltages in a much 
shorter time. 

Dieleciric-Strength Tests. High voltage tests on each 
section of cable have always been made on rubber 
insulated cables and this practise has been continued 
on paper-insulated cables. The test, however, was 
never intended or considered as a test of the quality 
of the insulation, but was made for the purpose of 
eliminating sections having serious defects in 
workmanship. 

About six or seven years ago a dielectric-strength test 
on a short sample was first required by American 
specifications. This test was intended to insure insula- 
tion of the proper quality. At that time, a test of 
five times normal operating voltage for 30 sec. was 
considered sufficient for cables up to 15 kv., andfour 
times normal for 30 sec. for cables above that’ voltage. 
The figures given'were determined at a conference of 
interested parties, and, based upon general knowledge 
and experience, it was hoped that they would be suf- 
ficient. It was thought that the impregnated-paper 
insulation of the quality then being made would meet 
these requirements without difficulty, but in the dis- 
cussion no test data were introduced or considered which 
would give definite information as to the dielectric 
strength of cables known to be satisfactory. The test 
voltage has been gradually increased in small steps 
until at the present time it is about 25 per cent higher 
and the time has been increased to five min. 

The specifications require that after the sample 
has withstood the specified test voltage for five min., the 
voltage shall be increased in 10 per cent steps, held 
constant at each step for one minute, and the test con- 
tinued in this manner until failure occurs. By carefully 
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comparing service records with the records of tests made 
at the factory on the lots of cable which have failed in 
service, it has been noted that 13-kv., three-conductor 
cables which have met all the requirements of the 
specifications, but which failed on the dielectric-strength 
test at a voltage below seven times normal, have in 
general been quite unsatisfactory. 

In order to secure definite information on the proper 
dielectric strength requirements, an extended series 
of tests on 13-kv. and 35-kv., three-conductor cables 
was undertaken as previously described under the 
subject on High-Voltage Tests. From the great mass 
of data obtained in this way, the curves shown in Fig. 11 
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Curves A and C represent results from tests on 20-ft. samples, Cable A 
appears quite satisfactory; cable C, inferior and non-uniform, as shown 
by wide variation in test results. 
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Typical test results on samples of cables that have proved unsatis- 


factory in service: 
©Dielectric-strength tests at factory 
<High-voltage tests in Chicago 


have been prepared. It appears quite certain from 
the data obtained to date that if cable will pass the 
voltage tests corresponding to two or three well- 
separated points on line S R, in Fig. 11, it will have 
sufficient dielectric strength to give satisfactory service. 
The cable, however, may be deficient in other respects, 
as, for example, in ionization or in dielectric loss. If 
the insulation is quite uniform in quality, it may be 
possible to reduce the voltage tests, as represented by 
this line, but at the present time it appears to be per- 
fectly feasible to secure cable from several manufac- 
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turers which will average at least 30 per cent higher 
than the tests so specified, and at the same time leave 
the manufacturer a reasonable margin. It therefore 
seems inexpedient to consider accepting cables with an 
insulation of a lower quality than is represented by this 
line. 

Lines A and C show the results of high voltage tests 
made on the recent products of two manufacturers. 
Tests on the products of two additional manufacturers 
give results similar to those shown by line A. Some 
months ago, lengths of about 300 ft. each of cables A 
and B were installed on 25-cycle lines operating at 20 
kv., in order to extend the voltage-time lines to 1.5 
times normal voltage. 

As will be noted from Fig. 11, the test results for the 
dielectric-strength test for 30 sec. were about the same 
for cables A and C, but at lower voltages, cable A 
withstood a given test voltage about five times as long 
as cable C. Stated in another way, for a test to last a 
given time in excess of 10 min., cable A will withstand a 
voltage nearly 30 per cent higher than cable C. 

These data show that the results obtained from a 
short-time, dielectric-strength test are misleading as an 
indication of the quality of the insulation. In the past, 
considerable reliance has been placed upon such mis- 
leading information regarding the quality of the 
insulation. 

The dielectric strength tests at the factory and 
the tests previously described under the heading, 
High-Voltage Tests, when correlated with operating 
experience indicate that: 

1. The short-time dielectric-strength test should 
be made at seven times normal voltage for five min., or, 
if this test introduces pothead or terminal troubles, 
it will be equally satisfactory to make the test at ‘six 
times normal voltage for 16 min. 

2. Satisfactory results can be secured on the short- 
time test with a sample about 15 ft. long under the lead. 

3. A long-time test should be made on samples of the 
cable, and the requirements for this test should be four 
times normal voltage for six hours. 

4. In order to secure reasonably accurate results on 
the long-time tests in which the failure may be caused 
by irregularities that require time to develop, the sample 
should be about 75 ft. long. 

All of the points above mentioned are on line S R, 
Fig. 11, and if for practical reasons, a slight modifica- 
tion is desired in some of these tests, they should be 
made in accordance with the line. 

On Fig. 11, some typical results are shown for dielec- 
tric strength tests at the factory and accelerated life 
tests in Chicago obtained on cable that has proved 
unsatisfactory in service. 

During the last few months, the long-time tests at the 
factory have been made so as to secure additional 
information regarding the quality of the cable. The 
test requirements provide that the cable shall withstand 
3.2 times normal voltage for eight hr., and the procedure 
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has been that following this test, the voltage has been 
raised to 5.7 times normal voltage and continued at this 
voltage until the cable failed. The samples tested to 
date have withstood the higher test voltage from two 
to twelve hours. These data indicate that satisfactory 
cables which are now being made for 13-kv. service 
will readily withstand the proposed tests of four times 
normal for six hrs., as well as the test of six times normal 
for 16 min. 

The data for lines A and C were obtained from tests 
on cables in which the insulation was impregnated with 
a grease or a heavy oil and their use should be limited to 
such insulation. The lines indicate that the voltage 
varies inversely as the seventh root of the time. It is 
entirely possible that a different line would be obtained 
for cable in which the insulation was impregnated with 
a materially different compound. 

The fact that, in order to be satisfactory, the cables 
must withstand voltages of several times normal for 
many hours as a laboratory test, indicates that, in 
service, the cables occasionally must be subjected to 
voltages above normal. It is known from tests not 
here recorded that the number of transient voltages to 
which any one line is subjected is greater if the lines 
are interconnected. As these transient voltages are 
incidental to the normal operation of a large system or to 
a small system if supplied from overhead transmission 
lines, it appears that the cable must be designed to 
withstand such transients. There are in the records of 
the larger operating companies, a number of cases of 
cable failures which were simultaneous with other 
troubles on the system and definitely prove that these 
transient voltages occasionally cause cable failures. 

As an example of the effect of transient voltages on 
underground cables, there may be cited the experience 
of a small suburban town adjacent to one of the larger 
Eastern cities. For a number of years, service was 
furnished from separate generators in a small steam 
plant in this town. The distribution feeders were 
single-phase and were supplied from a polyphase 
generator. Some time later, this lighting plant became 
a part of the system in the adjacent large city. The 
small generators were shut down and the distribution 
system was supplied by a transmission line from a 
generating station in the city. This underground 
system had been giving excellent service when supplied 
by the local generators, but when the system was 
supplied by a transmission line from the large generating 
station, the cable failures became so frequent that 
practically the entire system of primary feeders had to 
be replaced. 

In view of the tendency to shut down the small 
plants in all parts of the country and to supply the 
smaller communities by transmission lines from large 
generating stations, it appears that similar experiences 
may occur in any small city if cables are installed with a 
smaller factor of safety than is found necessary in the 
large cities with interconnected transmission lines. 


oo 
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Cold Bending Test. Bending-test clauses have been 
a part of standard specifications in this and other 
countries for a number of years. The test is intended 
to insure that the cable will not be damaged by the 
bending incident to its installation in the conduit and 
training in the manhole. In Chicago, conditions re- 
quire that cable installation shall proceed throughout 
the entire year, except the very cold days during the 
winter months and, for this reason, the clause in the 
specifications under which this cable has been pur- 
chased calls for the bending test to be made at a tem- 
perature of minus 5 deg. cent. or minus 10 deg. 
cent., depending upon the class of cable. The neces- 
sity of such a clause was shown by an investigation 
made several years ago in which it was found that the 
cable failures occurring in the three per cent of the 
cable which is in the manholes amounted to over 25 per 
cent of the total failures. An investigation made 
this year shows that this figure has recently dropped to 
about 18 per cent. The improvements in the behavior 
of American cable under this test are discussed else- 
where in the paper. 

Ratio of Puncture Voltage Tests. It has been men- 
tioned under the heading, Workmanship, that the ratio 
between the puncture voltage obtained on the sample 
subjected to the cold bending test and the puncture 
voltage obtained on the straight sample, appeared to be 
an excellent test of workmanship. While the ratio 
of these two voltages averages about 100 per cent, there 
is still quite a variation in the results of the tests on 
individual samples; e. g., the puncture voltage on the 
cold bent sample is sometimes 10 or 15 per cent higher 
than that on the straight sample. A study of recent 
test data shows that, if the ratio were required to ex- 
ceed 75 per cent, it would necessitate good workman- 
ship and still allow an ample margin for the variation 
between samples, due to the ordinary variations in 
quality of the insulation. 


C. UNIFORMITY OF INSULATION 


This item is a.recent addition to the rating table. 
Studies made during the process of modifying the 
rating table so as to bring it in accord with operating 
experience, plainly indicated that some of the properties 
of the insulation were not covered by the specifications 
and, further, that some of these neglected properties 
would probably have variations just as great as occur 
in those qualities which we know how to observe and 
measure. 

Occasionally, deficiencies and irregularities are noted 
in the product of all manufacturers. Some of these 
deficiencies can be eliminated only by conscientious 
workmen and efficient inspectors at the factory. Ir- 
regularities in the impregnation is one of the greatest 
causes of variation in the quality of the insulation, and 
this is apparently one of the most difficult items for the 
manufacturers to control in the factory. Many ex- 
amples of insulation, showing a marked deficiency in 
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the impregnation, have been noted in the examinations 
of samples of cable which have been removed on account 
of failure or other causes, and an examination of the 
test records for those particular lengths has shown that 
such irregularities occurring throughout a small portion 
of a section of cable are not indicated by our present 
tests. It would be of great assistance in eliminating 
sections of cable having such deficiencies and in re- 
ducing the number of failures which result, if some test 
could be devised and applied to each section of cable 
at the factory, which would be a measure of the mini- 
mum quality of the insulation in any section tested. 

During the many high-voltage tests which were made 
on three-conductor cable, it was noted that if the 
voltage was of the order of five or six times normal, a 
buzzing or crackling noise from the electrical discharges 
within the insulation could be distinctly heard. At 
such voltages, the life of the cable is comparatively 
short, but if the test voltage is reduced, the time to 
failure rapidly increases. At some voltage not well 
defined, the internal noise becomes inaudible and, at a 
voltage somewhat lower, the life of the cable becomes 
indefinitely long. From this it appears that a relation 
exists between the internal discharges and the life of the 
cable. The indications are that the failures of the 
insulation which occurred on high-voltage tests were 
brought about by the effect of these internal discharges 
upon the insulation and that failure of the insulation is 
inevitable, if the voltage is sufficiently high to cause 
these internal discharges. If, then, a test could be 
devised which would indicate the voltage at which the 
internal discharges begin, this would be an indication 
of the limiting voltage at the weakest point in the 
insulation throughout the section of cable tested and, 
by comparing the results of such measurements with 
similar data on cable known to be satisfactory, the 
necessary factor of safety to insure satisfactory opera- 
tion could be determined. Such a test applied to each 
section of cable would be an invaluable addition to the 
tests now available, as it would give a direct indication 
of the minimum quality of any section of cable, whereas, 
the best that can be accomplished with the present 
ionization test is to determine the average quality, and 
it is the minimum quality rather than the average 
quality which determines whether or not the cable will 
fail. 

The ionization test discussed in detail elsewhere gives 
an indication of the average impregnation of a section of 
cable, but neither the ionization test nor any other test | 
now known gives any indication of the minimum im- 
pregnation at any part of the section. This variation 
in impregnation, plus local defects in workmanship and 
the resulting variations in the quality of the insulation 
throughout a section of cable, have been the cause of 
many failures of cable that have occurred in service in 
the last few years in cable that had passed with a wide 
margin all of the requirements of the specifications. 
These non-uniformities probably account for the fact 
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that in some cases the remainder of a section of 
cable which has failed in service, upon being tested 
at the factory, will pass all of the requirements of the 
specifications. 

An example of non-uniform quality of insulation is 
shown by the results of tests on a portion of a section 
of three-conductor, 13-kv. cable which failed after about 
three months’ service. Upon examining and dissecting 
the cable, no apparent cause was found for the failure. 
About 210 ft. of the remaining section was tested and 
withstood 46 kv. for 33 min., after which failure oc- 
curred in the cable one in. from the end of the lead 
sheath. The pothead was replaced, the 193-ft. piece 
remaining was tested at 46 kv., and failure occurred in 
the cable after five hr. The 140-ft. piece remaining was 
tested and withstood 46 kv. for eight hr., followed by 
55 kv. without interruption of the voltage for 8 hr., and 
followed by 65 kv. until failure occurred in the cable 
after 55 min. The sections of the cable containing the 
failure and the maximum hot spot were removed for 
examination. This left some shorter pieces and one, 
69 ft. long, was tested and withstood 46 kv. for eight 
hr., followed by 55 kv. for eight hr. and 65 kv. for 16 
min., after which failure occurred in the cable. In a 
series of similar tests at 127 kv., made on a section of 
35-kv. cable, different portions of this section gave 
results which, according to Fig. 11, indicate a two-to- 
one range in quality. 

Further data, including unusual examples of non- 
uniformity in insulation, are given in Table IV in the 
appendix. 

Hot Spots. Further evidence of the non-uniformity 
of the insulation is contained in the record of the hot 
spots on the lead sheath in the high-voltage tests. These 
hot spots were distributed with great irregularity along 
most of the sections of cable tested. Generally the hot 
spots extended only a short distance along the cable. 
The temperature of the lead sheath at these hot spots 
ranged from 2 or 3 deg. cent. up to 74 deg. cent. above 
adjacent portions of the sheath. 

In tests on one section of cable, sudden temperature 
rises of about 8 deg. cent. developed in less than 
10 min. in two hot spots, accompanied by loud crackling 
and buzzing noises, followed by a disappearance of the 
noises, and a decrease of about eight deg. cent. in the 
temperatures. Then the temperatures increased five 
deg. cent. slowly to the end of the test, when failure 
occurred elsewhere. _A broken filler was found at one 
of these hot spots. 

As the location of the hot spots was recorded by 
reference to marks made on the original section of 
cable, it was possible to determine whether the hot spots 
would reappear at the same locations after an inter- 
ruption of the test. Sixty per cent of the hot spots 
which developed in the first tests on 13-kv., three-con- 
ductor cable reappeared on subsequent tests. For the 
33-kv., three-conductor cable, the corresponding figure 
was 84 percent. In those tests where failure was in the 
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cable and the time of the test was sufficient to result in 
hot spots of 2 deg. cent. or more above the minimum 
sheath temperature, 74 and 53 per cent of the failures 
occurred in hot spots for, respectively, the 35- and 
13-kv. cables; 41 and 27 per cent, respectively, of the 
failures were at the maximum hot spots. 

The study of all of the records shows that, in general, 
the cable manufacturers who have the best control 
of their materials and manufacturing processes, as 
demonstrated by the uniformity of test results and 
inspection data, make the best cable. 


STABILITY OF IMPREGNATING COMPOUND 


It has recently been discovered that certain pre- 
viously used impregnating compounds are entirely un- 
suitable for use in high-voltage cables—that is, cables 
with average stresses exceeding about 40 volts per 
mil—and that when such compounds are used, the 


QUALITY RATING FROM TABLE I, PER CENT 


0 50 100 150. 200 250 300 350 


ACCELERATED LIFE TEST RESULTS, HOURS 
TIME TO FAILURE AT 3.6 TIMES NORMAL VOLTAGE 


Fig. 12—ReEuatTIon oF QuaLiry RaTINGS WITH ACCELER- 
ATED Lire Trst Resutts, ror 500,000-Cir. Min, THREE- 
ConpuctTor, 13-Kv. CaBLES 


Tests which were at 46 kv. and higher were evaluated for 46 kv., which 
results in a maximum dielectric stress of about 72 kv. per cm. 


most perfect process of drying, vacuum treatment and 
impregnation will not prevent rapid deterioration of the 
insulation. F. M. Farmer® has devised a test which 
will eliminate unsuitable compounds, and this test will 
be in a paper presented by Mr. Farmer at the same 
meeting as this paper. On the basis of this information 
presented by Mr. Farmer, it appears perfectly feasible 
to devise a clause for insertion in the specifications which 
will effectively eliminate unsuitable compounds. A 
large number of failures of the 35-kv., three-conductor 
cable can be directly traced to this cause as well as a 
smaller number of failures occurring on 22-kv. and 13- 
kv., three-conductor cables. 


COMPARISON OF QUALITY RATINGS WITH ACCELERATED 
Lire TEST RESULTS 

The relation between the quality ratings given in 
Table I and the results of the accelerated life tests made 
upon sections of the same cable is shown in Fig. 12. 
The variations of the individual points from the curve 
as drawn are no greater than might be expected from 
the variations in the quality of the insulation. As the 
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accelerated life test for those cables having a life of only 
a few years has been found to be a fairly accurate indi- 
cation of the service record of those cables, it appears 
that the curve in Fig. 12 verifies the results of the qual- 
ity rating table, as a prediction of the service records of 
the cables of widely varying quality. 

As the zero base weights in Table I practically corre- 
spond with specification requirements, Fig. 12 indicates 
that if the cable passes the specifications with a narrow 
margin, it will be unsatisfactory in service, and this 
indication is confirmed by experience. The cable 
shown by B’ passed the dielectric strength tests at the 
factory by a narrow margin; there was an unusually 
high percentage of failures in the high-voltage test on 
each section at the factory; there were several failures 
on the test after installation before placing the line in 
service, and several failures in service within a few 
months after the line was placed in regular operation. 
Another lot of cable obtained from another manufac- 
turer at about the same time, and having about the 
same quality, gave very similar results. A study of the 
rating table clearly indicates the changes in the speci- 
fications that must be made in order to eliminate such 
cable by means of the tests at the factory. 

Cable E was of slightly higher quality and gave 
somewhat better results in the factory tests and in 
service. Cable C was of still better quality, but the 
quality as indicated by inspection and all of the tests 
was very irregular. About 10 mi. of this cable was 
installed and placed in service last fall, and one service 
failure, which was due to no apparent cause, occurred 
within two months after the cable was placed in service. 

Cables shown by A and B, and installed last fall, 
have had no failures in service. The quality of these 
cables appeared so high that lengths of about 300 ft. 
each were installed on 25-cycle, 20-kv. lines last Novem- 
ber and September, respectively, in order to verify the 
quality rating as determined from the table. No 
failures on these test lengths have occurred to datey If 
the voltage-time curves obtained in the laboratory on 
these cables correctly represent them, then these test 
lengths should last for several years at 1.5 times their 
normal voltage. ; 

A further study of Table I will indicate the changes 
that must be made in order to insure cable of the 
desired quality. 

Table II is a rating similar to Table I for typical 
examples of several different grades of 35-kv. cable 
which have been received to date. Fig. 18 shows the 
relation between these quality ratings and the acceler- 
ated life test results. Several of the cables represented 
have proved unsatisfactory for operation at 35 kv.; 
they developed the signs of ionization previously de- 
scribed and tests on their impregnating compounds 
show that they would have been rejected by Mr. 
Farmer’s test for stability. The curve in Fig. 18 
eannot be drawn with as much accuracy as the curve 
in Fig. 12, but Table II and Fig. 13 appear to indicate 
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necessary changes in the specifications to insure satis- 
factory 35-kv., three-conductor cable. 

It is recognized that Tables I and II, in their present 
form, are not perfect. They can never be made more 
accurate than the data from which they are developed, 
and these data will always vary in accordance with the 
non-uniformity of the insulation. Changes in the 
quality rating tables will be required from time to time 
as additional information is secured and especially to 
permit the tables to be properly applied to some of the 
new types of insulation which are now being developed 
by the cable manufacturers. However, there appears 
to be no reasonable doubt as to the feasibility of using 
the quality rating methods outlined in this paper as a 
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Fig. 13—ReELation or Quanity RatTines with ACCELER- 
atgEp Lirn Test Resuuts, ror 500,000-Crr. Mit, THREE- 
ConpvuctTor, 35-Kv. CABLES 


Tests were at 127 kv., which results in a maximum dielectric stress of 
approximately 125 kv. per cm. 


basis for modifying the specifications in order to secure 
cable of the desired quality. 


CONCLUSIONS 

1. All high-voltage tests on samples should be con- 
tinued until failure occurs. 

2. Long-time tests at several times normal voltage 
should be made on samples of the cable at the factory | 
in order to obtain definite information as to their di- 
electric strength. 

3, A test requirement should be inserted in high- 
voltage cable specifications to prevent the use of un- 
stable impregnating compounds. 

4. The ratio of the puncture voltage obtained on the 

cold bent sample to the puncture voltage obtained on 
the straight sample appears to be an excellent test of 
workmanship. 
5. A test is needed to indicate the minimum im- 
pregnation in a section of cable instead of the average 
impregnation as determined by the present ionization 
test. Until such a test has been devised, only careful 
supervision of the impregnating processes will eliminate 
the variations in quality due to irregular impregnation. 

6. The best cable is, in general, made by the manu- 
facturers that have the best control of their processes, 
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Remarks 


Failed from outer corner of 1 conductor, 1 ini below end of 
cable lead in pothead. Tape was wound with a negative 
lap and failure was along the edge of 4 superimposed layers. 

Failed from outer corner of 1 conductor to sheath. 


Failed between parallel faces of 2 conductors. 


Failed between parallel faces of 2 conductors. 

Failed between 3 conductors. Blackened compound was 
found 2 ft. from the failure in the vicinity of a string 
wrapped around the belt. 

Failed under pothead wipe from the corner of 1 conductor 
to the sheath. 

Failed between 3 conductors. 

Failed between 3 conductors. 

Failed between 2 conductors at the corners of the sectors. 

Failed between parallel faces of 2 conductors. 

Failed from cornor of 1 conductor to sheath. 

Failed between 3 conductors. 

Failed between parallel faces of 2 conductors, and from 
corner of 1 conductor to sheath. 


Failed between parallel faces of 2 conductors. 
Failed between 3 conductors at center of cable. 


Failed between 3 conductors at center of cable at a point 
where the center filler had wandered between conductors. 
These are the highest hot-spot temperatures developed in 
these tests. All three failures occurred at the max. hot 
spots for this section of cable. 

Failed between 3 conductors at the center of the cable. 
Black spots and waxy flakes were found in compound near 


Failed between parallel faces of 2 conductors at the end of 
Jead in the pothead. 

Failed between 3 conductors just below end of lead in pot- 
head. One hot spot developed suddenly just previous to 
failure and its sheath temperature rose from 39 deg. cent 
to 69 deg. cent. in the last 10 minutes of test. One outer 
filler was found to be broken at this point. 

Failed between 2 conductors at center of the cable. A. 
broken outer filler was found 1 ft. from the failure. 2 
hot spots developed sudden rises in temperature after 90 
and 100 minutes, accompanied with a loud intermittent 
“ripping”? and “‘cracking’’ sound which lasted about 20 
sec. There were no unusual noises in either hot spot 
afterwards. In one, the temperature increased from 43 
deg. cent. to 50 deg. cent. in 10 min., decreased to 41 deg. 
cent. in one hour and then rose to 46 deg. cent. by the end 
of test; a broken outer filler was found in this section. 
The other hot spot increased in temperature from 42 deg. 
cent. to 51 deg. cent. in 10 min., decreased to 43 deg. cent. 
in 40 min, and rose slowly to 48 deg. cent. at time of failure. 


Failed between 2 conductors in crotch. 

Failed between 2 conductors in crotch. 

Failed between 2 conductors in crotch. 

Failed between 2 conductors in crotch. In each test one 
portion about 20 ft. long remained about 5 deg. cent. cooler 
than the rest of the section. 

Failed from outer corners of 2 conductors to sheath. 

Failed from outer corner of 1 conductor to sheath. 

Failed from outer corner of 1 conductor to sheath. 

Failed between 2 conductors in crotch. 

Failed between 2 conductors in crotch. 

Failed between 2 conductors and to the sheath at a point 
where two strands of the outer filler wandered§between 
the conductor and belt insulation. 

Failed from outer'corners of 2 conductors to sheath. 
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TABLE IV—TYPICAL ACCELERATED LIFE TESTS 
| Temp. Rises of 
Sheath above 
Min. Sheath 
Temeprature— 
Deg. cent. 
Feet Service Month Failure 
Tested Before and Test Max. 
Test between test- year volt. Time Loca- At hot 
No. Potheads | months made kv. mins. tion Failure* spot 
500,000-cir. mil, 3-conductor, 13-kv. cables 
14 206 2.5 10-23 46 33 Cable 0 2.6 
14Aft 193 2.5 10-23 46 300 | Cable 5.8 5.8 
14AA 140 Zo 10-23 46 480 
55 480 
65 55 Cable 6.8 16.9 
14AAA 67 PA I3) 10-23 46 480 
55 480 
65 16 Cable 4.9 4.9 
7th 213 12 11-22 46 96 | Cable (8) Bn 
17A 164 12 11-22 46 112 Cable 3353) 3.3 
17AA 151 ip) 11-22 46 178 Cable 0 2.4 
17AAA 73 12 11-22 46 267 Cable 0 4.5 
28 200 11 3-23 46 0 Cable 
28A 148 11 3-23 46 0.75 Cable 
28AA 140 11 3-23 46 3 Cable 
28AAA 113 at 3-23 46 155 Cable 1.0 2G 
28 A-4 93 11 3-23 46 341 Cable (0) 2.8 
34 213 13 9-22 46 480 
55 109 Cable 48.5 48.5 
34A 102 13 9-22 46 480 
55 78 Cable 56.0 56.0 
B84AA 95 13 9-22 46 480 
(595) 164 Cable 74.0 74.0 
64 22 0 8-24 50 3724 Cable 10.3 10.3 
failure. 
79 97 0 12-25 62.5 1314 Pothead 0 Teer 
T9A 86 (0) 12-25 62.5 850 Pothead (0) 14.8 
T9AA 68 0 12-25 62.5 270 Cable (0) 26) 
Total time to first cable failure 2434 
350,000-cir. mil, 3-conductor, 35-kv. cables 
4 102 (0) 8-24 127 49 Pothead 5.8 6.0 
4A 90 (Os 8-24 127 Al Pothead 4.7 4.7 
4AA 83 (0) 8-24 127 19 Pothead 
4AAA 69 0 8-24 127 28 Pothead 4.3 4.3 
Total time 137 
26 96 a) 5-23 127, 0825 Cable 
26A 82 0 5-23 127 32 Cable 4.0 4.0 
26AA ~ | 68 0 5-23 er 43 Cable 2.0 4.1 
36 98 0 8-25 127 408 Pothead| 20.5 20.5 
36A 82 (0) 8-25 127 585 Pothead 0.5 25 
36AA 68 0 8-25 127 269 Cable 2.5 2.5 
Total time to first cable failure 1262 
42 | 98 0 | 8-24 127 | 33 | Cable 0 2.0 
42A 80 0 8-24 127 172 Cable 18.0 18.0 


Failed between 3 conductors at center of cable. 


*Last reading taken before failure occurred. {14, 17, 28, etc. are different sections of cable. 
f14-Ai is the portion remaining after the piece including the fault in Test 14 had been removed; 14.4 A is the portion remaining from Test 14A; etc. 
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TABLE V 
RELATION BETWEEN LOCATIONS OF HOT SPOTS AND 
FAILURES IN VOLTAGE TESTS ON 500,000-CIR. MIL, 
3-CONDUCTOR, 13-KV. CABLE* 


No. of Failures 


Per 
Cent 
0 6 21 121 of 
Ttem Time to to to to and Item 
No. failure in minutes 5 20 120 over | Total | No. 5 
1. | Failures in max. hot 
SDOUSwatcrsssee oe ee (0) 0 0 8 8 26.7 
2 Failures in other hot 
SDOUSE Se Mancha ete mae 0 0 2 6 8 26:7 
3. Total failures in hot 
spots, (1) + ().... 0 0 2 14 16 53.4 


4, | Failures in ‘‘cold’”’ 
portions after hot 
spot developed in 
same section of cable 0 (0) 4 10 14 46.6 
5. | Total failures occur- 
ring in sections of 
eable in which hot 


spots developed, 

Cie AES ceaaus deans 0 (0) 6 24 30 100.0 
6. Failures in sections in 

which no hot spots 

developed.......... 12 4 1 il 18 
7. |Grand Total, (5) 

sa(G) Set aioe ares» 12 4 7 25 487 


*Only those tests were considered where failures were in cable proper, 


that is, not less than three in. from wipes of potheads or joints connected. 


+22 samples of cable were used. 
Note: The time to develop 2-deg. cent. hot spots in the High-Voltage 
Tests was found to be as follows: 


PA OPAD Ox eat eatarstoiiier oreicy = lol Sinks, os alere al AY alse 24 min. 

MVETRVATYATS TEAS ev ss atin avis Sree lo doen uso 10 min. 

VM cum SIMERT EF iors yer cee oo ele d Sie <lciee ies, eae 130 min. 
TABLE VI 


RELATION BETWEEN LOCATIONS OF HOT SPOTS AND 
FAILURES IN VOLTAGE TESTS ON 350,000-CIR. MIL, 
3-CONDUCTOR, 35-KV. CABLE* 


No. of Failures 
Per 
Cent 
0 6 21 121 of 
Item Time to to to to and Item 
No. failure in minutes 5 20 120 over | Total | No. 5 
1. | Failures in max. hot s 
BDOCS cc aaiiercteke oats 0 xf 9 i 4, 40.7 
2. | Failures in other hot é 
SPOGS ry cy as Sulla’ ose s 0 1 4 + 9 33.3 
3. | Total failures in hot . 
spots, (2) -- (2): .-=. 0 2 13 5 20 74.0 
4. |Failures in ‘‘cold”’ 
portions after hot 
spot developed in 
same section of 
CAO iaeiews ote oss. a> 0 2 2 3 tf 26.0 
5. |! Total failures occur- 
ring in sections of 
eable in which hot 
spots developed, (3) 
CEUs, watenal aerate’ ral’s Pau 0 4 13) 8 DY jn 4010) 
6. | Failures in sections in 
which no hot spots 
developed.........- 21 (0) 2 0 23 
7. |Grand Total, (5) 
1G) meats eee 21 4 17 8 50T 


*Only those tests were considered where failures were in cable proper, 


that is, not less than three in. from wipes of potheads or joints connected. 
+23 samples of cable were used. : 


Note: The time to develop 2-deg. cent. hot spots in the High-Voltage 


Tests was found to be as follows: 


IAVOTARC. «cae cicls oo cle cis ss cus emcee 16.5 min 
Minimum:s....5.-..-- sligleualersrtnat > ojeezone 5 min 
Maximum.........+. eit PEGE 70 min 
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TABLE VII 
REAPPEARANCE OF HOT SPOTS 


500,000-cir. mil, 350,000 cir. mil, 
3-conductor, 3-conductor, 
13-kv. Cable 35-Kv. Cable 

Item 
No. % of % of 
Number | Item 3 | Number | Item 3 
1 Samples tested... ...0.... 10 Zhd 20 
2: Tests on samples*.......... 36 fas 62 
3) Hot spots which could re- f 
ADDCAD eee eateries 56 100 73 100 
4. |Hot spots reappearing in 
SOCONG OSU eis mieve ctoeienon ses 31 55 53 72.5 
De Hot spots reappearing in ’ 
third test. only... ...5...: 3 5 8 11.0 
6. Total reappearance of hot 
SDOUSts meee aeren ne earners 34 60 61 83.5 
re Hot spots known definitely 
NOL tO reappears... so. HZ, 30 11 15.0 
8. Balance (unknown or 
GOWDGEGN) Ty aserecto sete D 10 1 15 


*In the earlier tests, the results were not recorded in sufficient detail 
for this analysis. In a number of cases, only one test was made on a 
sample. In some tests, the duration was too short to develop 2-deg. 
cent. hot spots. 

{Only those hot spots were considered which could reappear under 
the following conditions for subsequent tests: 

(1) Common section of cable in tests considered. 

(2) Sufficient duration of subsequent test to develop, a hot spot (not 
less than the average time for 2-deg. cent. hot spot, that is, 16.5 minutes 
for 35-kv. cable and 24 minutes for 13-kv. cable). Subsequent tests of 
shorter duration were disregarded, if hot spot did not reappear. How- 
ever, if hot spot actually reappeared in shorter time, it was counted as 
reappearing spot in spite of short time. 


as indicated by the uniformity of test results and in- 
spection data. 


7. If tests on three-conductor, high-voltage cables 
are of sufficient duration (average time is about 20 
min.) to develop hot spots,—that is, portions of the 
sheath that are two deg. cent. or higher above the 
minimum sheath temperature,—it has been found that: 

a. A majority of the cable failures will occur in 
hot spots and about one-third of these failures 
will be in the maximum hot spots. 

b. A majority of the hot spots will reappear in 
subsequent tests on a given section of cable. 

8. Higher quality of the insulation is necessary 
as the operating voltage increases. 


9. Ifthe compound is stable, and test and inspection 
data are properly correlated with operating experience, 
then quality rating tables can be used to predetermine 
with reasonable accuracy: 

a. The relative merits of several different types 
of insulation or lots of cable. 

b. The service record of any particular lot of 
cable. 

The authors gratefully acknowledge the efficient 
assistance they have received from C. E. Betzer, K. W. 
Miller, Karl Horine and L. B. Schofield in securing and 
correlating the information on which this paper is 
based. 


Appendix 


Tables IV, V, VI and VII give data extracted from 
the log of the tests made in Chicago as outlined under 
the heading, High-Voltage Tests, in the paper. 
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Discussion 


W. S. Clark: One very important feature in the paper of 
Messrs. Roper and Halperin is the correlation of tests and 
service, and nobody could do that except an operating man. 

Now as to the rating of cable, I think it is most important 
to get into it a figure based on the so-called accelerated life test, 
as we have not yet found in Schenectady any test which would 
give us as correct a measure of the value of the cable as that. 
I should suggest that the tests on the cold and hot samples might 
have their ratings reduced to ten each, and the value of the 
added accelerated life test be put in at twenty, possibly reducing 
some of the observation tests because, of course, those are very 
undesirable on account of the personal element. 

T should like to second Mr. Atkinson’s suggestion that instead 
of testing to destruction by increasing the pressure 10 per cent 
every 30 sec. or every minute, the increase be at the rate of 15 
per cent and at 5-min. intervals. I believe this would give more 
reliable data. 
paper, for instance, represent probably less than the one- 
minute strength of the cable. 

Referring to Fig. 11 of Mr. Roper’s paper, the slope of the 
curve in the type of cable on which it is based would be modified 
by temperature. It has been our experience with semi-solid 
compounds and on single conductors that the average life of a 
very large number of samples with insulation 0.28 in. thick, 
tested at 44 kv., or about 156 volts per mil, with a 2/0 conductor, 
would run around 40 hr. On the same samples, tested at 85 deg. 
the average life was in the nature of 1000 hr., the reason being 
that voids were not present in the second case in the same degree 
as in the first. You cannot prevent some voids in cable due to 
the process of manufacture unless you go back to the old Sie- 
mens process and apply the lead cold, because the lead goes onto 
the cable at a temperature around 200 deg. cent. and it is evident 
that this must warm up the cable as a whole, so that when it cools 
to room temperature there is some shrinkage and some voids are 
created. It is for this reason, I believe, that in the past cables 
which were operated at average voltage stresses of less than 50 
volts per mil have not given as much trouble as cables operated 
above 50 volts per mil average stress. This is due to the fact 
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that at atmospheric pressure you get ionization effects around 50 
volts per mil. 

To illustrate how the curve in Fig. 11 may be varied with 
different types of impregnating compound, I have checked up 
and found that there the voltage ordinarily varies inversely 
as the seventh root of the time. We have this check on tests 
running up to 2800 hours and the results agree quite well with 
the formula. 

On oil-filled cables of the Pirelli type, however, we have found 
that the exponent, instead of being seven, should be something 
in the neighborhood of nineteen, indicating a very much flatter 
curve. 

There is one piece of information involving very long and 
expensive testing with reference to the effect of surges on cable 
on which I have data and I am giving a brief summary of results 
below: 

Two samples of single-conductor 2/0 cable with insulation 
0.28 in. thick, 10 ft. under the lead. 

Sample No. 1 was continuously subjected to 13.2 kv. at 60 
cycles at room temperature. Once a day a 50-kv., 10,000-cycle 
surge of approximately 300 microseconds was applied. Total 
number of surges applied up to the termination of the test, 357. 

Sample No. 2 was subjected to an impulse voltage of approxi- 
mately 300 microseconds duration from the lightning generator 
(the sphere-gap being set for 75 kv.) once a day. This sample 
was, of course, also under continuous stress of 13.2 kv. Total 
number of applications, 333. 

Total length of time involved in the test on each sample— 
9933 hr. 

The initial power factor at 28 kv., at room temperature, was 
0.5 per cent. The final power factors were as follows: 

At. 5kv.—0.6 per cent 

At 15 kv.—0.5 per cent 

At 28 kv.—0.6 per cent (an extremely small increase in the 
power factor.) 

The above tests were on sample No. 1. 

Sample No. 2 at the end of the test at 5 kv. showed 0.45 per 
cent; at 15 kv., 0.5 per cent, and at 28 kv., 0.6 per cent. 

After the completion of the tests, samples were put under 
continuous stress at 48 kv. a-c. and they stood in excess of 36 hr. 


R. W. Atkinson: Mr. Roper and his aids are to be com- 
mended for the large measure of accomplishment they have made 
toward the solution of the complex problem. They have shown 
that cable having the insulation of their 13-kv. system will not be 
free from operating difficulties unless it can meet certain test 
standards and that when it does meet these standards continued 
satisfactory operation seems assured, and, indeed, so far as their 
considerable experience goes, is assured by a large margin. 


I endorse most of Mr. Roper’s conclusions but wish to discuss 
two of them. The fourth one, stating that the ratio of puncture 
voltage obtained on cold bent samples to the puncture voltage ob- 
tained on the straight sample appears to be an excellent test of 
workmanship, contains a qualification which I wish to emphasize. 
Mr. Roper uses the words ‘‘that this ratio appears to be an 
excellent test of workmanship.” Undoubtedly, in many eases it 
is a test of workmanship. In general, American cables made at 
this time show approximately the same dielectric strength on the 
two tests, that is, this ratio is in the neighborhood of unity and 
without doubt the increase in the ratio from former times has 
resulted in no small measure from improvement in general 
excellence of workmanship. However, I do not believe that 
there is a fundamental relationship between the ratio and the 
quality of workmanship such that this condition will always 
remain true and I believe that the individual tests themselves 
and other tests and actual direct determinations of the quality 
of workmanship will be found to be much more important than 
any chance ratio which may seem to exist between these two tests. 
If proper weight is given to these other things, then the ratio 
between the two tests can be omitted from consideration. 
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I agree with conclusion 9, that quality rating tables can be 
used with reasonable accuracy to determine relative merits of 
different lots of cable, but if this comparison is to be more than a 
very rough approximation, some additional types of measure- 
ments must be made in order to find better means than are now 
available to cover the subject of uniformity. 

There cannot be any doubt of the value of the so-called life 
tests, and the suggestion of these authors to change the eight- 
hour test in the Edison specification on reels to be used after- 
ward to destruction tests on shorter lengths marks a distinct 
advance. For many years, we have been carrying on life tests in 
our laboratories, making these tests at relatively lower voltages 
and carrying them for many hundreds or thousands of hours. 
It is interesting to note that very much the same gort of data 
is obtained in the relatively shorter period, and of course tests for 
the shorter period have the very practical advantage that far 
more data can be obtained with a given space and equipment. I 
agree with these authors in placing this test as doubtlessly the 
most important single test. It is interesting therefore to note 
curves in Figs. 12 and 13, from which the authors conclude that 
this test gives substantially the same result as the rating table 
and that both are in general agreement with operating experience. 
The data given, however, do not justify this as a general 
conclusion. 

Actually, the life test depends so largely upon the same things 
upon which the operating experience may be expected to depend 
that ordinarily there will be a very close relationship between 
them. It is easy, however, to cite cases where this will not be 
true. The cable might be made with a compound of such 
characteristics that it would not well withstand a cold bending 
test or handling while cold; then be installed in extremely cold 
weather and give a very bad service record in spite, perhaps, of 
being able to pass an extremely severe life test. i 

If, when a group of cables is rated in the order of relative 
merit, (as determined by the best information available) any 
characteristic is found to fall in the same order as the rating of the 
cables, on first thought this may be assumed to indicate that this 
characteristic has fundamental importance in regard to the 
rating, or that it varies directly with some other very important 
property. I have already shown that even such an important 
test as the life test may vary in a way different from the service- 
ableness of the cable. It is evident, then, that relatively minor 
properties may vary, in some cases, as the relative value of the 
cable, and in other cases, in an entirely contrary direction. To 
establish the importance of any particular test or item in the 
rating table, the individual item must be studied and its im- 
portance studied separately. j 

It follows, therefore, that we should be able to take a com- 
plete group of mechanical characteristics and get the same com- 
parison as for a correlated and complete group of electrical 
characteristics. If these results do not coincide, there is no doubt 
that one or the other is not complete or is not properly evaluated. 
Each individual item that is given weight should be studied 
analytically and the weight determined in that way. Evalua- 
tion of these different properties by mere comparison with 
operating experience, without the initial analytical comparison, 
is likely to be misleading. 

These authors have followed the analytical method to some 
extent; for instance, in the case of the cold bending test. They 
have pointed out installation conditions and have shown the 
relatively excessive number of failures which once occurred in the 
manholes. They have ascribed the large reduction in such 
failures to the use of cable better able to withstand the bending 
test. Ishould ask, at this point, if the better results may not be 
partly a result of closer supervision of installation and greater 
assurance that cables are not subjected to conditions from which 
they can be protected or for which they were not designed. The 
general analytical treatment given the bending test justifies 
that it be considered of important weight. - Z 
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I have already mentioned that there is no justification for the 
use in rating table of the ratio between breakdown of the bent 
and unbent samples. Substantially the same arithmetical 
result can be obtained by changing the weights and some changes 
in the limits. It may be asked, if there is no final arithmetical 
change in the rating due to making the change here proposed, 
what is the use of making it? In the first place, logic demands 
it; secondly, there is a very important practical reason. If the 
test on the bent sample is three times as important as the other, 
it warrants a great deal more relative attention. If it is three 
times as important, there should be three times as many tests 
made of this kind as of the other. Half of the present number of 
samples now intended for the straight test should be added to 
those tested after bending. 

Uniformity of insulation resistance is given considerable 
weight in the rating table because it is assumed to be an index 
of the uniformity of the cable. It is, however, a measure of 
uniformity of only one property—insulation resistance. If 
insulation resistance measurements can be used to indicate 
uniformity in properties important in themselves, those adyo- 
eating it as important for that purpose should suggest what 
properties it indicates and should use the insulation resistence 
measurements to aid in picking out non-uniformities in the 
important property. 

There is, however, another aspect of the matter. Conditions 
in Chicago are known to be peculiar in one respect that has 
undoubtedly greatly influenced the whole handling of the cable 
problem. Street conditions have dictated a limitation of 
diameter to three inches and power requirements have been for 
very large capacities at high voltages. No doubt the standard 
necessarily set for 33-kv. cable had a bearing on a choice in 
Chicago of insulation thickness less than for usual American 
practise. Mr. Roper’s experience has demonstrated that the 
problem of suitable specifications for cables with such insulation 
thickness is vastly more complex than where thicker insulation 
is used. 


I want to express, too, my pleasure in hearing Mr. Roper 
mention two things which I have been preaching for quite a 
number of years. One is that low dielectric loss can be over- 
emphasized, and the other is that the cable manufacturers should 
not be limited to a particular kind. of compound. Mr. Roper 
spoke of resin and its value. Some years ago the cable manu- 
facturers had considerable difficulty in preventing operating 
people from insisting on putting into specifications the stipula- 
tion that a compound should be a mineral-base compound. 

D. M. Simons: In general I agree with most of the conelu- 
sions of the authors, but I feel that real consideration should be 
given to the matter of whether or not some of the specific reeom- 
mendations for tests are of general application or of general 
necessity. When the authors speak in general of a 13,000-volt 
cable, they have in mind a three-conductor, 500,000-cir. mil 
sector cable, insulated with 9/64-in. paper on the conductor, ane 
5/64-in. belt insulation. The mental picture of a 13,000-volt 
cable in the mind of a manufacturer is very different. He will 
have in mind various sizes of conductor with conductor insula- 
tion thicknesses varying from 9/64 in. up to the more usual 
thicknesses of 12/64 to 16/64 in., and of various belt thicknesses. 
The manufacturer therefore has a tendeney to wonder if the tests 
and data are of sufficient generality, large as they may be in 
extent, to justify general conclusions? ; 

I should like to mention one other point. The authors are 
known to advocate very severe tests and also extremely thin 
insulation. I believe, however, that most companies go rather 
slowly in reducing thicknesses. It is of course possible to go to 
thinner insulation than the average used in the country for a 
given voltage, but, apparently, in order to do so, the severity 
and number of tests must be greatly increased so that at least 
part of the small saving in cable cost, due to thinner insulation, 
may be lost due to the increased cost of testing to find out if the 
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cable is adequate. The authors state that some of the large 
operating companies have made reduction in the thicknesses 
of insulation. Ido not find that this is by any means the general 
tendency; in fact out of a list of some fifty of the larger central 
stations I was able to note only three or four such cases in the 
entire country. 

Percy Dunsheath: For twelve months I have known Mr. 
Roper has been working on this point of rating and I have not 
agreed with him. I have always felt that if you have a dozen 
different factors you can’t add them together; any one of them, 
no matter how good the others are, may cause the cable to fail. 
For instance, if you have the papers on the eable very well 
registered, that counts for nothing if there is no compound in 
the cable. I have always criticized this method of Mr. Roper’s 
on that score, but now I see this curve and I think Tam converted. 
The curve does demonstrate pretty definitely that the testing 
of a cable by Mr. Roper’s method comes very near the truth. 

R. J. Wiseman: Mr. Roper’s quality rating is most valuable 
to manufacturers. By using the weighted values, each of us 
can rate our own cables. Some of us may not agree entirely with 
the various weights of the separate factors, but as a whole the 
result should be a guide. As we get to know the various influenc- 
ing factors which will cause a cable to fail in service, we 
can assign more weight to them. Is tearing in bending tests 
equal to half the weight of thoroughness in impregnation? I 
don’t believe so. Today practically all manufacturers butt the 
tapes or use a slightly open wrap. There is not much difference 
between a tear and an open wrap. To be sure, too many 
openings at one point are undesirable. Registration of tapes is 
more serious than tears. 


We still must consider that the dielectric strength of a cable 
is a big factor. I am glad to see Mr. Roper give most weight 
to items No. 9 and 10, dealing with voltage on the hot sample 
and cold bent sample. I believe that practically all manufac- 
turers are getting nearly the same breakdown voltage for hot 
and cold samples. Therefore, it is possible to reduce the weight 
value of the ratio of the two and add a new factor, the long-time 
voltage test on a 75-ft. length. Some of its weight can be taken 
from item No. 11 and some from item No. 8. I think the weight 
of item No. 8 is too high. It is definitely known that power 
factor varies with voltage. Therefore, full weight should be 
for an actual change in power factor, say 0.5 per cent. 


Uniformity of impregnation is the great need today. As the 
authors state in their paper, cable showing uniform tests gives 
the best service. Insulation resistance is one of the best ways 
to determine uniformity but sometimes even this will not show 
up a defective reel of cable. If used in conjunction with the 
a-c. specific inductive capacity, however, it is a good guide to 
the uniformity of the cable. I am glad the authors recognize 
that it is the variation in insulation resistance and not the actual 
value that is important. It appears that there may be a re- 
lationship between insulation resistance and dielectric loss, but 
in each case it must be for each individual manufacturer. 

There are some who do not believe the ionization test is of 
value. Here again, it is the individual manufacture as shown in 
Fig. 6 of the paper. Each.one of us has his own curve, depending 
on the type of materials he uses and his own manufacturing 
methods. Let the user obtain the curve for each manufacturer 
and then compare results with this curve. 


The new test for stability of compound needs to be perfected 
before we can use it as an accepted one. The idea is good but 
until we are able to prepare samples without entrapping air, we 
shall have to postpone using the test as a criterion for good 
compound. 

The section of the paper dealing with the relationship between 
voltage and time of application is most valuable. Although 
others have referred to it and based their ideas upon short sample 
tests, the amount of data collected here give weight to the curves 
obtained. I think it would have been interesting if the authors 
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plotted as ordinates, the logarithm of the maximum stress at the 
conductor instead of the ratio of breakdown voltage to rated 
voltage. Although some may question the accuracy of the for- 
mulas for calculating maximum stresses at the conductor for 
multiple-conductor cables, the work done by Atkinson and 
Simons has cleared up pretty well the discrepancies in the exact 
formulas. As it is now, a new set of curves must be drawn for 
each voltage. It is the maximum stress that the material can 
stand which is important. Low-voltage cables are being made 
today the maximum stress of which at breakdown is as high as 
for super-tension cables. Therefore, to expect a 33-kv. cable 
to withstand, say, seven times rated voltage for the same length 
of time as a 5-kv. or 13-kv. cable is asking too much. 

There is a problem in connection with high-voltage testing 
which needs to be solved. We all know that we get different 
results if we apply a constant voltage until failure, noting the 
time. If we build up to this same voltage in steps, holding 
at each step, say one, five or ten minutes, and finally noting 
the time at the last voltage, the total time will be.less, and 
it should be. On the way up to the last voltage the dielectric 
is being stressed; therefore, it is going through the fatigue 
pertaining to the breakdown phenomenon. The ultimate effect 
is the same failure. I believe the dielectric has been subject 
to just the same total amount of strain as in the first case. Al- 
though it did not stand up as long at the final voltage, it may be 
equally as good; in fact, it may be better. Lhave tried to evaluate 
the step test and the single voltage test but so far I have not 
been successful. 


We must not misinterpret the formation of hot spots in a 
cable while subject to high voltages. If only one or two occur, 
it is an indication of possible weak spots but where there are many 
and uniformly distributed over the sample, I believe it is an in- 
dication of a uniformly manufactured cable, and although it 
may not stand as high a voltage ultimately as one with less hot 
spots, it may be a preferable cable. The whole length is failing 
at the same time and not here and there. 


H. G. Burd: Many cable failures are charged too readily 
to defective cable. I should like to see considerable more study 
of operating conditions. A 25 per cent improvement of cable 
quality (as shown by recent tests) should be paralleled by a 
corresponding improvement in treatment of cable during and 
after installation. Quite radically different operating results in 
different cities on the same quality of cable present most con- 
vincing argument that many failures have a very close relation 
to operating problems and that even the best of cable as now 
made wouldn’t overcome some operating handicaps. 


F. A. Farmer: Some of us have been spending much time 
during the past two years trying to arrive at some method of 
taking all of the more or less intangible things which go to make 
up ‘‘quality’’ and combine them in such a way as to get a quanti- 
tative figure which we can call “‘quality.”” But even after we 
have done this, the proposed method must be tested finally by 
comparison with actual performance, and that is what Mr. Roper 
has attempted to do. I think he is going to get a satisfactory 
answer before very long. That, to my mind, will be one of the 
most important contributions that has been made in many years 
to our discussion of this subject. 

E. S. Lee: If you study the tables in the paper carefully 
you will find many interesting things. Take, for example, in 
Table I, the cable as represented by manufacturer D. This 
cable has the lowest rating for tearing in the bending tests and it 
has the lowest rating for dielectric power loss at 80 deg. cent. 
It has a relatively low rating on workmanship, insulation and 
fillers, and it has a relatively low rating on the ionization test. 
In spite of these deficiencies, the relatively high value of the punc- 
ture voltage on straight, and particularly on cold bent samples, 
earned this cable the highest total quality rating. Nor does 
this honor seem to be misplaced, for from Fig. 12 we see that 
samples from cable D outlived all others by several fold. Evi- 
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dently tearing in bending tests, dielectric power loss, workman- 
ship on insulation and fillers, and ionization test values, may have 
very little weight when the insulation has high dielectric strength. 

Those interested will certainly eagerly await the results of this 
cable in actual operation. In other words, if we had had these 
figures from some cable that we were trying to rate, wouldn’t 
the tendency have been for some to say, “Well, it has low tearing; 
it has relatively high dielectric power loss; it has a low rating 
in the ionization test. Even though it has high dielectric 
strength, will not these other factors possibly react to give a 
lower endurance of the cable?” Evidently in this case they have 
not, but perhaps in some other case they might. 

Equally interesting is the fact that cables A and B rate practi- 
cally equal in all respects, the total rating being 81.9 and 80.3; 
yet from Fig. 12 we learn that the life test of cable B was 45 hr. 
as opposed to a life of 115 hr. for the sample of cable A, or an 
increase in life of 156 per cent for the same quality rating. Per- 
haps this may be attributed to non-uniformity of insulation, 
though both cables are rated practically perfect as regards uni- 
formity of insulation. 

Now on the other hand, cable C, which rates inferior to cable B 
in practically every respect, having a total quality rating of only 
46 as opposed to 80 for cable B, has a life of 35 hr. compared with 
life of only 45 hr. for cable B, or an increase in life for cable B 
of only 29 per cent for a quality rating 72 per cent greater. 


I bring these to your attention because I should like to have 
explained to me how one can use a quality rating of this kind 
with these irregularities. I recognize that we have wide varia- 
tions in all of this work, and to me, it seems that the wide varia- 
tions are still present in this particular quality rating table. 


I make an appeal, as has been done by several others, for the 
inclusion in this quality rating of two other tests, (1) the short- 
time breakdown test, with five-minute steps rather than one- 
minute steps, and (2) an electrical endurance test. Increasing 
the time length of steps in the short-time breakdown test will not 
increase the difficulties of the test but it will bring into account 
more prominently the effect of electrical endurance which I 
know both Mr. Farmer and Mr. Roper advocate. An electrical 
endurance test where some voltage such as Mr. Roper suggested 
as 3.6 times normal or some other value times normal for different 
ratings of cable, (because it will probably have to be different 
for different ratings of cable) are applied continuously, giving 
results as in Fig. 12, will serve to take into account all the factors 
in the quality rating which we can otherwise accomplish only 
imperfectly. 

In Table II, cables P and Q, with total quality ratings much 
below those for cables N and O, have longer life, as shown by 
Fig. 13. A possible explanation is the fact that cables P and Q 
have low dielectric power losses, while cables N and O have high 
dielectric power losses. Apparently this factor obtains more 
prominence in 35-kv. cables than.in 13-kv. cables, and is an added 
argument for including breakdown and electrical endurance tests 
in the quality ratings as suggested above. 

I do not present these points to disparage the idea of quality 
ratings; I advocate them, and I hope that we may be able to 
perfect them so that they will be of greater use; but there are 
’ still uncertainties in these particular quality ratings, and I hope 
that they may either be explained so that we won’t have to worry 
about them or that we can improve them so that they can be 
made of greater use to us. 

W. A. Del Mar: I should like to mention something in 
relation to the point brought up by Mr. Wallace Clark; namely, 
that some of his associates, some years ago, showed that a de- 
termining critical stress in & cable is a stress of about 50 volts 
per mil.or 18-kv. per centimeter, in which a very thin film of 
air ionizes at atmospheric pressure. 

It is interesting to classify cables in accordance with the 
average stress at which they operate. I believe the average 
stress is of more significance than the maximum stress in this 
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connection, and I therefore divided the cables into three groups. 

The diameter of a cable must not exceed from 3 to 3% in. 
but conductor sizes have been going up from the A. W. G. sizes 
to 500,000 cir. mils and larger and in the last few years working 
voltages have been rising rapidly. The net result has been a 
great decrease in the insulation thickness per volt; or in other 
words, a great increase in the electric stress. Confining our 


discussion to triplex cables, this increase may be seen from 
Table I: 


TABLE I* 
13-Kv. Cable 


Insulation Thickness Average Stress 
64ths on Mils between | Cm. between Volts per 
each cond. cond. cond. mil Kyv./Cm. 
16 
14 437 peat 29.7 IEA / 
sl}. 375 0.953 34.6 13.6 
11 244 0.874 37.8 14.9 
10 312 0.794 41.6 16.4 
9 281 0.714 46.3 18.2 
C) ll ee 
8 250 0.635 52.0 20.4 
tf 219 0.556 59.4 23.4 
27-Kyv. Cable 


Insulation Thickness Average Stress 


64ths on Mils between | Cm. between Volts per 

each cond. cond. cond. mil Kyv./Cm. 
23 719 1.825 37.5 14.8 
22 688 1.746 39.2 15.5 
20 625 1.588 43.2 17.0 
19 594 1.508 45.5 17.9 
18 563 1.429 48.0 18.9 

(a)* — S$ | —__—_—_—— 

16 500 | 1.270 . 54.0 2 Te 
15 469 1.191 Se Fe 22.6 
14 438 1.111 61.6 24.3 


35-Kv. Cable 


Insulation Thickness Average Stress 


64ths on Mils between | Cm. between Volts per 
each cond. cond. cond. mil Kv./Cm 
30 938 2.38 37.3 14.7 
23 719 1.83 48.7 19.1 
22 687 1.75 50.9 20.0 
21 656 1.67 63.4 21.0 
20 625 1.59 56.0 22.0 
19 594 1.51 59.0 23.2 
(a)* ae eee cs 
18 563 1.43 62.1 24.5 


*The lines (a) represent 1926 insulation minima. 


Considering cables on a basis of approximate equality of stress, 
we have the groups shown in Table IT. 


TABLE II 
' Group IT 


About 38 V./Mil | About 48 'V./Mil 


Group III 


About 58 V./Mil 


or 15 Ky./Cm. or 19 Ky./Cm. or 23 Ky./Cm. 
Rated 64ths | Mils be- 64ths Mils be- 64ths Mils be- 
each tween each tween each tween 
Kv. cond. | cond. cond. cond. cond. cond. 
13 ‘11 344 9 281 ef 219 
27 23 719 18 563 15 469 
35 30 938 23 719 19 594 
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The cables in Group I have, as a rule, given practically no 
trouble in operation; those in Group IT have given some trouble, 
but those in Group III have very generally been failures both in 
this country and abroad. 

The reason is not far to seek if we remember the classic paper 
presented to the A. I. E. KE. in 1919 by G. B. Shanklin and J. J. 
Matson!. These authors showed that at a stress of about 19 kv. 
per cm., (48 volts per mil), ionization of thin films of entrapped 
air occurs, and it has since been shown that such ionization is 
destructive due to its promotion of internal surface discharges 
and chemical deterioration of the compound. Hence it is not 
surprising to find Group I, without ionization, giving perfect 
service, while Group II, on the verge of ionization, is in the bal- 
ance, and Group III, with decided ionization, is almost invariably 
in trouble’. 

Mr. Roper’s paper brings into prominence the significance of 
the time-breakdown voltage characteristic of a cable as a 
measure of its probable life in service. In this respect the paper 
deals practically exclusively with Group II and attacks the 
problem with rare insight and rationality. Mr. Roper shows 
that in order that a Group II cable may operate continuously, 
(i. e., at a stress of 48 volts per mil or 19.0 kv. per em.), it must 
have a time—voltage characteristic at least equal to that repre- 
sented by the stresses shown in Table ITI. 


TABLE III 
Average Stress 
Factor = times 
Minutes the rated voltage Volts/Mil Kv./Cm. 
5 7 323 128 
16 6 278 110 
65 5 220 91 
360 4 186 73 
1000 3% 162 64 


He has shown also that certain manufacturers have solved the 
problem of making Group II cables which are entirely satis- 
factory and he knows exactly how to obtain these cables and 
exclude those which are of poor or uncertain quality. This is a 
big forward step which marks an epoch in the cable industry. 
It should be noted that as thick insulation is weaker for unit 
thickness than thin insulation, the higher voltage cables having 
heavier insulation will be somewhat more severely tested than 
those for the lower voltages. 

Mr. Roper now takes a step which, in the light of events, may 
or may not prove to be justifiable, for he does not furnish his 
justification. I refer to the extension of his conclusions to cover 
all cables, including those in Group III. It should be noted that 
his time—voltage curves and tables are not expressed in terms of 
stresses but of factors of so many times the rated working 
voltage. When applied to cables in any one of my groups, this is 
equivalent to specifying stresses but if applied to another group, 
the factors do not correspond to the stresses, but to either lower 
ones in Group I or higher ones in Group ITI. 

The question arises, which is the correct procedure to use, 
certain stresses or factors based on the working voltage? Let 
us see the voltages obtained by these two systems, as shown on 
Table IV, considering for brevity, only the 5- and 1000-min. tests. 

A study of Table IV shows that if uniform quality of insulation 
is used in the three groups, so that the cables will stand the 
voltages calculated from the stresses in Table III, the test 
voltages for Group I will be far above those calculated by Mr. 
Roper’s factors, whereas those for Group III will be equally 


1. Ionization of Occluded Gases in High-Tension Insulation, TRANS. 
A.I. E. E., 1919, p. 489. 

2. The Shanklin and Matson paper deals with maximum stresses, but 
experience has since shown that the average stress is more significant in 
respect to ionization and breakdown. (See also the paper by P. L. Hoover, 
The Mechanism of Breakdown of Dielectrics, JouRNAL, A. I. E. E., Septem- 
ber, 1926, p. 824.) 
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TABLE IV 
Group I 
Kilovolts 
64ths 
Rated each by by 
Ky cond Min. Stress Factor 
13 11 oS 111 91 
11 1000 55.5 45.5 
27 23 5 232 189 
1000 116 94.5 
35 30 5 304 245 
1000 132 122.05 
Group IT 
Kilovolts 
64ths 
Rated each by by 
Kv. cond. Min. Stress Factor 
13 9 5 91 91 
1000 45.5 45.5 
27 18 5 182 189 
1000 95.5 94.5 
35 23 5 232 245 
1000 116 122.5 
Group III 
Kilovolts 
64ths 
Rated each by by 
Kv. cond. Min Stress Factor 
13 ve 5 val 91 
1000 35.5 455 
27 15 5 152 189 
1000 76 94.5 
35 19 5 192 245 
* 1000 96 12225 


below. Conversely, if the cables are to stand tests based on 
Mr. Roper’s factors, the insulation of Group I may be of in- 
ferior quality to that of Group II, whereas the insulation of 
Group III must be of superior quality to that of Group II. 

Group I eables, however, are used in order to obtain a greater 
safety factor, and it would be unfair for a manufacturer to give an 
inferior quality, as this would result in Group I cable users, who 
are paying for heavier insulation, being given no greater security 
than users of Group II. The obviously correct procedure for 
Group I cable users, is to rate their cables as of Group IT in their 
specifications. 

Experience tells us that 35-kv. Group ITI cables which pass the 
test voltages calculated on the stress basis, are not necessarily 
good cables. Cables impregnated with what would now be 
considered highly unstable oils, will pass both the 5-min. and the 
1000-min. tests. These cables would not have passed the tests 
based on the working voltage factors. Unfortunately the 
5-min. test calculated by the factors cannot be tried for the 
35-kv. cables, as no known type of terminal will consistently 
permit 245 kv. to be maintained for five minutes. ; 

Whether the tests calculated from Mr. Roper’s factors will 
insure the permanence of Group ITI eables, in my opinion, is yet a 
matter of conjecture. If this opinion is correct, prudence would 
suggest that Group II design be adhered to in our general 
practise until Mr. Roper can do for Group III what he has so 
ably done for Group II. 

Present indications point both to the necessity of departure 
from the present design of triplex cables, if Group III stresses are 
to become practicable, and to the exercise of special care in 
operation to insure the maintenance of saturation and suitable 
internal pressure, so that the original quality which is insured by 
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factory tests, will not be destroyed by chemical deterioration and 
temperature variations in operation. 

Departure from the present standard design of triplex cables 
will, be necessary for Group III eables, because the crude, 
twisted, paper fillers constitute nuclei of ionization and conse- 
quent surface discharges which must eventually lead to failure. 
It is somewhat early to prophesy the designs of the future, but 
necessity will doubtless lead to their early perfection. 

F. A. Brownell: These authors’ idea of a quality rating 
seems to be the best that has been advanced for the rating of 
cables. 

The engineers of our company were very much impressed 
with this idea and arrangements have been made with our 
inspection department to gather the necessary data while 
inspecting cable so that this method can be followed. 

At the bottom of the fourth page there is a clause which 
implies that all the cable rated at 13 kv. in Table I, is made up 
with manila paper. I should like to ask the authors if this is a 
fact, or if any of the cable in this list is made up with wood-pulp 
paper? 

When we stop to realize that the cable tested at the factory 
and the cable after it has been in operation should have different 
characteristics, it does not seem so strange that we are unable 
to devise factory tests that will eliminate failures after the cable 
has been installed. We have set up a recording expansion meter 
on our eables at different times and have found that the cable is 
constantly in motion either expanding or contracting and, due 
to the different coefficients of expansion of lead, oil, paper and 
copper, these several parts are moving at different rates. 

S.J. Rosch: Mr. Roper’s company is probably the only one 
that has attempted to shed a little light upon what transpires 
after a cable has been installed; but after all, the results ob- 
tained are peculiar mainly to this particular system, because for 
any given voltage service, their thickness of insulation is lighter 
than others and therefore the factors of safety in operation are 
not comparable; and yet it is the work of the Commonwealth 
Edison Co. that has supplied the proper impetus necessary for 
further progress in the cable field. 

The statement that a cable in the factory is not the same after 
it has been installed is very true, since the different methods of 

pulling cables into a duct are bound to change the physical 
structure of the cable more or less and consequently change some 
of the electrical characteristics as well. 


I believe in placing greater reliance in the testing of cables than 
of samples, because the results obtained on a sample may not 
be indicative of a weak portion which may actually exist in the 
full length from which it is taken. This was very clearly borne 
out in Mr. Lee’s paper in 1925 in which he pointed out that eight 
sections of cable made under identical conditions gave entirely 
different results. These are facts which cannot be denied, and 
in my opinion the only solution is a continuation of the 15-min. 
voltage test on all reels of cable for operation at voltages above 
15 kv. 

The quality rating table is a very desirable criterion of cable 
quality; nevertheless the points just brought out by Mr. Lee are 
very pertinent. For example, cable D had practically the 
poorest rating on all counts save one and yet the weight attached 
to this particular phase caused it to have the highest rating of all. 
It seems that the method of evaluation must be in error when 
poor workmanship on insulation and filler, excessive tearing on 
bending test samples, and high dielectric loss can be outweighed 
by high dielectric strength tests on samples of cable. If this 
method of evaluation is correct, then we ought to recognize this 
fact by changing our standards on those counts which are ap- 
parently unnecessary. This may change the entire method of 
manufacturing cables in this country. 

But has cable D had an opportunity to demonstrate its superior 
operating characteristics in the duct system? Will the tears 
produced in the bending test repeat themselves with tears pro- 
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duced while pulling in the cables into the ducts, and will theso 
tears impair the life of cable D? Not until these questions have 
been answered, shall we know whether the present method of 
quality rating of cables is the correct one. 

J. L. R. Hayden (by letter): The curve in Fig. 1 herewith 
showing disruptive voltage vs. time of application for breakdown 
appears to be representative of all solid insulations, and various 
experiments indicate that some such relation may also hold for 
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gases and liquids. As to the relative values of voltage, time and 
curve slope, these may vary over a wide range, depending upon 
type of insulation under consideration. The time element over 
which this characteristic has been generally determined is from 
a few seconds to an hour. 

The accompanying Fig. 2 showing current through the in- 
sulation plotted against time at constant voltage illustrates a 
characteristic which has been frequently obtained on solid in- 
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sulations of rather low specific resistance. Obviously, such a 
characteristic is obtained only when the voltage applied is in the 
range marked A, in Fig. 1. Such leakage currents are of the 
order of a few milliamperes at the highest, and it is observed that 
the current begins to increase rapidly (run away) at very low 
values of current. Because of these low current values and the 
rapidity with which the current runs away previous to failure, 
it is often found difficult to obtain this characteristic, especially 
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on insulations of high specific resistance. For example, the 
magnetic oscillograph, when applied to the determination of this 
current before failure, will not usually indicate it, because the 
current is increasing at an enormous rate when it gets within the 
range of sensitivity of the oscillograph. 

The question of whether or not all failures are preceded by a 
rise in current is, of course, an unanswered one. Examination 
of Fig. 2 will reveal that disruption of the insulation occurred 
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under several electrodes without a detectable rise in current 
preceding the failure. This may mean that no gradual rise of 
current took place, or that the values of current were too low to be 
indicated. Also, comparing Figs. 3 and 4 herewith, taken on 
varnished cambric, it is noted that, in one instance, a decided 
increase in current was measured before failure, while in the 
other the breakdown seemed to be instantaneous. In similar 
tests on impregnated paper cable insulation no slow current 


ROPER AND HALPERIN: QUALITY RATING OF HIGH-TENSION CABLE Transactions A. I. E. E. 


rises previous to disruption of the insulation were noted at 25 deg. 
nor 100 deg. cent. The results obtained are shown on the curves 
in Figs. 5 and 6, of this discussion. 

Attempts to substantiate the pyroelectric theory of failure by 
limiting this run-away current with a series resistance have 
usually been unsuccessful, because the current at the critical 
spot is a small proportion of the total leakage through the 
sample®. We succeeded in overcoming this difficulty in an elec- 
trode of small area, as the Nernst filament, and in another way 
with a large number of electrodes in parallel. Dr. Wagner’s* 
demonstrations of the same characteristic involved the use of 
the wooden block electrode. 

While various experimenters have obtained results which seem 
to indicate that the mechanism of failure may be something 
other than a heat phenomenon, it is important that due recogni- 
tion be given to the difficulties which had to be overcome by 
Messrs. Hayden, Steinmetz and Wagner in their efforts to 
demonstrate its nature. Nor is it to be presumed that all in- 
sulation failures have this physical nature. 

Very few data are available on insulation failures caused by 
high voltage transients of very short time duration, or upon the 
chemical or physical changes which may accompany long time 
applications of low voltages. 
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It appears that the cathode-ray oscillograph, because of its 
great speed of operation, may be of considerable value in obtain- 
ing information on the run-away currents and the mechanism 
of failure with high voltages of short time duration. 

D. W. Roper: I wish to compliment Mr. Lee upon the very 
careful study he has given the paper; otherwise, he would not 
have discovered the weak point in the quality rating table, the 
weak points being that we have not quite discovered how to 
make a quality rating and an accelerated life test that would be 
equally fair to cables of low and of high dielectric loss. There 
must be some change apparently both in the quality rating 
tables and in the accelerated life test, that is, the voltage at which 
the test is made in order to do that. We have not yet quite 
discovered how it should be done. That accounts for some of 
the variations to which Mr. Lee ealled attention. . 

Mr. Brownell inquired for some information regarding the 
cables which contained wood pulp paper and manila paper. 
The information was purposely omitted. The object of the 
paper is to get better cable by cooperation with the manu- 
facturers and not to boost or discredit any manufacturer. 

Several of the speakers have mentioned the plan of incorporat- 
ing the results of accelerated life test in the quality rating tables. 
To me it doesn’t seem desirable to do that but it seems preferable 


3. Insulation Failure—A Pyroelectric Effect: Hayden and Steinmetz, 
Electrical World, October 21, 1922. 

4, Physical Nature of Electric Breakdown of Solid Insulations: Dr. 
K. W. Wagner, A. I. E. E. Trans., 1922, p. 288. 
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to use the accelerated life test as a parallel method of quality 
rating rather than to attempt incorporating the results of the 
accelerated life test in the quality rating table. Apparently we 
shall do better if we carry along the two methods of quality 
rating independently and see that we get results which are in 
accord rather than to put the one result in the other table. 

Mr. Del Mar referred to the subject of high-voltage cables and 
stated that for the very high-voltage cables we must either use a 
different quality of insulation or a different design. I think he is 
quite correct in that point. In my opinion, for each quality of 
insulation there is a maximum operating voltage for which that 
quality should be used. If we wish to go to higher operating 
voltages, we cannot do so by merely increasing the thickness of 
the insulation, but we must improve the quality. 

One of the speakers mentioned the point that in making the 
test on the full reels, we may cause incipient troubles in the 
eables which will later develop in service. Our tests indicate 
that with the full-reel test we are now requiring, high-voltage 
test of each reel at the factory, and with the proposed require- 
ments which are given in the paper, the full-reel test as now being 
made will take about 2 per cent of the life of the cable if the 
cable is exactly on the line of the suggested requirements, while 
it will actually take only about 1 per cent of the life of the average 
quality that we are getting. We are getting above the sug- 
gested requirement. I think the manufacturing companies are 
willing to sacrifice 1 per cent of the life in order to assure them- 
selves that the cable is of proper quality. Mr. Rosch, I believe, 
mentioned the fact, however, that we should test the cable 
itself rather than samples, and in the paper is mentioned a 
proposed test, or a desired test should be made of each reel, if we 
could devise the test, so that we could from the test determine 
the minimum quality of the insulation of each section of cable as 
accepted by the purchaser at the factory. 


Mr. Rosch commented upon cable D and mentioned its long 
life in spite of some deficiencies in workmanship as recorded in the 
early portion of Table I. It may not be proper to talk about 
the results of tests on the poorer grades of cable, but certainly no 
one can object to our giving a few details about the best cable. 


This cable D, on the accelerated life test, showed a number of 
hot spots and we were somewhat curious to discover the causes of 
those hot spots. We opened up a number of them and what did 
we find? We found broken fillers, wandering fillers, missing 
fillers, and all of those other points that are given in the early 
part of Table I. 
on the point. To me it indicates that when this manufacturer D 
has been able to eliminate those defects in workmanship, which 
he undoubtedly will do, then what a remarkably high quality 
of cable he will secure! 


Herman Halperin: The data presented by Mr. Clark 
regarding the slope of the voltage-time curves in Fig. 11 agree 
with our data in that the voltage varied inversely with about 
the seventh root of the time to failure for cables impregnated with 
a grease or a heavy oil and tested at room temperature. When 
an oil is used for the impregnating compound, the slope of the 
curve is different, according to Mr. Clark, and it becomes neces- 
sary to change the Curve S R. 

Regarding conclusion No. 9, Mr. Atkinson’s point that the 
rating tables can be used only as “a very rough approximation” 
until better tests are available for covering the subject of uni- 
formity, this does not agree with our experience, since the 
rating tables have been more consistent with our operating 
records than Mr. Atkinson’s statement indicates as possible. 


An attempt has been made to cover the subject of uniformity in | 


accordance with the best practise of today; and as has been 
indicated in conclusions Nos. 5 and 6, uniformity is very essential 
to obtaining the best eable. ; 

- Cable specifications allow cable to be installed with a minimum 
radius equal to six times the diameter of the cable, and it is the 


My reaction is quite different from Mr. Rosch’s, 
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practise of this company to make this radius in installation eight 
to twelve times the diameter of the cable. 

We agree with Mr. Atkinson that the accelerated life test alone 
cannot be used as an indication of the quality of cable, but it has 
been our experience that the rating table and life test together 
give a fairly accurate prediction of the quality. 

In regard to the point by Messrs. Atkinson and Simons, that 
with thicker insulations the specifications need not be so strin- 
gent, it might be mentioned that considerable trouble has been 
experienced in this country with the so-called thick insulations. 
The Commonwealth Edison Company, which has reduced the 
thicknesses of insulation considerably during the past seven 
years, has found that the quality of the newer cable with thinner 
insulation is such that for a given voltage cable, the breakdown 
voltages obtained on samples have increased from 60 per cent to 
120 per cent. Another way of stating the improvement in 
quality is that on 5000-volt, four-conductor cable, with 5/64- 
in. insulation around each conductor and 3/64-in. belt insulation, 
the voltage tests are higher now than were considered sufficient 
a few years ago for 10-kv. cable. 

If we were to continue using thick insulations in this country 
there would be little progress towards obtaining satisfactory 
extra high-tension cable, such as 35-kv., three-conductor, and 
75-kv. and higher, single-conductor cable. The important 
thing for high-tension cable is to have high quality insulation. 
Then there will be considerably less liability of local spots of poor 
quality which contain germs of failures to take effect almost 
regardless of the thickness. With good insulation, it is an 
economic waste to have the extra great thicknesses that have 
been and still are used by some companies. 


With reference to Mr. Simons’ point that manufacturers have 
to deal with a large number of sizes while our paper in arriving at 
certain test requirements presented data mainly for one size, 
our procedure is a common one in electrical practise. The 
knowledge of the variation of the requirements due to different 
sizes of conductor is entirely too indefinite now to arrive at any 
scale of test values which might be arranged according to the size 
of the conductor. From a practical standpoint the test on 
500,000-cir. mil cable seems to be quite representative of the 
various sizes of commonly used conductors for transmission 
cables; that is, sizes from No. 0 to 750,000 cir. mils. 

In regard to Mr. Dunsheath’s statement that one type of 
defect in the cable may be so bad as to cause the cable to fail, 
it should be pointed out that the rating tables are for cable that 
has passed the specifications and has been shipped. Therefore, 
the cable would not be very likely to have a bad defect, such as 
a large number of registered tapes mentioned by him, as the 
specified tests at the factory would very probably cause such 
cable to be rejected. Furthermore, it has been our experience 
that when the cable of a certain manufacturer has more regis- 
tered tapes than allowed by the specifications, this deficiency is 
found in several lengths and is revealed by poor results in several 
tests. In such a case, the poor quality of the cable would be 
indicated on the items concerning workmanship of the insulation, 
increase of power factor with voltage and puncture-voltage tests. 

Dr. Wiseman’s point that the tearing in the bending tests 
is given as much as one-half of the weight for thoroughness of 
impregnation, (for 13-kv. cable), appears to be in error. In 
item 8, eight points are given for the increase in power-factor 
test (ionization), which test is generally considered the best 
electrical test known for thoroughness of impregnation. This 
weight of eight points and the weight of eight points for the 
visual test for thoroughness of impregnation make a total of 16 
points, which is four times the points for tearing. 

His point that the power factor always varies with voltage 
is not borne out for us by commercial tests made_on several 
makes of high-tension cable. 

Dr. Wiseman’s statement that the stability test for compound 
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cannot be used until samples can be prepared with no air present 
does not seem to be warranted by Mr. Farmer’s test; but be 
that as it may, a stability test for compound in high-tension 
cable is necessary, and no doubt a test satisfactory to all parties 
concerned will be evolved shortly. 

Dr. Wiseman and Mr. Del Mar have referred to dielectric 
stresses in judging cables. One of them prefers to use maximum 
dielectric stress in discussing the stress in the cable, while the 
other prefers average stress, thus indicating the indefiniteness 
of judging the stress in the cable. From the standpoint of opera- 
tion, what one wishes to know is the factor of assurance for the 
cable for a given service. For example, how many times the 
normal operating voltage will a sample of the cable stand for 
eight hours? The operators see no reason why extra high-tension 
eable should be purchased with a considerably lower factor. of 
assurance than is obtained for cable of the moderate voltages, 
such as 15 kv. As has been pointed out, the quality of the in- 
sulation for 35-kv. and 66-kv. cable and even higher voltages 
should be such that it will give a proper factor of assurance. 
Two of the discussors have stated that potheads are not available 
for testing 35-kv. cable at seven times its rated voltage for 5 
min. If this is true, then the test can be made at a lower voltage 
for which potheads are available; for instance, at six times the 
rated voltage for 16 min., as was suggested in the paper. 

The curve SR indicates the minimum test requirements for 
satisfactory cable, and if a purchaser adds extra insulation for 
13-ky. cable, (such as indicated in Group I of Table II in Mr. Del 
Mar’s discussion), then the test requirements should be in- 
creased above the line SR in order to get the extra factor of 
assurance that is desired. 

Mr. Del Mar’s statement that cables in Group III of Table 
II ‘‘have been very generally failures abroad”’ is not warranted 
by our information concerning 35-kv. cables which have 19/64-in. 
insulation or less on each conductor. There are many cases, in 
England, France, and elsewhere, of these cables having been in 
successful operation from a few years up to ten. 

It is agreed, with Dr. Wiseman, that the evaluation of a step 
test to an equivalent test at one voltage is not easy, but it appears 
possible to approximate the step test. In order to do this for 
any make of cable, it is necessary to know the nature of its 
voltage-time curve. After this curve is determined then the 
step test can be drawn in on the curve sheet on log-log paper by 
the following method: 

Corresponding to the first step, draw a horizontal line at the 
ordinate of the length representing the duration of this step. 
At the end of this line, draw another line parallel to the voltage- 
time curve and as high as the voltage of the next step. From the 
end of this diagonal line, draw a third line representing, in length, 
the duration of the second step. This process is continued until 
the last step is drawn and the result is the equivalent test given 
for the voltage of the last step. The abscissa for the resulting 
point at the end of the last line represents the equivalent time. 
If this test is to be evaluated for a test at another voltage, then 
it can be done by drawing a line through this last point parallel 
to the voltage—time curve, and reading the values from this new 
voltage-time curve for this particular test. 
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As to Dr. Wiseman’s discussion of the general distribution of 
hot spots, in the high-voltage tests mentioned in the paper, the 
cable usually had a few pronounced local hot spots which were 
from about 5 to 74 deg. cent. above the temperature of the 
adjacent cable sheath. 

Mr. Burd’s statement that different operating results have been 
obtained with cable of the same quality when installed in different 
operating systems presupposes that the insulation thicknesses 
were the same for given voltage cables installed in these different 
cable systems. From general information this does not appear 
to be correct. No doubt, the treatment given the cable during 
installation and operation will have some effect on the number of 
failures of the cable. It has been the aim of the company with 
which we are associated to install and operate the cable in 
accordance with the best practise. This kind of practise appears 
to be followed by most companies, especially the relatively few 
large operating companies, which are the ones that use most of 
the underground cable. In our experience of the cable failures, 
it has been frequently found that if the insulation, for instance, 
had been thoroughly impregnated, the failure would not have 
occurred. 

In regard to Fig. 12, Mr. Lee has pointed out that the points 
for cables A, B, and C did not come as close to the curve as they 
might. The durations of the accelerated life tests on these 
three makes of cable were in consistent relative order as com- 
pared with the ratings in the table. The ratings are based on 
the large number of various tests covering all of the 50,000 ft. 
or more of the cable for each manufacturer, while the accelerated 
life test results are based on tests on afew samples. It has been 
usually found in dielectric-strength tests that there will be fairly 
large variations in the results and obtaining a life of 115 hr. for 
eable A, which was rated at 81.9, and only obtaining a life of 
45 hr. for cable B, which was rated at 80.3, would not usually 
be considered a great discrepancy for such long tests. The 
voltage-time curve for these tests indicates a difference in volt- 
age rating of only about 12 per cent. 

Regarding the effect of dielectric loss on the life of the cable, 
the 35-kv. cables with high power factors of the dielectric will 
have shorter lives than would cables with low power factors, 
but with the same qualities in other respects. On the 13-kv. 
cables the makes that had the highest dielectric loss were the 
ones that had the longest lives, indicating high qualities in other 
respects. 

Several discussors have made unfavorable comments about 


‘taking the variation of insulation resistance as an indication of 


uniformity. To begin with, this item has been given a maximum 
weight of only six points. The experience has been that the 
makers who have the greatest variation of insulation resistance 
also have other troubles. Manufacturers B and C in Table I, 
and manufacturer Q in Table II, had the highest variations, 
respectively, in the two tables, and these manufacturers are the 
ones who had the most trouble at the factory and the lowest 
quality insulation in other respects. 

Mr. Hayden’s information regarding the mechanism of failure 
of insulation is interesting, and it is agreed that more such 
information based on testing is needed. 


e. 
a 


Tests of Paper-Insulated High-Tension Cable 


BY F. M. FARMER: 


Fellow, A. I. E. E. 


Synopsis.—The paper deals with those tests which are involved in 
specifications. The discussion is from the standpoint of the purpose 
and significance of the various standard tests which are made rather 
than that of the technique of the details oftesting. 
number of data are given. 


A const derable 


The subjects treated are purpose and importance of tests 
of cable; insulation resistance test; high-voltage test; dielectric 
loss and power-factor test; ‘ionization’ test; bending test; accelerated 
life test; preparation of samples for high-voltage tests and tests of 
components. 

The possible significance of wide variation in some of the 


properties of cable is discussed. The relation found between time 
and voltage based on a large nwmber of tests of both three-conductor 
and single-conductor cable is discussed at considerable length. A 
test for stability of the impregnating compound is described as is also 
a proposed standard load for dielectric-loss testing. Some data are 
given showing the effect of repeated bending on lead and how that 
effect is influenced by the tensile stress in the lead. 

The paper concludes with a list of the ways by which, in the 
author’s opinion, progress can be made in the improvement of the 
quality and the design of paper-insulated high-tension cable. 


* * * ca = 2% 


INTRODUCTION 


| Pea which are made on paper-insulated high- 
tension cable may be divided into the three 
following general classes: 

a. Research tests for the ultimate purpose of 
advancing this branch of the electrical industry by 
means of improvements in quality of materials and 
manufacturing processes, or improvements in cable 
design. 

b. Tests on the commercial product at the factory to 
determine compliance with the manufacturer’s stand- 
ards or the purchaser’s specifications. 

ce. Tests on cable after it is installed, including 
acceptance tests on new cable, periodic tests and fault 
location tests. 

It is not feasible to cover even superficially all of 
these tests within the limits of one paper. It is, 
therefore, proposed principally to discuss those stand- 
ard tests which are involved with specifications and 
certain other tests which, while not yet in specifications, 
aid in determining the quality of cable and the improve- 
ments which have been made therein. Furthermore, 
it is not proposed to discuss to any great extent the 
details of the technique of testing cable, but rather 
the purpose and significance of tests. e 

PURPOSE AND IMPORTANCE OF TESTS OF CABLE 

Ostensibly tests in connection with the purchase and 
acceptance of cable are made for the purpose of deter- 
mining whether or not the material complies with the 
specified requirements. The basic object, however, is 
to determine the suitability of the cable for the service 
to which it is to be applied. The specifications are, in 
effect, simply the engineer’s method of describing cable 
which it is believed will be suitable for that service. 

In no class of electrical apparatus does more reliance 
have to be placed on tests to determine suitability than 
in the case of cables. Insulation is a more or less im- 
portant feature in all electrical apparatus but in high- 
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tension cables it is the factor. The insulation in a high- 
tension transformer for example is, of course, of prime 
importance but the amount involved in the largest unit 
is insignificant compared to that in a cable line of 
average length. Consider, for instance, the 66-kv. line 
of the Cleveland Electric Illuminating Company which 
consists of two three-phase circuits of three, single- 
conductor cables each. This line is about eight miles 
long and contains, therefore, about 50 miles of cable. 
The mean area of the insulation of this cable is about 
123,000 sq. ft. or a little over 2.8 acres. While a few 
hundred sq. ft. of insulation are continuously under 
stress in the transformers at each end of this line there 
are nearly three acres of insulation buried in the ground, 
every square inch of which is expected to withstand 
continuously all day and every day a potential of 38 
kilovolts. 

Unfortunately we know far less about insulation than 
about any of the other essential classes of materials in 
electrical apparatus. In the case of cables, we impose 
particularly severe conditions because we effectually 
cover the insulation with a sheathing of lead so that no 
visual inspection whatever is possible and the sins of 
omission and commission are thoroughly buried. We 
must, therefore, determine the suitability of this 1m- 
portant part of a cable very largely by tests. Perhaps 
a better way of putting it would be to say that the 
best we can do is to make certain tests with the hope 
that, in the light of our present knowledge, they will 
eliminate cable which would be unsuitable for the 
intended service as prescribed by the specifications. 

Acceptance tests of cable, together with the associated 
inspection, can be made to serve another important pur- 
pose and that is improving quality. By making tests 
and reporting results completely and in a uniform, 
systematic manner, a mass of data are available which 
can be pooled. Summaries of a large number of test 
results which are thus combined will have a maximum of 
reliability, and deductions therefrom should be of great 
value to the cable engineer in the exercise of one of his 
important functions, 7. e., the raising of standards of 
quality through revision of specifications. 


553 


or 
oO 


INSULATION RESISTANCE TEST 


The test for insulation resistance is one of the earliest 
made on electrical conductors. In the early days of the 
art when only low voltages were involved it served very 
satisfactorily as a means of detecting sections of wire or 
cable which would be likely to prove unsatisfactory in 
service. Atsuch low voltages theinherent quality of the 
insulation did not have to be of a very high order and 
the principal things to be guarded against were mechan- 
ical defects and accidental injuries. The insulation 
resistance test served very well in weeding out wire or 
cable defective from these causes. 

With the advent of higher voltages it was found that 
factors other than mechanical defects and injuries have 
to be guarded against to avoid insulation which would 
soon prove unsatisfactory in service. It was found 
that insulation resistance tests were of very limited 
usefulness in determining the inherent value of the in- 
sulation and that other tests were much more important 
in insuring a satisfactory product. It is now generally 
recognized that the number of megohm miles of a cable 
has little significance and no one can predict that a cable 
with high insulation resistance will give better service 
than one with low resistance or vice versa. 

While the actual value of the insulation resistance in 
megohm miles may not be significant, the variation in 
the megohm miles between different sections of the 
same cable line, which are supposed to be identical in 
quality, may be very significant. The variation in the 
quality of high tension cable is one of the greatest 
problems in the cable art for it is the weakest link in the 
chain that determines its strength and the problem of 
producing cable which is uniform from section to section 
or even foot to foot has yet to be solved. Obviously, 
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cable having the least variation in quality is better than 
one the quality of which, although it may have a higher 
average value, varies over a wider range. 

The value of the resistance of a given section of 
cable depends upon the kind of paper, the kind of com- 
pound and the physical condition of each—particularly 
in regard tomoisture—in which the drying and saturating 
processes have left it. It is only reasonable to suppose, 
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therefore, that marked variations in the resistance be- 
tween different sections means a difference due to some 
cause in the manufacturing process which may have a 
marked influence on the quality and therefore the 
serviceability of the cable. 

Fig. 1 has been prepared from insulation resistance 
measurements made in the course of the routine in- 
spection of high tension cable at six factories during 
1925. The upper heavy line connects the values of 
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maximum resistance found in each lot of cable and the 
lower heavy line connects minimum resistances. Each 
light vertical line connects the maximum and minimum 
values of resistance found in each lot submitted. The 
shorter the light vertical line is, the smaller is the 
variation in a single lot. The smoother the heavy lines 
are, the smaller is the variation between lots. It, is 
evident that make ‘‘B” takes first place for variation 
while make ‘‘A’”’ is conspicuously uniform, with “C”’ a 
close second. 

Fig. 2 shows the difference in uniformity of insulation 
resistance in a still more pronounced manner. One 
hundred and fifty-five consecutive sections of cable 
submitted for inspection by makers ‘“‘A”’ and ‘“B” 
respectively have been plotted—the upper boundary 
of the black area being the maximums of the three con- 
ductors in three-conductor cable and the lower 
boundary the minimums. 

Just what the practical significance of these differ- 
ences in uniformity of insulation resistance is, we do not 
know. With respect to quality of the cable, these dif- 
ferences may mean much or they may mean little but 
it is submitted that until we have some means of 
measuring the quality of insulation more directly, we 
are justified in concluding that other things being equal, 
the cable with the smaller variation is the better. 


HIGH-VOLTAGE TESTS 


High-voltage tests of various kinds have long been 
considered the most importantof all that are made on 
high-tension cable. They may be classified into (a) 
fixed or stated voltage tests, (b) momentary breakdown 
voltage tests and (c) time breakdown voltage tests. 

(a) Fixed-Voltage Tests. A fixed-voltage test con- 


-sists in the application of a prescribed voltage for a 
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prescribed length of time to each reel of cable in the 
case of acceptance tests at the factory, or to an entire 
line of cable in the case of installed cable. 

Volumes on the discussion of this subject of fixed- 
voltage tests of insulation for all purposes, and cable in 
particular, have been printed. How high should the 
test voltage be and how long should it be applied to 
insure that the cable meets the desired standard without 
injuring the insulation? Which is the more effective, 
high voltage for a short time or a lower voltage for a 
longer time? These are questions which are still 
answered by opinions to a large extent. We do not as 
yet have all the facts definitely established which are 
essential to the formulation of the true answer. 

What is the purpose of this particular voltage test? 
We encounter two serious obstacles when arriving at the 
suitability of a piece of cable. In the first place, the 
insulation is buried out of sight and in the second place, 
it is far from homogeneous. A member in a steel 
structure can be put in place with almost complete 
confidence that it has 100 per cent reliability if it passes 
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a visual inspection. Furthermore, we know as a matter 
of established fact that the strength of the member in 
question is uniform throughout, that a single test speci- 
men will adequately represent it and that we can de- 
pend on that member having a certain factor of safety 
without actually loading it. But in the case of a length 
of cable we cannot judge by inspection whether it will 
serve the purpose intended nor can we depend ab- 
solutely upon a test to destruction of a specimen because 
of the lack of uniformity. We must “load” every foot 
of cable, that is, subject it to a voltage well above the 
rated voltage—if we are to be assured of a reasonable 
“factor of safety.” 

The test should preferably accomplish two things,— 
eliminate cable the insulation of which is electrically 
weak because of accidental defects, and eliminate 
eable which is electrically weak because of the inherent 
low quality of insulation. 

One way of visualizing the conditions with which we 
have to contend is indicated in Fig. 3. It is well 
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established that the voltage which a given piece of 
insulation will withstand is greatly affected by the test 
conditions, one of the most important being the time 
of application of the voltage. Each portion of insula- 
tion has its own voltage-time characteristic which can 
be indicated in the general manner shown by the curves 
in the diagram. 

Now consider a section of cable with an accidental 
defect of a mechanical nature such as external damage 
to the insulation, registration. of a large number of 
tapes, cracked or torn insulation, ete. The breakdown 
voltage of the section of cable will, of course, be that 
of the insulation at this point, and if .the injury is 
serious, the breakdown voltage will be much below 
that of the rest of the section. Nevertheless, that spot 
has a time-voltage characteristic which we can indicate 
by curve A. But a moderate test voltage, a, even if 
applied only momentarily, will cause puncture and 
therefore eliminate that section. If the defect is less 
extensive so that a lesser thickness of the insulation is 
affected, the curve may be something like B in which 
case, a test at a volts even if applied for y time, will not 
eliminate it. Nevertheless, its so-called permanent 
breakdown voltage, 7. e., the maximum voltage which 
it will withstand indefinitely is not sufficiently above the 
operating voltage, M, to provide the necessary factor 
of assurance. On the other hand, a test at b volts, 
even if only momentarily applied, would eliminate it. 

Next, assume a spot which is inherently electrically 
weak due, for example, to incomplete saturation or 
overheating at a lead press mark. The insulation at 
that point may have a high momentary dielectric 
strength without a correspondingly high endurance 
strength due to high dielectric loss which causes failure 
in accordance with the thermal theory of Steinmetz and 
Wagner. The characteristic curve at this point might 
be of the shape indicated by curve C, in which case a test 
at a volts for a time x would not eliminate the section 
but a volts for y time would. 

Normal cable may have a characteristic like curve E 
or curve D. The former is obviously the preferable 
type of curve. Both curves are higher than those for 
the other cases, consequently the test voltage should 
be adjusted to the normal cable and not only to the 
abnormal cable. The problem is then to determine the 
voltage which should be applied to insure as high a 
curve E as possible, and for as long a time as practicable 
in order to eliminate cable with too much of the 
characteristic indicated by D. This would be accom- 
plished by applying b bolts for y time. 

The practical question is then, what should the volt- 
age be and for how long should it be applied? This 
question has been with us since the beginning of the © 
industry and is likely to remain with us for some time to 
come. . What we would like to have is definite knowl- . 
edge of the excess over the rated voltage which a cable 
will withstand indefinitely. But it takes hours to reach 
the flat part of the time-dielectric strength curve, so 
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that such a test on every section of cable is quite im- 
practicable. On the other hand, too high a voltage may 
more or less damage perfectly good cable so that its 
endurance or permanent dielectric strength is reduced. 
We are accumulating knowledge of the relation between 
dielectric strength and time so that some day we may be 
able to set up an equivalent short time test based on 
facts, but at present our practise is based very largely on 
the coordinated opinions of engineers dealing with these 
matters. 

It is to be noted, however, that the trend in fixed 
voltage tests is very definitely upward both as to voltage 
andtime. For instance, the A. I. E. E. rules adopted in 
1911 prescribe double normal rated voltage for one 
minute. The standards of 1922 prescribe two and one- 
half times operating voltage for five minutes while those 
adopted August 6, 1925 prescribe three times the rated 
voltage plus 2 kv. for five minutes. The most recent 
specifications in wide use, namely, those of the Asso- 
ciation of Edison Illuminating Companies, prescribe 
test voltages substantially in accord with the latest 
rules of the A. I. E. E. but the test period is fifteen 
minutes instead of five minutes. So, despite our lack of 
facts and figures, general knowledge and experience has 
gradually pushed up the test voltage and lengthened the 
time of application. 

(b) Short-Time Breakdown Voltage Test. The fixed- 
voltage test will not of course tell us what factor of 
assurance we are getting. We try to get some light on 
that question by means of short-time breakdown voltage 
tests, 7. e., by testing short samples to destruction. The 
light we get, however, is rather feeble for after we have 
obtained the so-called momentary puncture voltage, 
we cannot coordinate it with the rated or operating 
voltage of the cable. This is due not only to the di- 
electric strength-time relation referred to in the pre- 
ceding discussion, but to the variation in the material. 
The latter point could betaken care of by testing enough 
samples but any such procedure sufficiently extensive to 
truly represent the product would be quite impracti- 
cable. Some day perhaps manufacturers will be able to 
produce cable which will be absolutely uniform from 
foot to foot. Then one sample will be as good as an 
infinite number and we will have only the task of corre- 
lating the result of the short-time test (which for 
obvious reasons is the most practical one to make) 
with an infinitely long time test corresponding to the 
desired operating requirement, namely, practically infi- 
nite life at operating voltage. 

In order to eliminate partially the indefiniteness of a 
“rapidly applied’”’ voltage test—the time effect being 
most marked at the higher voltages obtained in such a 
test—it is customary to use a step procedure, 7. e., 
increase the voltage by ten per cent steps, holding each 
for a prescribed period such as thirty seconds or one 
minute. While we may not be able as yet to state from 
such tests made on samples just what margin of assur- 
ance we may have in the cable from which the samples 
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were cut, they do give us data which indicate the trend 
at least of this very important factor. 

Table I shows a summary of a large number of tests 
made in 1923, 1924 and 1925 respectively on cable 
manufactured under the N. E. L. A. specifications. 
The results are reported in average volts per mil. Cables 
of all sizes and voltages are included, so that some 
common basis must be used. Whether or not the 
average stress at breakdown is a true measure of the 
dielectric strength of the insulation need not be dis- 
cussed here. For general comparisons it serves the 
purpose and has the merit of simplicity and convenience. 


TABLE I 
DIELECTRIC STRENGTH OF CABLE 
Average volts per Per Cent 
mil at breakdown inc. in 
No. of Average 
Year Tests C-C c-S Average over 1923 
1923 260 291 283 287 oe 
1924 290 307 284 306 6.6 
1925 106 354 357 355 PE e 
““C-C’’ — between conductors. 
““C-S"' — between conductors and sheath. 


It is evident that the dielectric strength of cables has 
been steadily increasing—being nearly 25 per cent 
greater on the average in 1925 than it was in 1923. 
Incidentally, the data have been separated into two 
groups—that is, failures which occurred between .con- 
ductors in the case of multiple conductor cable have 
been separated from those which occurred between 
conductors and the sheath. It is to beobserved that the 
average volts per mil at breakdown is somewhat 
higher between conductors than between conductors 
and the sheath, thus confirming general opinion that * 
the latter insulation is weaker than the former. 

(c) Long-Time Breakdown Tests. The preceding dis- 
cussion has indicated that one of the most important 
things which we would like to know is the maximum 
voltage which each length of cable will withstand 
indefinitely. The only way to get this information 
is by aseries of tests to destruction by subjecting several 
samples of the same cable to different voltages continu- 
ously until failure occurs. Sufficient tests of this kind 
will give data from which a reasonable reliable answer 
to the above question can be made. Such tests are, 
however, very expensive as much time is required and 
also a considerable amount of costly cable. However, 
the significance and importance of such information is 
being recognized and it is felt that we have reached a 
step in the development of the art where this knowledge 
is essential to further intelligent progress. The cost of 
acquiring the necessary data is secondary in view of the 
importance of cables in the electrical industry and the 
large amounts of money being invested in them. 

A considerable amount of this kind of testing is being 
done—some by the manufacturers and some by the 
utility companies, particularly the Commonwealth 
Edison Company of Chicago. Much expensive re- 
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search work along these and other lines dealing with 
cables is being done by this company under the able 
direction of D. W. Roper and, in accordance with the 
broad-gage policy of this company in such matters, 
the results are being made available to the industry. 
Electrical Testing Laboratories are also doing a 
considerable amount of this class of cable testing and 
some of the data shown in the accompanying diagrams 
are made available through the courtesy of its clients, 
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particularly the High-Tension Cable Committee of the 
Association of Edison Illuminating Companies under 
whose direction a series of tests is being made looking 
to the establishment of a tentative standard accelerated 
life test for specification purposes—a subject which is 
discussed in another part of this paper. The tests to 
which Figs. 5, 6 and 7 apply were made on three-con- 
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ductor cables of various sizes and voltages and all but 
seven of the results shown were obtained with three-phase 
potential applied to the sample continuously except 
an hour or so a day when power-factor measurements 
were being made, and also Sundays and _ holidays. 
In the case of the seven exceptions, the sample was also 
loaded, 7. e., three-phase current was circulated through 
~ the conductors a portion of each day. 

The length of the site aod in these tests varied from 
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about 12 ft. to about 20 ft. in active length, 7. e., end to 
end of the sheath. The test was made by connecting a 
sample to a bank of three 20-kv-a., 100-kv. transformers 
connected in Y with the neutral grounded. Where 
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current was circulated, this was provided by a current 
transformer in each phase insulated from the ground.: 4 

Graphic methods are, of course, the most convenient 
means of arriving at conclusions in tests of this kind but 
where a number of sizes and thicknesses of insulation 
are involved the selection of the best graphical method is 
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Fig. 7—Caste Lirz Tests (Time-Stress Diagram) 


Note: Points show single-conductor tests only. For three-phase test 
points see Fig. 6. Designations identify makes of cable tested 


not easy. Fig. 4 is a plot of thirty time tests using 
rectangular coordinates—aierage stress in volts per mil 
between conductors against time in hours. It is 
evident that the points are so scattered that no definite 
trend can be determined. Fig. 5 shows the same data 
plotted on logarithmic coordinates. Here the points 
are still rather badly scattered but, while it is difficult 
to determine the law, a straight line probably could 
be drawn which would reasonably represent the mean. 

Going one step further and plotting the maximum 
stress gradient at the conductor surface instead of 
average stress gradient a more definite trend is indi- 
cated as shown in Fig. 6. Here it will be noted that 
while the data are quite insufficient to justify anything 
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like a final conclusion, the data that we do have suggest 
4 more or less critical point in the life curve beyond 
which the cable will have indefinite life. That is, the 
broken line which is a reasonable mean of ali of the 
points, suggests that at a stress lower than about 150 
or 160 volts per mil maximum stress gradient, the life 
will be indefinite (or at least will decrease at a very low 
rate) and that at higher stresses the life will vary in- 
versely something like the seventh power of the maxi- 
mum stress gradient. However, much more data are 
needed before this indication can be definitely estab- 
lished or disproved. 

Fig. 7 shows some similar data, plotted in the same 
manner, which were obtained on 44 samples of single- 
conductor cable for very high voltages. If the points 
enclosed by the dotted line and which were obtained on 
specimens of two samples of cable that showed con- 
sistently much lower dielectric strength than the other 
samples, are omitted, a fairly definite straight line can 
be drawn, as indicated by the broken line. Seven 
makes of cable are represented in these tests with two 
different sizes of conductor and five thicknesses of 
insulation. 

Whether or not a critical point exists here also is not 
determinable because we have not as yet enough data, 
specially long-time data. However, it will be observed 
that the slope of the curve as plotted is the same as that 
for the three-conductor cable in Fig. 6. The left-hand 
portion of the latter curve extended backwards is shown 
in Fig. 7. In other words, the seventh power relation 
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between the maximum stress gradients is again 
suggested. y 

Dunsheath, in a recent paper,? expresses the break- 
down voltage versus time relation found in some tests 
of cable in the manner employed by Peek,’ in his 
experimental work on impregnated paper between con- 
centric cylinders, but Dunsheath indicates an ad- 
vantage of that method which is shown in Fig. 8, 
reproduced from his paper. The breakdown voltage 
is plotted against the inverse fourth root of the time and 
prolonging the curve to the infinity ordinate gives the 


2. ‘Dielectric Problems in High Voltage Cables,” P. Dun- 
sheath, Journ. I. HE. E., Jan., 1926, p. 97. 

3. ‘Dielectric Phenomena in High-Voltage Engineering”’ 
F. W. Peek, Jr., p. 179. 
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apparent voltage which the particular cable will with- 
stand indefinitely. 

Unfortunately, the cable data are not given in 
Dunsheath’s paper so that comparison cannot be made 
with the data given in the preceding discussion. ‘The 
data for the three-conductor cable, Fig. 6, have, how- 
ever, been replotted on this basis and are shown in 
Fig. 9 where the ordinates are maximum stress gradients 
on an equal-part scale and abscissas are hours on an 
inverse fourth-root scale. The heavy broken line is 
drawn between the highest point and the lowest point 
which were on the sloping line of Fig. 6. This curve 
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gives a maximum gradient for indefinite life of only 
about 105 volts per mil. But it is at once evident that 
the curve does not fit the points on this plot as well as it 
did in Fig. 6. The light broken line has been drawn 
on the basis of the mean deviation of all of the results 
from the average. This second curve cuts the ordinate 
scale at. about 115 volts per mil,—only 10 volts above 
the other intercept. However, it may be very properly 
questioned whether the curve continues on a straight 
line to infinity and does not bend parallel with the 
abscissas axis as suggested in Fig. 6. More data for 
very long periods are needed to settle this question 
definitely. 

In this connection it may be of interest to note in 
Table II the maximum stress gradient at normal rated 
voltage of our highest voltage cables now in service or 
being manufactured. Theseareall single conductor cables 
and the figures are therefore comparable with Fig. 7. 


TABLE II 


Thick- Stress Gradient 


Rated ness volts per mil 
Kv. of insu- 
between | lation, Maxi- Remarks 
City phases inch Average | mum 

Cleveland 66 30/32 41 79 In service 
Philadelphia 75 30/32" 46 82 Being installed 
Philadelphia 75 26/32 53 89 On order 
New York 132 23/32 106 160 Being manufactured 
Chicago 132 23/32 106 160 | Being manufactured 
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DIELECTRIC LOSS AND POWER-FAcTOR TEST 


The practical significance of the dielectric losses in 
the insulation of cable was not fully appreciated until 
SIX Or seven years ago when an epidemic of service 
failures led to the recognition of the dielectric loss type 
of failure. Bang and Louis‘ and other contributors to 
the TRANSACTIONS of the Institute have discussed the 
influence of dielectric loss on the carrying capacity of 
cables. Roper® has given concrete evidences of cable 
failures due to excessive dielectric loss. However, these 
losses have been so much reduced that they are no 
longer a serious element in cable operation. The 
pronounced decrease in dielectric losses which has taken 
place in the past four years is indicated in Fig. 10 show- 
ing typical curves for two classes of cable in 1921 and 
1925, respectively. 

For example, at 80 deg. cent., the loss for 30-kv. 
cable dropped from about 1.6 to 0.6 watt per foot and 
for 13-kv. cable from about 0.9 to 0.2 watt per foot. 
Nevertheless, this property has to be watched, par- 
ticularly as voltages are increased, because for the same 
kind of insulation, it is greater for the high-voltage cable. 
Furthermore, the annual cost of the energy dissipated 
in the insulation of cables, although a very small per 
cent of the total loss is, nevertheless, a waste, and un- 
necessary waste is what the engineer is expected to 
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eliminate. For example, ina cable 20,000 ft. long which 
is in service 90 per cent of the time, the value of the 
excess energy waste for every extra 0.1 watt per foot 
would be about $95.00 per year assuming an energy 


value of 0.5 cent. This.is, of course, accompanied by a 


4. ‘Influence of Dielectric Losses in the Rating of High 
Tension Underground Cables,” A. F. Bang and H. C. Louis, 
TRANS. A. 1. EE; Vol. 36, 1917, p. 341. 

5. ‘Dielectric Losses and Stresses in Relation to Cable 
Failures,’ D. W. Roper, TRANS. A. 1. E-E., Vol. 41, 1922, p. 547. 
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reduction in carrying capacity for the same copper 
temperature limit and this means less earning capacity 
per dollar invested. It is evident, therefore, that the 
dielectric loss and power factor of high-tension cables 
should be kept as low as possible, provided this is not 
accomplished at the expense of other important 
characteristics. 


Power-factor measurements also provide another 
means of studying the problem of uniformity of cable 
to which reference has been made. Everyone familiar 
with high-tension cable testing knows that the dielectric 
loss and the power factor vary from section to section 
in a given lot of cable although it was all manufactured 


Power Factor - Per Cent 


Manufacturer: 


Fig. 11—Pownrr Facror or 13-, 15-Kv. Casin, INSPECTED 
Durine 1925 


Upper line—Power factor at rated voltage at 80 deg. cent. 
Lower line—Power factor at rated voltage at 20 deg. cent. 


at the same time and subjected to the same treatment. 
In fact, these quantities may not be constant through- 
out one section, for very considerable differences be- 
tween a sample taken from a given reel and the whole 
reel are frequently found. In a recent investigation 
where a length of cable was cut into pieces, an oppor- 
tunity was afforded to investigate this particular fea- 
ture. The entire length of about 350 ft. had a power 
factor of 0.26 per cent; the first half, 0.88 per cent; the 
second half, 0.15 per cent and a piece about 20 ft. 
long from the first half had a power factor of 0.77 per 
cent. 


Fig. 11 shows some power-factor data for 18- to 15- 
kv., three-conductor cable made by various manu- 
facturers during 1925, the upper line being values 
obtained at 80 deg. cent. and the lower line values at 
20 deg. cent. It is evident the cable of manufacturer A 
was much more uniform in this respect at least than that 
of the others, particularly C and F. However, make E, 
while not quite so uniform, was consistently much 
lower, with a minimum change between 80 deg. and 
20 deg. The ideal lines would, of course, be straight 
and perhaps slightly sloping to theright, thus indicating 
absolute uniformity. 

The methods in general use for measuring dielectric 
loss and power factor of high-tension cables have been 
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described,* and it is not necessary to discuss them here. 
Suffice it to say that two general classes of methods are 
used, namely wattmeter methods and bridge methods. 
The former measure the active power and the reactive 
power dissipated in the cable,—the measurement being 
made with a wattmeter, either electrodynamic or 
electrostatic. This type of method is particularly 
applicable to measurements on three-conductor cable 
with three-phase potential. Bridge methods determine 
the active and reactive components of the impedance of 
the cable as a condenser and, of course, can only be used 
with single-phase potential applied to the cable. How- 
ever, experience has shown that in three-conductor 
cables the dielectric loss and power factor calculated 
from measurements made with single-phase potential 
are in reasonably close agreement with the results 
obtained by actual measurement with three-phase 
potential. This is specially true of modern low-loss 
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Trsts 


cables. The author advisedly says ‘reasonably close 
agreement” for there is no need for high precision in 
tests of a property which may vary in the manner 
indicated in the preceding discussion. 

The suggestion has been made that one method of 
making tests for dielectric losses and power factors 
should be standardized in order to eliminate some of the 
differences between different laboratories, but it is not 
believed that this is necessary or even desirable. These 


6. ‘Compensated Dynamometer Wattmeter Method of 
Measuring Dielectric Energy Loss,’ G.B. Shanklin, G. H. Review, 
October 1916, p. 842. ‘The Quadrant Electrometer for the 
Measurement of Dielectric Loss,” D. M. Simons and W.S8. Brown, 
Trans. A. I. BE. E., Vol. 43, 1924, p. 311. ‘‘A High-Tension 
Bridge for the Measurement of Dielectric Losses in Cables,” 
R. W. Atkinson, Electric Journal, February 1925, p. 57. “Power 
Measurements at Very Low Power Factors,” A. Barbagelata and 
L. Emanueli, L’Elettrotecnica, August 5, 1922, p.477. ‘‘Meas- 
urement of Dielectric Losses at High Voltages—A New Type 
of Alternating-Current Bridge,’ B. Hogue, World Power, 
August 1925, p. 81. ‘‘Methods of Measuring Dielectric Losses 
in High Tension Cables,” P. Capdeville and R. Laroche, Revue 
General de L’Electricite, Dec. 6, 1924. ‘‘Measurement of Power 
Loss in Dielectrics of Three-Conductor, High-Tension Cables,” 
F. M. Farmer, Trans. A. I. E. E., Vol. 38, 1918, p. 221. 
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quantities are definite physical quantities for which we 
have established units, and all methods which will 
measure such quantities accurately, whether they are in 
cable or anything else, should give the same result. 
What we need is not a standardization of one or more 
methods of making the measurement itself but a con- 
venient standard load comparable in magnitude to the 
dielectric of a piece of cable. With such a standard 
having all of the characteristics which a standard should 
have, namely, permanence and minimum change with 
temperature and which can be easily and accurately 
calibrated, these various methods can be made to 
agree. 

Fig. 12 is an illustration of such a standard which 
gives promise of serving the purpose very well and is in 
addition portable. It consists merely of three Leyden 
jars made of special glass, metal coated inside by 
silvering plus copper plating and outside by the spraying 
process. The tubes are about two in. outside di- 
ameter, about 16 in. long and the glass is about */ 2 in. 
thick. They are filled with oil and will withstand the 
application of 25 kv. continuously. With three-phase 
potential applied to a set of three tubes, the three- phase 
power factor at 25 deg. cent. of the particular set in the 
illustration is 0.22 per cent at 10 kv., 0.27 per cent at 
25 kv. and 0.32 percentat50kv. At35 deg. cent., the 
corresponding power factor values are 0.24, 0.30 and 
0.36 per cent. 

With standardized loads such as this one, which can 
be easily circulated among the various laboratories 
interested in this class of measurements, there should 
be no difficulty -in eliminating differences due to 
methods. However, standardization of the conditions 
under which measurements are made in cable is highly 
desirable because the results obtained depend upon the 
conditions, particularly the temperature and the 
previous temperature history. 


“IONIZATION” TEST 


As is well known, the paper after it is wrapped on 
the conductor in a cable is then saturated with an 
insulating compound. The general procedure is first 
to dry the cable and then impregnate it, the initial 
step being under vacuum and the final step under 
pressure. In other words, as muchas possible of the 
air or other gas in the voids of the structure—paper 
and stranded conductor—is removed and replaced by 
an insulating compound... 

The work of many investigators in the field of insula- 
tion research has demonstrated that the less gas there is 
in the insulation the better it is as an insulator. 

The so-called “ionization” test, a comparatively new 
one in the cable art, is intended to be a test of thorough- 
ness of impregnation. We know that in a solid di- 
electric free from gas the loss will vary substantially as 
the square of the voltage and the power factor will be 
constant until the voltage approaches the rupturing 
value—barring, of course, temperature effects due to 
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long application of the voltage. The theory of the 
“Jonization”’ test is that, if air or gas is present, it will 
become ionized at a relatively low stress and the power 
factor will depart from a constant value as the voltage 
is increased, at a lower value than it would otherwise. 

That there is a marked difference in this characteristic 
in cables is indicated in Fig. 18. One curve shows the 
relation between power factor and average stress at 
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Rated voltage: 13,000 
Insulation: Paper, 9x 7/32 in., BC and BCL 
Conductors: 3-500,000-cir. mil sector 


room temperature in a piece of three-conductor cable 
of 1922 vintage and the other shows the same character- 
istic for a similar piece of cable of 1925 manufacture. 
There is no doubt that the thoroughness of impregnation 
has much to do with this change in power factor because 
a section of cable which shows a relatively large change 
in power factor with change in the voltage applied, will, 
if reimpregnated, show a much smaller change. 
The “ionization” test, which is the present standard 
for specification purposes, is the determination of the 
change in power factor between an average stress of 
twenty volts per mil and one hundred volts per mil, 
respectively. The specifications issued by Association 
of Edison Illuminating Companies in November, 1924, 
prescribe that this change shall not exceed two per cent 
for a three-conductor cable or one per cent for a single- 
conductor cable. These limits were set very largely 
on the basis of European experience where this test had 
been in use for some time. However, experience of 
over a year shows that American manufacturers have 
no difficulty in meeting this requirement. In fact, a 
gradual reduction is indicated in Fig. 14 for it is evident 
that an average of the lines representing maximum and 
minimum values respectively, of successive lots of cable 
inspected, would, in most cases, have a gradual slope 
downward from left to right. Incidentally, this figure 
shows how this test also can be used to study uniformity. 
While there is not much difference between the manu- 
facturers in this respect, the product of E shows a 
steady decrease in the amount of variation of this 
quantity. . i 
The important question in connection with this test 
is, what is its real value? Will cable having a power- 


factor difference of two per cent for example, be better . 


than one with a difference of four per cent and if so, in 
what respect and how much better will it be? Dr. 


Whitehead has shown’ that insulating materials which 
were known to be poorly saturated had a high “‘ioni- 
zation’’ test result and deteriorated rapidly under the 
application of voltage. However, we have no definite 
facts in the way of test data to show how much real 
gain is obtained in cables when this power-factor 
difference is two per cent instead of four per cent or one 
per cent instead of two per cent. Before reducing 
the permissible variation we should have definite 
knowledge on this point if such reduction involves 
increased manufacturing costs. 

Referring to the test itself, its application to single- 
conductor cable is simple but in the case of three- 
eonductor cable several methods may be used which 
will give different results. In one, the three-phase 
power factor is measured, using three-phase potential 
of the two prescribed values and noting the change in 
power factor. In another method, the change is noted 
between the three-phase power factor at each of the 
two voltages as calculated from measurements made 
with single-phase voltage between various conductor 
and sheath combinations. In a third method, the 
power factor at each of the two voltages is measured 
at each of the four combinations and the greatest 
change found in any one of the four sets of measure- 
ments is used. 

Now, it is evident that the intent of this test is best 
fulfilled by the latter method as what we are interested 
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Upper line—Maximum power-factor difference in each lot inspected 
Lower line—Corresponding minimum power-factor difference 


in is the degree of saturation in that portion of the 
insulation where it is the least saturated. Of course, 
we cannot make a separation longitudinally and we 
must be content with an average over the entire 
length of cable but we can make a partial separation 
by making measurements between the conductors and 
between the conductors connected together and the 
lead. The highest difference in four such sets of 
measurements will generally be greater than that for 
three-phase measurements as would naturally be 


7, ‘Gaseous Ionization in Built-up Insulation,” J. B. White- 
head, Trans. A. I. E. E., Vol. 42, 1923, p. 921, and Vol. 48, 
1924, p. 116. 
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expected since the latter is an average value. How- 
ever, this is not always the case, for frequently the two 
results will be found to be the same and occasionally 
the three-phase value will apparently be higher than 
the highest of the single-phase values. 


BENDING TEST 


One of the most important tests in American cable 
practise is the bending test. In Europe most of the 
cable is laid either directly in the ground or in troughs, 
while in this country all high-tension cable is installed 
in conduits. This, of course, involves much more 
bending of the cable during installation than in Euro- 
pean practise but as it is an unavoidable condition the 
cable must withstand it. Hence, the generally ac- 
cepted test given below is used to see what the cable 
will do under this practise. 


The sample, after subjection for two hours to a 
prescribed temperature (frequently —5 or —10 deg. 
cent.), is bent 180 deg. around acylindrical form havinga 
diameter twelve times the outside diameter of the cable. 
The sample is then straightened out and bent again 180 
deg. in the opposite direction around the same or a 
similar form. It is again straightened and the cycle of 
operation is repeated making a total of four bending 
operations. The test is considered to have been suc- 
cessfully passed if the sample of cable withstands the 
application of a prescribed voltage for a prescribed 
length of time and shows, upon dissection, not more 
than the prescribed number of torn papers per foot 
of cable. 


This test was introduced into cable specifications only 
five or six years ago but it has undoubtedly been an 
important factor in the marked improvement in 
workmanship and in the fabrication of the insulation 
of cables which has taken place. Excessive tearing 
was at first a common result in a bending test but now 
it is a rare occurrence. Furthermore, the insulation 
is tighter, more evenly applied and is practically free 
from wrinkles. Even in the case of cable with wood- 
pulp paper insulation, while there has been some 
improvement in the mechanical strength properties 
of wood-pulp paper, the improvements in fabrication 
processes have enabled such cable to pass this test— 
something that could not have been done two years ago. 

Table III shows in a striking manner the improve- 
ment that has been made in the ability of Manila 
paper-insulated cable to withstand this bending test, 


TABLE III 
DIELECTRIC STRENGTH, BEFORE AND AFTER BENDING 


Dielectric Strength, 


No. of Tests Average Volts per Mil 
Before After Before After Decrease 
Year Bending Bending Bending Bending per cent. 
1923 260 288 287 225 21.6 
1924 290 301 306 266 13.1 
1925(A) 106 102 Bop 336 5.3 
1925(B) 40 36 369 369 0.0 


_ tively. 


as measured by puncture tests. The figures given are 
grand averages of tests made on samples of cable of 
various sizes and voltages. 

The last column shows what marked improvement 
has been made in the past three years—the effect of 
bending having dropped from 21 per cent to practically 
zero. In other words, present-day cable will withstand 
this severe bending test without any appreciable 
effect on the dielectric strength. 


ACCELERATED LIFE TEST 


Engineers will generally agree that the most valuable 
type of test for any material is the performance type— 
that is, one which involves service conditions and in 
which it is self-evident that the material passing it will 
satisfactorily serve the purpose for which it is intended 
both as to service and as to life. 

In the case of high-tension cable, time is the important 
element and the problem is to produce, in a'sufficiently 
short time to be practical, those conditions which 
develop in a cable in normal service that produce 
deterioration and ultimate failure. This-is a very large 
problem which will require much experimentation and 
study to solve. The best that we can do at the present 
time is to subject a sample of the cable to those con- 
ditions which we know will shorten its life—such as 
excessive voltage and high current—and assume 
that the ratio of the life so obtained to normal life 
is a constant although unknown value—at least for all 
cable of the same type. In other words, such a test 
implies that where one make of cable or one kind of 
cable lasted half as long as another, the life of the second | 
cable in normal operation would be at least twice that 
of the first cable. 

An extensive series of tests is under way at the 
Electrical Testing Laboratories for the purpose of 
accumulating data upon which to base recommenda- 
tions for a standard accelerated life test. While, 
as stated, any such test may not enable us to predict 
the life of cable as yet, it does seem highly probable 
that if a standardized accelerated life test were adopted, 
data could be accumulated which in the course of time 
could be correlated with the performance of cable in 
service so that ultimately we would be able to predict 
the performance of cable in service from the results 
of such a test. 


It was hoped that periodic measurements of power 
factor during an accelerated life test of a piece of cable 
would show progressive deterioration and foretell 
approaching failure but some studies along this line 
have been disappointing. Figs. 15, 16 and 17 show 
such measurements made during the test of a piece of 
three-conductor, 15-kv. cable. Fig. 15 shows the 


_ power factor between one conductor and the other two 


at a stress of 20 and 100 volts per mil (average) respec- 
It will be seen. that at 20 volts per mil a 
gradual but steady rise took place until puncture 
occurred without any pronounced change immediately 
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preceding failure. At 100 volts per mil the power 
factor rose relatively rapidly during the first 200 hours 
and rapid deterioration was suspected but it then went 
down as rapidly as it had gone up and continued to do so 
until failure occurred, even going below the initial 
value despite the fact that the test voltage had been 
raised twice in the meantime. The relatively small 
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Combination No. 2. Rated voltage: 15,000 
Insulation: paper, 14 x 10/32 in. B C and BCL 


Conductors: Three 350,000-cir. mil sector 
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Rated voltage: 15,000 
Insulation: paper, 14 x 10/32 in. BCand BCL 
Conductors: Three 350,000 sector 


but sudden changes in the curve are due to changes in 
room temperature. : at hs 
Fig. 16 shows similar data for another combination 
of conductors but here the power factor at 100 volts per 
mil decreased practically from the beginning with no 
preliminary signs of approaching failure before punc- 
ture occurred. The curve 
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for the measurements at 
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20 volts per mil is similar to that in the preceding 
figure. 

Fig. 17 is for the threec onductors against lead and 
here the results are of the same character as in the 
curves in the first diagram, Fig. 15. 

Figs. 18, 19 and 20 show similar data for a sample of 
35-kv. cable. In this test one combination of con- 
ductors, Fig. 18, shows a rise in power factor almost 
from the beginning which continued quite rapidly but 
at a constant rate until puncture occurred. Another 
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combination, Fig. 19, showed even more pronounced 
results in that the curve rose more rapidly as failure 
was approached. On the other hand, the power 
factor between conductors and sheath, Fig. 20, was not 
only much lower but showed practically no change 


- whatever during the test. 


The results in this case were consistent with the 
conditions found upon examination of the sample 
after the conclusion of the test because failure had 
occurred between conductors due to leakage currents 
produced by tangential stresses so that deterioration was 
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taking place between conductors from the beginning. 
While in this instance the indications that the power- 
factor test would be of value were promising, they were 
contradicted by the results obtained in the first test. 
Several other trials gave the same negative results so 
that it is concluded that life performance cannot be 
predicted from the power-factor change. 

Whether or not intermittent loading has an appre- 
ciable influence on the life of cable and should be 
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Rated voltage: 36,000 
Insulation: paper, 33 x 25/64in. BCand BCL 
Conductors: Three 350,000 round 


included in an accelerated life test has not yet been 
conclusively determined. A few results obtained up 
to this date are designated in Fig. 6 by the letter 
H. They are too few to justify conclusions although 
it is tentatively indicated that intermittent heating has 
no effect. 


PREPARATION OF SAMPLES FOR HIGH-VOLTAGE TESTS 


Although it was indicated in the introduction of this 
paper that details of technique in tests of cable would not 
be discussed at any great length, the problem of 
preventing flashover at the end of a sample of cable 
in high-voltage tests and insuring failure occurring 
under the lead, is too important a matter to pass over 
in any discussion of cable testing. 

High-voltage tests of cable up to 60 kv. involve no 
particular difficulties. They can be made with the 
ends of the cable in air without flashover at the ends— 
it being necessary only to cut the lead back a reasonable 
distance and slightly ‘‘bell’” the lead. Care, of course, 
is always necessary to keep the freshly exposed surface 
of the insulation in its original condition. In the case 
of three-conductor cable some separation of the ends of 
the conductors is obviously necessary and greater care 
in bending the conductors has to be taken to avoid 
crotch failure by making the curvature a minimum at 
the crotch and putting the maximum curvature at the 
ends. 

As the test voltages are increased, the difficulties 
multiply rapidly, particularly in time tests. In the 
acceptance testing of three-conductor cable rated at 
about 30 kv., it requires the application of about 75 
to 90 kv. for 5 to 15 minutes and failure occurs at the 
crotch if the test is made in air. It is necessary to 
attach funnels so that the conductors at the crotch may 
be surrounded with a liquid or semi-liquid insulating 
material and then a test for periods of the order of 5 
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to 15 minutes can be carried up to about 125 to 150 kv. 
Short-time or momentary breakdown tests of samples 
of cable requiring as high as 200 kv. may be made in a 
similar manner with longer exposed conductor ends, 
greater clearances between ends and longer funnels. 


Fic. 21—Testina SAMPLES OF CABLE WITH ENDS IN JARS OF OIL 


A specially convenient method of disposing of the end 
problem is shown in Fig. 21. The sample is bent into 
the shape of an inverted U and is supported over two 
jars of transformer oil into which the ends of the cable, 
with the ends of the conductors separated, are lowered. 
Connections to the conductors are made through 
terminals at the bottom of the jars. The jars are of 
earthenware, are of 200-gallon capacity each and have 
been dried, vacuum treated and impregnated just as a 
section of cable is treated. This treatment was found 
necessary because the material in its normal condition 
is so porous that the moisture contained therein makes 
it quite valueless as an insulator. With this method, 
a reasonably high percentage of satisfactory test re- 
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Fie. 22—Trst ENp ror TureE-ConpUCTOR CABLE 


Note: For simplicity in drawing, only two conductors are shown 


sults (that is, punctures well under the lead) is obtained 
in time tests up to 100 kv. and in short-time tests up to 
the order of 150 or 175 kv. 

When long-time tests are to be made (that is, several 
hours or days) even at only moderately high voltages, 
none of these comparatively simple methods of taking 
care of the ends will always be satisfactory—crotch 
failure or burning of the conductor insulation due to 
leakage currents along the surface, frequently resulting. 
Even long-time tests of the order of 60 kv. should be 
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made with specially prepared ends to insure ultimate 
failure under the lead. Fig. 22 shows a method of 
preparing the ends of three-conductor cables for long- 
time high-voltage tests which has been found satis- 
factory up to 100 kv., the highest voltage at which it 
has been used so far. The general procedure in pre- 
paring the cable end is first to cut back the belt insu- 
lation to within two inches of the lead and then wrap 
black varnished cambric tape on the conductors with 
cable compound between layers, care being taken to 


Fie. 


22 —_STANDARD GENERAL ELECTRIC COMPANY 
TERMINALS 


CABLE 


pullit tight and smooth. After building up the con- 
ductor insulation as shown to a maximum thickness of 
about 100 mils, the belt insulation is extended and rein- 
forced in a similar manner so as to bring the “crotch” 
at the reinforced part of the conductors. When the 
wrapping is completed, all fillers are left intact and 
finally tied back as shown. Particular care is taken not 
to bend the conductors or disturb them any more than is 
absolutely necessary until after the reinforcing has been 
completed. A test sample of cable can be prepared for 
test with this type of end arrangement in two to three 
hours by an experienced man. 

Schemes of this general character have been found by 
most testing laboratories to be the best solution of this 
problem. One difficulty, however, that has been experi- 
enced, has yet to be overcome. In tests where current 
is intermittently applied to simulate operating con- 
ditions, the oil in the funnels is drawn into the cable 
thus changing the normal condition and perhaps in 
some cases improving the saturation. This difficulty 
would be eliminated by a flexible barrier or dam at the 
crotch. 

Where the test voltage exceeds about 150 kv., 
standard cable terminals have to be used. Fig. 23 
shows a sample of 76-kv., single-conductor cable being 
tested with standard oil-filled General Electric Company 
cable terminals, rated at 350 kv. (dry flashover). 
Testing with these terminals is very expensive because 
the préparation of a sample alone requires about three 
men-days. A much quicker and less expensive method 
of preparing samples is needed, for, if the progress 
required by the art is to be made, much time-breakdown 
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voltage data must be accumulated which means the 
testing of a great many samples of cable. 


The simple expedient of cutting back more lead and 
testing in air does not, of course, remove the difficulty 
because the stress gradient along the surface is not uni- 
form. The problem is to makeit uniform. One simple 
remedy that is sometimes helpful is the application of a 
single layer of untreated cable paper wrapped over the 
insulation. The slight leakage current that results 
tends to equalize the potential gradients along the 
conductor surface. 


Another scheme which is being developed at the 
Electrical Testing Laboratories promises to be very 
useful. It employs the principle of the condenser 
bushing and consists of a stack of disks strung on the 
cable ends. Each disk is simply an annular ring of 
corrugated cardboard which has been covered on one 
side with a thin coating of sprayed lead and then 
thoroughly saturated with oil. The diameters are 
computed to give a uniform stress gradient from the 
top disk, which is connected to the conductor, to the 
lower disk which is connected to the lead. 


Fig. 24 is a sketch of one of these terminals on the end 
of a sample of 500,000-cm., single-conductor cable 
with 660 mils of insulation. The lead is cut back only 
61{ in. and over the exposed insulation are strung about 
30 disks—the top one being about five in. in diameter 
and the bottom one about nineteen in. Flashover 
occurred at 110 kv. in air and 140 kv. in oil. With the 
terminal immersed in oil, 130 kv. was applied contin- 
uously for nineteen hours when the test was discon- 


tinued. No sign of overstressing at any point was 
observed during the test or upon examination at its 
conclusion. 

TESTS OF COMPONENTS 


Most cable specifications include some requirements, 
either general or specific, which necessitate certain 
tests to be made on most of the component parts of the 
cable. In addition, others not specifically required are 
frequently made for the purpose of obtaining 
information. 

(a) Paper. Tests of paper removed from samples 
of cable are tested for composition of stock, tensile 
strength, tearing strength, folding endurance, dielectric 
strength and sometimes porosity or air resistance. 
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Occasionally, also the dielectric constant is determined. 
Methods which are more or less standardized are 
usually employed for these tests but they will not be 
discussed here. It may be of interest, however, to 
note the general average value of some of the properties 
during the past three years, as shown in Table IV. 
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have in general a much lower dielectric loss than vege- 
table base compounds but the latter has desirable 
viscosity and dielectric strength characteristics. A 
knowledge of the general composition of a compound 
is therefore useful as a check on the test results obtained 
on the cable itself. 


TABLE IV 
PROPERTIES OF CABLE PAPER (MANILA) 


Dielectric Strength 
Folding 
Tensile Endurance, Tearing Individual Average Stress 
Strength, No. double Strength, Tapes, Gradient, 
Ib. sq. in.* folds* grams} Volts per mil Volts per mili 
No. of No. of No. of No. of No. of 
Year Tests Avg. Tests Avg. Tests Avg. Tests Avg. Tests Avg. 
1923 150 7230 150 1010 150 180 a Sa 260 287 
1924 825 7350 825 724 825 179 56 589 290 306 
1925(A) 273 8435 273 881 273 163 43 638 106 355 
1925(B) 263 9250 263 620 263 170 78 649 40 369 


*Parallel to strips. 
{Across strips. 


{Repeated from Table III to show, as a matter of general interest, the relation between the dielectric strength of single tapes and the dielectric 
strength of the total insulation (expressed in the same manner) as obtained in breakdown tests of samples of cable (before bending). 


Manila rope paper exclusively has been used for high 
tension cables in this country up to very recently 
because wood pulp paper would not withstand the 
bending manipulation incident to American practise, 
although it is the standard type of cable insulation in 
Europe. However, recent improvements, particularly 
in the methods of applying the tapes, have made it possi- 
ble for cable so insulated to pass the standard bending 
test. 

This development is an advantageous one for the 
industry because the source of supply of raw material 
for Manila rope paper is rapidly diminishing on account 
of the replacement of Manila rope in shipping by steel 
rope. Wood-pulp paper also has a somewhat higher 
dielectric strength. It is further asserted by its advo- 
cates that it can be more thoroughly saturated than 
Manila rope paper for the reason, it is claimed, that the 
cellular structure of a wood fiber is more easily dried 
out and filled with compound than the tubular structure 
of a hemp fiber with its harder wall. 

(b) Compound. Few of the usual tests which are 
normally made on insulating materials can be applied 
to the compound in cables by the purchaser because the 


only way he can obtain sufficient quantities of a com- . 


pound from the sample of cable is by extraction with 
benzol or other solvents. The subsequent recovery of 
the compound by distilling off the solvent changes the 
viscosity and particularly the electrical characteristics, 
so that test results are likely to be quite misleading. 
Either some of the higher constituents of the compound 
are carried off with the benzol or some of the benzol 
remains in the compound. 

A test that is frequently made is the determination of 
the approximate proportions of saponifiable and 
unsaponifiable constituents which are usually vegetable 
base and mineral base materials, respectively. It has 
been previously indicated that mineral base compounds 


A new test has recently been developed as the result 
of the unfortunate results which followed the change 
from vegetable base compounds to mineral base com- 
pounds in order to reduce dielectric losses which had 
been responsible for failures of the former type of cable. 
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Fig. 25—H. T. L. “Wax” Trst 


Equipment: 
1. Test condensers 
2. A simple rack to hold condensers 


3. Transformer equipment to apply 15 kv. to test condensers 
continuously 


Test: 


1. 72 hr. at approximately 600 volts per mil on the compound, (15 
ky. on the test condenser) 

2. Wax visible through glass and marked by change of color and 
texture. Wax insoluble in oil or grease solvents 

3. For tests on oils, the test space may be sealed with sealing wax 


Long experience with mineral oils in various applications 
seemed to justify the general belief that a mineral base 
compound would remain perfectly stable indefinitely. 
However, a few months’ service experience with the first 
high-voltage cables impregnated with mineral base 
compounds showed that such faith was not justified. 
An unknown, solid material, cellular in structure and 
extremely light, formed in the interstices of the insu- 
lation and failures too frequently followed in the course 
of time. It was evident, as is so often the case, that the 
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elimination of one defect was being accompanied by the 
introduction of another. 

In order to form this unknown material in any practi- 
cal length of time, the compound must be subjected to 
stresses which are above the breakdown value. This is 
best done by placing the compound between concentric 
glass cylinders or between parallel glass plates. In the 
latter method as used at the Electrical Testing Labora- 


A 


Fic. 26—‘‘Wax”’ TEst 


a. A specimen of petrolatum prepared for test 
b. The same specimen after 48 hours at 600 volts per mil _ 


tories, (Fig. 25) a film of the compound about three mils 
thick is placed between two lantern slide glasses on 
either side of which is a flat electrode to which the 
potential is applied. The upper electrode is removed 
at intervals and any change in the character of the film 
is noted. 

Fig. 26 is a photograph of a test specimen before and 
after subjection to this test. Fig. 27 isa curve obtained 
with petrolatum which shows the time at which this 
unknown material, X, forms at various stresses—the 
stress being calculated from the measured dielectric 
constant of the glasses and the compound, the thickness 
of the glasses and the’film, and the applied voltage. 
At the highest stress, 600 volts per mil, X formed very 
rapidly, and in a relatively short time all of the petro- 
latum would be entirely converted. The rate at which 
it forms falls off rapidly as the stress is reduced and at 
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the lower voltages, the time is very uncertain so that 
many tests for very long periods would be necessary 
to establish the lower part of the curve definitely. 
It seems reasonably safe to assume from the trend of 
the curve that in a sufficiently long time more or less 
X could be expected to form even at stresses existing 
in high tension cables in normal operation, that is, of 
the order of fifty to seventy-five volts per mil. 

It may properly be asked, how certain are we that the 
material formed in this test is the same as that 
developed in cables in service? Not only have the two: 
products been carefully compared by visual and chem- 
ical examination but compound which developed X in 
a life test of a sample of cable in the laboratory, also 
developed the same identical material in this test. 

While the absence of any signs of disintegration in a 
compound when subjected to this test is not a guarantee 
that it will remain unchanged indefinitely in a cable, 
it seems reasonable to assume that if 600 volts per mil 
for seventy-two hours at either room temperature or at 
75 deg. cent. does not produce any change, the chances 
of disintegration taking place in service are rather 
remote. 

(c) Copper and Lead. Copper is now so uniform in 
quality that tests of it for physical and electrical proper- 
ties are rarely necessary. A measurement of the 
resistance of the conductors should be made if for no’ 
other reason than the fact that conductivity is, after 
all, the thing that is being purchased and some test 
should be made on each section. As a matter of fact, 
this test has quite often proved to be very much worth 
while through the detection of errors in length. Excess 
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in length is a loss to the manufacturer, but a shortage 
may be very troublesome and the cause of considerable 
expense to the purchaser if it is not discovered until the 
cable is drawn into the duct. 

It is not customary regularly to make tests of the 
lead. Most specifications prescribe commercially pure 
lead and any marked departure from the commercially 
pure state so seriously affects the flexibility that it is 
likely to be detected by an inspector accustomed to 
noting this feature. For instance, normal lead will have 
a tensile strength of the order of 2500 to 3000 Ib. per 
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sq. in., with an elongation of 30 to 35 per cent in two 
in., but in a recent investigation of obviously stiff lead 
which cracked during installation, the following im- 
purities and physical properties were found: 


CC pyete eea eee e e244 epericent 
ATION Vee est 0.70 per cent 
(WopDeraay hate ne 0.11 per cent 
Tensile Strength. . .4950 lb. per sq. in. 
Hlongations.) 12 to 16 per cent in 2 in. 
Hardness: 4iea. bie: double normal 
In other words, the lead was abnormally hard due to 
impurities. 


It may be of interest to note another investigation of 
a case of cracked lead. Chemical examination and 
mechanical tests showed it to be normal but it was 
learned that the cable had been subjected to a consider- 
able amount of repeated bending during installation, 
possibly at the points of failure. Was this the cause 
of the cracking? A series of tests was made by sub- 
jecting specimens of lead sheath \% by 1 in. by 9 in. long 
to a repeated but very slight bending between one-in. 
cylinders, the total angle being about 12 degrees. 
Tests were made with various weights on the end of the 
strip of lead with the results shown in Table V. 


TABLE V 
Load Stress No. cycles 
Ib. Ib. per sq. in. of bending Remarks 
0 0 8710 First cracks noted 
5 40 3400 First cracks noted 
10 80 1900 First cracks noted 
15 120 1000 First cracks. noted 
0 0 8100 First cracks noted 
0 0 11000 Badly cracked 
0 (0) 12000 Ready to break 
10 80 2700 ‘First cracks noted 
10 80 3600 Badly cracked 
10 80 4040 Broke 


Note: First group of specimens from one piece of lead, other two from 
another piece. 


Fig. 28—First Turer Test Specimens av A MAGNIFICATION 
oF SIxTEEN DIAMETERS 


a. First cracking, zero stress 8710 cycles 
b. First cracking, 40 lb. sq. in., 3400 cycles 
ec. First cracking, 80 lb. sq. in., 1900 cycles 


‘ It is evident that lead will begin to crack after being 
bent back and forth a relatively small number of 
times—a number of cycles which was quite probable in 
the case in question. Furthermore, the more stress 
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there is on the lead, the sooner will cracking start. 
Fig. 28 shows a magnification of sixteen diameters 
ofa portion of the first three specimens in the table 


Frc. 29—Tesr Portion or Firru, SrxtH AND SEVENTH 
SPECIMENS 


a. First cracking, zero stress 8100 eycles 
b. Badly cracked. zero stress 11,000 eycles 
c. Ready to break, zero stress 12.000 cycles 


and Fig. 29 is an illustration of a portion of the 
fifth, sixth and seventh specimens, respectively. 


CONCLUSIONS 


The problem confronting the engineer responsible for 
an underground cable installation is the transmission 
of the most energy per dollar of annual cost, 7. e., 
per dollar of investment and per dollar expended in 
maintenance. The investment cost will depend not 
only upon the voltage employed, which presumably 
will have been selected after proper consideration of the 
economics of the situation and the local conditions, but 
also to some extent on the quality of the cable, for, the 
better the insulation, the less of it has to be used and the 
lower will be the cost. The maintenance cost, however, 


_ is largely a matter of quality although the cost of repairs 


due to inferior workmanship on splices, careless hand- 
ling of cable during installation and other avoidable 
causes is not an insignificant item. 

The last report of the Underground Systems Com- 
mittee of the National Electric Light Association (June 
1925) shows that the number of failures during 1924 in 
7321 mi. of high-tension cable was 716 or practically ten 
failures per 100 mi. In addition, there were 256 failures 
of joints during the same period, making the total 
number of failures 18.3 per 100 mi. of cable. 

Every failure in a cable costs money in direct outlay 
for replacement of cable and for withdrawing the old 
cable and installing the new, in addition to splicing and 
other incidental expenses. There is the further effect 
of cable failures that cannot be evaluated, namely, the 
disturbance to the service, the continuity and depend- 
ability of which is such an important element in the 
“good will’ of an electric public utility. 

The record of cable failures quoted above might be 
considered good and perhaps it is in comparison with 
the records of other electrical apparatus, particularly 
when the comparison is on the basis of the area of 


= 
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insulation involved. But it is the function of the engi- 
neer to make the record better and thereby reduce the 
maintenance cost in which cable failures form so large 
a part. 

It is obvious that the greatest reduction in the number 
of cable failures is to be effected through improvement 
of the quality and through improvements in the design. 
Progress in both of these directions can be made in the 
following ways, all of which involve comprehensive and 
systematic testing of the kinds discussed in this paper: 

(1) Research by both manufacturers and users. It is 
the manufacturers’ problem to improve the quality of 
the materials which make up a cable. It is also their 
problem to improve manufacturing processes in order 
to produce cable which is not only better cable but which 
is more uniform. It is the users’ problem to carry on 
investigations which will provide information that will 
permit more efficient operation based on facts rather 
than opinions and which will indicate the direction in 
which improvements are needed to meet the present 
and future requirements of the industry. 

(2) Thorough and systematic inspection and tests of 
cable when purchased. While the immediate, primary 
purpose is to insure compliance with the contract, the 
greatest value of inspection and tests is likely to be the 
fact that it provides the means of obtaining definite, 
quantitative knowledge of the quality of cable. Such 
knowledge must be available before a reference point 
can be established and progress accurately measured. 

(3) Evaluation of cable. The development of a satis- 
factory method of quantitatively evaluating cable 
through suitable weighing and combining the results 
of inspections and tests would provide a very useful 
incentive to progress. Such a method is now in the 
experimental stage of development but it will take time 
to demonstrate its reliability because that can only be 
measured by comparison with the performance of the 
cable after it goes into service.. This involves keeping 
accurate, systematic records of all inspected cable after 
it goes into service and a record of the detailed examl- 
nation of every failure. 

(4) Specifications. Progress can be made through 
improvements based on real knowledge of the properties 
and characteristics of cable being purchased and through 
the developments of new tests which will enable us to 
predetermine the serviceability of, cable in so far as 
possible. Cable specifications must, of course, be based 
on current practise and consequently revisions of exist- 
ing requirements must follow progress in the art. 
However, keeping specifications up to date so that they 
include advances as they are made does, in itself, con- 
tribute to the general progress through setting a high 
standard for all manufacturers and for all users rather 
than the few. ; 

(5) Periodic examination of cable in service. Improve- 
ment in cables would unquestionably be greatly aided 
if we had more knowledge of what takes place in a cable 
which causes it to deteriorate and ultimately fail. 
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Turbines are carefully watched and periodically in- 
spected and high tension transformers, switches and 
other important apparatus is periodically inspected and 
overhauled. Apparently all of the equipment on the 
system is given a more or less systematic inspection 
except the cable which is buried in the ground and 
forgotten until trouble develops. Samples should be 
removed from time to time (or at least when a conveni- 
ent opportunity is afforded such as a joint failure) 
and examined and studied so that we can learn, if 
possible, what it is that determines the life of the cable 
and thus aid progress by indicating the direction of 
improvement both in the cable and in the specifications 
for the cable. 

It is hoped that this paper will have been successful in 
presenting parts, at least, of a picture of the status of 
the high-tension cable art. It has been shown by means 
of reliable data that definite improvement has been 
made in several respects but that, on the other hand, 
new problems have developed which warn us that the 
millenium for the operating engineer who has a cable 
system in his charge is yet some distance in the future. 
Also an attempt has been made to indicate some of the 
channels through which further improvements can be 
effected or at least stimulated. 

It is also hoped that the importance of cooperation 
in the industry has been indicated—cooperation among 
the users, among the manufacturers and between the 
two groups. Progress will be greatly facilitated when 
the spirit, “all for one object and one object for all’, 
prevails throughout the entire industry, that object 
being to make American cable perfect cable and the 
best in the whole world. 


Discussion 


W. S. Clark: In connection with the figures given in Mr. 
Farmer’s paper, one should not lose sight of the fact that there 
is no insulation of which we know in which the strength increases 
in direct proportion to the increased thickness of insulation. 

The company by which I am employed makes small static 
condensers or capacitors for power-factor correction. These 
are operated with a stress of about 300 volts per mil, the total 
thickness of insulation being about 4 mils. We have found that 
if we desire to increase the voltage from 1200 to 2400 volts on 
these condensers, to secure the same factor of safety and freedom 
from breakdown it is necessary to more than double the thick- 
ness of the insulation. 

In a general way the strength of saturated paper insulation, 
assuming uniform quality, appears to increase only about as the 
0.8 power of the thickness and not directly as the first power. 

With reference to the test referred to in Mr. Farmer’s paper, 
regarding formation of wax or X compound in oil, the test as at 
present specified apparently cannot be duplicated in different 
laboratories with the same material. When the test is brought 
to a condition in detail where it can be duplicated in different 
laboratories with the same results, then I think it will be good. 

E. C. Willman: We noticed that the X compound was great- 
est at the surface and in the layers of paper nearest the conduc- 
tor; that is, at the point of highest stress. We therefore at- 
tempted to form the compound by stressing petrolatum placed 
between variously shaped electrodes, but without success. With 
the thought in mind that occluded air might be responsible for 
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the formation, we tried bubbling ozone through melted petrola- 
tum. This did not produce any X. 

Later we dissected a piece of badly wrinkled cable which had a 
deposit of X in the wrinkles in the lead,—the point of least stress, 
—and had only traces at the conductor. Thisled us to believe that 
the formation was due to electric stress in combination with 
rarified atmosphere. We then made up a Geissler tube of glass 
8 in. long and 34 in. in diameter. An electrode was sealed into 
one end and the other end was provided with a rubber stopper 
through which an electrode and a smaller glass tube were inserted. 
Some petrolatum was placed in the tube, which was then ex- 
hausted to 28 in. of mereury and potential from a one-in. spark 
coil was applied to the terminals of the tube. Ina short time the 
peculiar granular structure of the X compound became apparent 
on the surface of the petrolatum. Its identity was established 
by chemical and microscopic tests. 

D. M. Simons: To my mind, the outstanding point of this 
paper is Fig. 7. If the breakdown strength of three-conductor 
cables under long-time application of voltage is only half that of 
single-conductor cables, or even if it is considerably less than 
single-conductors while not being as low as this figure suggests, 
then this is a fact of outstanding importance in the cable industry. 
I am interested in it not only for its general bearing, but also 
because it is a point that the engineers of the company with which 
I am associated have been claiming for many years, especially 
in connection with the use of three-conductor Type H eable in 
place of the usual belted construction for the higher voltages, 
say, 22,000 volts and higher. This form of eable is of course 
equivalent in its electric field to three single-conductor cables 
under one lead sheath, and our claim has been that this form of 
cable would avoid many of the troubles that have been observed 
in the outer layers of conductor insulation and especially in the 
filler spaces of the usual form of three-conductor cable and joints 
when used in the upper range of voltage. It is very significant 
to have this effect confirmed in such a striking manner by Mr. 
Farmer. 


Percy Dunsheath: Mr. Farmer referred to the relative 
importance of the cable and the other part of the installation. 
The cable is, after all, from a financial point of view, the part of 
an installation to watch for possible improvement with a view to 
cutting down the costs of development work. 

One point I should like to make is that the first thing to do is to 
settle this question of acceptance tests. If we can arrive at a 
test that will prove quality, then I think quality will follow. If 
there has been any delay in improving quality, it has been be- 
cause we have not known what we wanted and have not been 
able to recognize quality when it already existed. We are still 
using the standard pressure test in spite of the fact that after a 
cable has been pressure-tested in a factory, if it isn’t a good 
length of cable, the pressure test may leave it on the point of 
breakdown and it is sent out of the factory in this condition. 


Unfortunately, after the completion of these three papers we 
are not left with a clause which we can put into a specification,— 
an acceptance clause; but I think we are all agreed that the work, 
particularly Mr. Farmer’s analysis of the time-voltage curve, 
does bring us very much nearer arriving at a clause of this kind. 
I don’t know whether it has been done before (to me it is quite 
new) but Isee that Mr. Farmer has analyzed the time—voltage 
curveintoanumber of component time—voltage curves, some for 
the bad parts of the cable and some for the good. I think that 
that is a very important observation to make because if a cable 
consists of a number of different parts, some with a low time- 
voltage curve and some with a high time—voltage curve, then a 
short-time, high-pressure test is a means of finding out weakness 
in the cable. If there isonly one time—voltage curve for the whole 
cable, then a short-time high-pressure test can be carried out 
but it may be destructive. 


Page 8 of Mr. Farmer’s paper advocates adopting a standard 
load. Generally speaking, J think that that is a good thing. 
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If we could have a standard load which we could put onto any 
method of measuring losses,—dynamometer, bridge, or any other 
means,—and so arrive at a distinct, definite calibration, it would 
be a considerable step forward. I should suggest, however, that 
instead of the type of load which he proposes and which has to 
be measured, itself, we adopt a load which ean be built up to a 
known power factor. I should suggest a condenser with negli- 
gible loss combined with a definite pure resistance. 

On the eleventh page of Mr. Farmer’s paper, those curves 
showing the variation of rising power factor with time are im- 
portant and interesting and I am wondering whether the rise 
which he sometimes gets and sometimes does not get is due 
to a very slow increase of hydrostatic pressure. If so, possibly 
we can follow out that line with a view to getting an acceptance 
test, a cable which didn’t give that original rise being a better 
quality than one which did. 

Mr. Farmer describes the end which he uses for a three-con- 
ductor cable. I should just like to set forth a suggestion which 
I found useful in taking off ends for that type of test. To avoid 
the cost of a wiped joint, I have used ebonite cones about % in. 
thick, with a taped joint. Over the thickened dielectric on 
each core, I have carried tin-foil clear up to the crotch, with the 
result that no breakdowns can take place in the crotch. It 
is quite easy to bring an end of this kind to the highest voltage 
required. 

I agree that the preparation of these samples is important. 
It is really astonishing the differences one can get on time- 
voltage tests on the same make of cable by first inverting the 
cable and putting the ends in oil, then turning the ends upward 
and putting on oil pockets. If anything should be standardized, 
it should be the method of making the ends. If an end is made 
which prevents the escape of any gases generated, up goes the 
time—voltage curve. 


R. J. Wiseman: Referring to Fig. 1 of the paper, we find 
existing a rather interesting property aside from the wide varia- 
tion in insulaticn resistance. The variation is very much 
greater for the compounds giving high values of insulation 
resistance. 

Fig. 4, showing the distribution of failures for five-minute 
tests, bears out what some of us believe; namely, that failure on a 
reel test is due to mechanical defects and will be detected with a 
reasonably high voltage. Too few tests are reported for 15 min. 
to be able to draw any conclusions. It is quite likely that Mr. 
Farmer is right, that, due to pre-testing by the manufacturer, 
failures on short time are eliminated before inspection. 

Table I shows an improvement in breakdown voltage for each 
year; but there is still room for improvement. When the maxi- 
mum dielectric strength at the conductor approximates the di- 
electric strength of a sample between flat plates we shall have 
reached the limit. : 

Figs. 5 to 10 inclusive are of interest in suggesting the limiting 
stress we can put on a cable indefinitely. At the present time, 
for methods of manufacture I believe 125 volts per mil is nearer 
the safety limit of operation than 150 volts per mil. This will 
give a factor of safety of about four or five on strength of 
material. 

Mr. Farmer’s suggestion of a standard load for checking di- 
electric-loss testing equipment is a very good one; besides 
the load he describes, I should like to advise his considering a 
load giving larger charging currents and higher power factors. I 
have found this important in making check tests on equipment. 


A study of the change in power factor with time for different 
stress values is one of the best means to determine the aging 
quality of a cable. We would expect a slight increase in power 
factor for about 50 hours and then either constant or decreasing 
values. 

I hope Mr. Farmer will be able to solve for us the proper 
manner of preparing samples of cable for high-voltage test. 
At present we do not get the real short-time breakdown voltage 
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due to flashovers. Potheads are of great help but still not 
sufficient. The time consumed in preparing ends for test is 
enormous. Any means of reducing it and still permitting 
higher voltages is welcome. 

I should suggest that Mr. Farmer replot Fig. 30, using the 
maximum voltage stress at the conductor. Even though he 
may not think it accurate, he will get a better comparison of the 
test on cables and condensers for wax formation. 


W. A. Del Mar: Unfortunately, the test for X which is 
described in Mr. Farmer’s paper is open to the serious objection 
of giving discordant results. A case which came up quite 
recently was in relation to a barrel of compound which we had had 
in our laboratory for some weeks. We took out a sample which 
we designated A, divided it in two, sent half to the Electrical 
Testing Laboratories and kept the remainder ourselves. The 
Electrical Testing Laboratories sent back a report, “““Abun- 
dant wax formation.’”’ Our laboratory, using apparatus 
as described in Mr. Farmer’s paper, reported ‘“‘none’’; so we 
thought we would make a check test. We took another sam- 
ple B out of the same barrel, again divided it in two, sending 
one part to the Electrical Testing Laboratories and keeping the 
remainder ourselves. They reported no wax and our laboratory 
reported considerable wax. 

That bears out the general condition we have in our own 
laboratory; 7. e., we cannot obtain consistent results. We get X 
in a given compound perhaps in three or four tests in succession, 
and then, for some unknown reason, without any apparent change, 
the opposite result is obtained. 

Even if the test ean be perfected so as to be susceptible of un- 
failing check, insufficient evidence has been offered to connect 
the test with operating results. 

Another interesting feature of Mr. Farmer’s paper isthe ap- 
parently greater dielectric strength of insulation on single- 
conductor cables as compared with triplex cables, as shown in 
his Fig. 7. This diagram, however, shows maximum stresses, as 
computed from the ordinary logarithmic formula. Recent 
researches by P. L. Hoover! have shown that the maximum 
stresses at failure cannot be derived from that formula, and that 
average stresses are a better criterion. As the average stress 
in a single-conductor cable is a much smaller fraction of the con- 
ventional maximum than in a triplex cable, the discrepancy which 
is made to appear in Fig. 7 disappears. 


F. A. Brownell: For testing purposes Mr. Farmer has 
pointed out the need of an end bell that could be constructed 
or connected in a minimum of time. This is one of our chief 
difficulties at the factories today and it seems that more time 
and thought should be giver to this subject. We have used, with 
some modification, the end bell shown in Fig. 22 of Mc. Farmer’s 
paper and have had very satisfactory results, the only objection 
being the time required for wrapping the conductors with varnish 
cambric. I believe this can be overcome by the use of the roll 
of tapered paper that the Pirelli Company used in making up the 
joints on the 45-kv. line of the United Electric Light and Power 
Company of New York City. This paper could be made up into 
rolls and placed over each of the three conductors and tightened. 
This would give a snug-fitting insulation and the crotch would be 
entirely filled. It may be that the taper of the paper would have 
to be changed somewhat to give the desired fitting. 

F.M. Farmer: In the captions for Figs. 25, 26 and 27 
the word “‘wax”’ was used. This is unfortunate, since the pro- 
duct produced is not wax in the sense that the term is used 
in industry. In fact it is quite different from any known sub- 
stance familiar to oil technologists and has none of the charac- 
" teristics of any variety of wax. Furthermore, it is not soluble 
in any of the ordinary solvents. Mr. Del Mar has suggested the 
expression X. Inviewof our lack of knowledge of this substance, 
this designation seems particularly appropriate. 


1. The Mechanism of Breakdown of Dielectrics, by P. L. Hoover, 
A. I. E. E. Journat, September 1926, p. 824. c 
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From the tests which he describes, Mr. Willman implies that 
this deterioration is due to the action of ultra-violet light re- 
sulting from a sufficiently high electric stress across microscopic air 
voids in the compound. Whether this X formation is due 
directly to the application of stress or due to the action sug- 
gested by Mr. Willman, which, in turn, requires the presence of 
stress, is, from a practical standpoint, immaterial to the user. 
He is interested in knowing whether or not the compound in the 
eable remains stable under the conditions of use which involve 
only two variables, namely, stress and temperature. 
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Mr. Del Mar has indicated that the test proposed for X 
formation is not dependable. It is probably true that it is not 
very sensitive where the compound forms X with difficulty so 
that X is formed at one time and not at another. Just why this 
variation occurs we do not know as yet but it is believed that the 
test being so simply and easily made justifies its use as a rough 
indicator of the probable performance of the compound. 

Mr. Del Mar also raises the point that it has not been definitely 
demonstrated that this kind of deterioration in compound in a 
cable necessarily results in ultimate failure. This is true, but 
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while we haven’t positive proof that X in cable is objectionable, 
there is altogether too much circumstantial evidence available to 
justify engineers assuming that X is not objectionable. Since 
compounds can apparently be developed which do not form X 
and which are otherwise satisfactory, it seems only good engi- 
neering to avoid the use of X-forming compounds, even though 
we are not positive that they are objectionable. 

Referring to Figs. 6 and 7, some additional data have been 
obtained since these diagrams were made and new diagrams are 
given herewith,—Fig. 6a corresponding to Fig. 6 and Fig. 7a 
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corresponding to Fig. 7. It will be observed that the slope is 
the same so that we are quite convinced that the seventh-power 
relation is approximately correct for at least the types of cable 
involved in these tests. Of course, if there is a pronounced 
change in the method of construction or in the kind of compound 
used in high-tension cables, the slope of these curves will un- 
doubtedly be affected. 

The point mentioned by Mr. Simons,—namely, the apparent 
superior showing of single-conductor cable over three-conductor 
eable,—is obviously of great importance; so much so, in fact, that 
a rather elaborate systematic investigation is being planned 
with specially constructed cable to determine the correctness 
or incorrectness of thisindication. Mr. Del Mar points out that if 
average stress instead of maximum stress had been used in pre- 
paring these diagrams, the apparent difference between single- 
conductor and three-conductor cables would have been less. 
This, of course, is quite correct. For instance, the average 
maximum-stress gradient to give a life of 10 hr. in three-conductor 
cable is 215 volts per mil and in single-conductor cable, 400 volts 
per mil, or an apparent increase of 86 per cent. The average 
average-stress gradient to give a life of 10 hr. is 175 volts per mil 
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in three-conductor cable and 220 volts per mil in single-conductor 
cable or an apparent increase of 26 per cent. But which of these 
two bases is the true measure of dielectric strength of the cable 
as a whole? As we all know, there has been much discussion of 
this point and papers have been presented before this Institute 
giving evidence which apparently favors both of these gradients 
as well as intermediate ones. Eventually we shall have the true 
answer; and while it is highly probable that it will not be the 
maximum-stress gradient, it is also probable that it will be some- 
thing higher than the average gradient. It seems reasonable 
to conelude, therefore, from the evidence presented here, that 
the inherent dielectric strength of single-conductor cable is on 
the average substantially higher than that of three-conductor: 
cable and that the difference may be of the order of 40 or 50 per 
cent. However, as previously stated, this apparently large 
difference must be confirmed by further investigation before a 
final conelusion is justified. 

Referring to Capt. Dunsheath’s suggestion in connection 
with the proposed standard load for dielectric loss testing that 
various power factors be obtained by the use of series resistance, 
I should say that we have had this point in mind. 


The Effect of Internal Vacua 


Upon the Operation of High-Voltage Cables 
BY WILLIAM A. DEL MAR: 


Fellow, A. I. E. E. 


Synopsis.—It has been known for some time that the internal 
mechanical pressure of cables is a factor in the quality of the insula- 
tion, and that the oil used in impregnating paper for cable insulation 
has a high thermal expansion which may alter the internal pressure of 
cables with varying temperature. 

This paper considers the rate of pressure equalization in cables 
and the relative effects of slow equalization upon long and short 


cables, indicating that there may be considerable difference in dielec- 
tric properties depending on the length and past history in regard 
to temperature cycles. 

Means of overcoming these differences are suggested. 

The paper is suggestive rather than demonstrative and it is pro- 
posed to publish a sequel giving experimental proofs of the facts 
stated. 


been explained to the satisfaction of both manu- 

facturing and operating companies. Their out- 
standing feature from the manufacturers’ standpoint 
has been the fact that individual lengths of cable with- 
stand severe and prolonged high-voltage tests some- 
times extending over a week or more, even after re- 
moval from the ducts, but when joined into alongcable, 
they have been, nevertheless, unable to operate at their 
normal voltage. 


This has naturally led to the belief on the part of the 
manufacturers that in operation the cables must be 
subjected to more destructive potentials than they 
experience in the tests, or in other words, that the 
trouble is due to transient high voltages. 


The only alternative is that, in some way, the joining 


together of a number of dielectrically strong lengths can 
result in a dielectrically weak cable. 


(Gee. failures have often occurred which have not 


1. Chief Engineer, Habirshaw Cable and Wire Corporation. 


Presented at the Regional Meeting of District No. 5, of the 
‘A. I. H. E., Madison, Wis., May 6-7, 1926. 


Until recently, this latter alternative seemed scarcely 
worth consideration since it was outside the range of rea- 
sonable probability, whereas the theory of transients 
seemed to have some foundation in actual circumstances 
such as the concentration of failures at certain points, 
regardless of time or place of manufacture of the 
cable.? 

The point of view of the user usually seems to have 
been that the actual evidences of severe over-voltage are 
negative, whatever the theoretical evidences in their 
favor might be. They have discounted the proofs of 
excellence of the individual lengths of cable, and ex- 
plained the failures on the assumption that the cables 
are either impregnated with chemically unstable oil or 
that the cable is incompletely impregnated, the evi- 
dences of which are likely to be found in the cables that 
fail. This theory has not satisfied the manufacturers 


-because cables impregnated with identical compound 


have been known to operate satisfactorily at higher 
electric stresses than those in the cables that failed. 


2. There is no doubt that transients have been a contributory 
cause of trouble, especially on large systems. 
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The manufacturers agree that practically perfect im- 
pregnation is essential to obtaining high dielectric 
strength but have not considered deficiencies in the 
impregnation or unstable oil to have been always the 
root of the trouble. 

New information has now come to light, however, 
which explains how a number of good lengths of cable 
can be joined together into a bad cable, and the evidence 
is stronger than that which has been adduced in favor 
of the theories of abnormal voltage, or of defective 
cable. 

The difference between the short length and the 
continuous cable, as manufactured in the past, is that 
the former has its ends open to the atmosphere so that 
the inside of the cable is at atmospheric pressure, 
whereas the latter, except near its ends, has an internal 
pressure independent of that of the atmosphere, by 
virtue of the continuity of the sheaths and joint sleeves, 
and the viscosity of the compound.* 

On this difference, in our opinion, hangs the explana- 
tion of many mysterious cable failures. 


CAUSES OF VACUA IN CABLES 


Oils, such as are used for impregnation, have an ex- 
traordinarily high coefficient of thermal expansion, 
usually of the order of 0.09 to 0.1 per cent by volume, 
per deg. cent. This is about ten times that of the 
metals used in a cable. In order to visualize the effect 
of this, we may assume that all of this change in volume 
is concentrated at one end of the cable, and consider 
what happens when a length of, say, 400 ft. is cooled. 
If the cable is completely filled when it leaves the 
factory, which may be assumed to be at about 25 deg. 
cent., and is then put in aduct at 0 deg. cent., the volume 
of oil will have shrunk 2.5 per cent so that 10 ft. of the 
cable will be completely deprived of oil. 

In actual fact, this shrinkage will not be concentrated 
at one place but it will be none the less real and, in the 
aggregate, will be equivalent to the 10 ft. of cable. 
Where the distance from the center of a cable to its 
open ends is several miles the time required for 
internal readjustment of pressure, with heavy petro- 
latum compound, may be several years, especially if the 
cable is lightly loaded. It is thus a matter of vital 
importance to load high-voltage cables, when im- 
pregnated with stiff compound, either prior to or upon 
the application of the voltage, and to maintain a load 
sufficient to liquefy the compound until internal 
pressures have been adjusted. 

The contraction of compound in a cable is very 
beautifully shown by impregnating a piece of cable in a 
light-colored oil, and transferring it while hot to a dark- 


3, Cable compounds being very viscous, flow slowly, so that 
in the case of a petrolatum-impregnated cable, the readjustment 
of internal pressure is necessarily a very slow process, varying 
from practically zero speed with hard compounds and solid 
conductors to practically infinite speed with thin liquid com- 
pounds and hollow conductors. - 
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colored oil in which it is allowed to cool. The outside 
of the cable will be the first to lose its heat and the oil 
will, therefore, solidify there first. Hence, as the oil 
contracts, it will draw away from the center.‘ The 
dark grease used for cooling will, however, be sucked 
into the hollow so that the cable in cross-section will 
present the appearance of a hollow ring of light color 
with a dark core. A small amount of dark compound 
will also be found in the outer layers due to diffusion. 
If the cable were allowed to cool in the open air, instead 
of in dark oil, the core would be free of oil except for 
that held in the paper by capillarity. Other vacuous 
spots will form in the compound as it contracts, either 
as bubbles or streaks. 

Lead, which is used universally for cable sheaths, is 
peculiar in being almost entirely lacking in elasticity; 
that is to say, when it is stretched, it does not return 
upon removal of the stretching force. When a cable 
is put on a reel at the factory, its sheath is stretched on 
one side, and when the cable is straightened, to go intoa 
duct, the stretched sheath does not contract, but 
wrinkles, thereby increasing the internal volume. 
The amount of this increase may, under favorable 
conditions, be as high as 14 per cent, so that in a case 
where the oil constitutes 14 the cubic contents, the 
increased volume would take oil from about 1% 
per cent of the cable, an amount of similar order 
of magnitude to the disappearance of oil due to 
contraction. 

Thus, there are two causes of vacua in cables which 
are of somewhat similar order of magnitude, both 
operating simultaneously and of such magnitude they 
might desaturate a 400-ft. length of cable to the extent 
of leaving the equivalent of 15 ft. of cable without oil 
and with a vacuum in its place. Thus, a petrolatum- 
impregnated cable having atmospheric pressure at 
25 deg. cent. when reduced to 0 deg. cent. shows an 
internal vacuum of 22 or 23 in., as measured by a pres- 
sure gage attached to one end. In this condition, 
ionization will occur at about 144 the voltage which 
would be required at atmospheric pressure. 

It is not only in theory or laboratory tests that this 
phenomenon occurs. ‘The lead sleeves of a large num- 
ber of splices on high-tension lines have been known to 
collapse, proving the existence of very low pressure 
within the cable. Vacua of 15 to 20 in. have been 
noted in splices of installed cables, and in such vacua, 
ionization starts at 40 to 60 per cent of the voltage 
required at atmospheric pressure. 

When high-tension cables are installed, it has been 
frequently observed that air is sucked in when the 
caps are broken. This absorption of air continues for 
hours at a diminishing rate. If the joints are applied 


before the completion of this action, the cable will 


4. The same phenomenon may be observed by heating a 
small beaker of grease to the melting point and allowing it to 
congeal. When solid, the surface will be funnel-shaped instead 
of practically flat as when water congeals. 
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necessarily start its working career with a partial 
vacuum.° 


HARMFUL EFFECT OF VACUA 


Having shown that vacua should exist in cables and 
then that they do exist, the next question is, do they do 
any harm? 

Again the answer is in the affirmative. 

Partial vacua ionize at much lower voltages than air 
at atmospheric pressure. Hence, a cable, having a 
partial vacuum within it, will show evidences of loniza- 
tion at abnormally low voltages, so that ionization may 
occur even at working voltage or less. 

The effect is not a mere corona glow, but a series of 
active streamer discharges, such as are familiar to us 
in vacuum tube lamps. These streamers emit rays, 
probably the ultra-violet, which have the effect of 
converting petrolatum compound into a solid, flaky 
substance, often known as wax or X.6 Recent analyses 
have indicated that this substance has the approximate 
chemical composition, 

(Cio Ags O)n 

It is apparently highly polymerized but of unknown 
degree of polymerization.’ It is not a wax. 

If petrolatum be placed in a vacuum tube so as to be 
out of the way of the terminals, but yet impinged upon 
by the discharge, the surface will be converted into X. 
This interesting laboratory experiment, due to Mr. 
E. C. Willman, of Cleveland, enables one to see, in 
process, the phenomenon which is known in cables 
only by its results. It has been persistently denied by 
the manufacturers that the presence of this X is neces- 
sarily an indication of imminent failure of a cable and 
they are supported in this contention by tests on short 
lengths which continue in operation at very high stresses 
even after the practically complete conversion of the 
oil into X, yet cable users have known that, in some 
way, X formation and cable failure go together. These 
views are reconciled by the fact that short lengths of 
cable, such as are tested in laboratories by the manu- 
facturers, will not fail due to X because their internal 
pressure quickly becomes atmospheric whereas long 
(installed) lengths are more liable to failure because, 
with stiff compounds, low pressures persist due to the 


5. A collapsible cap filled with compound may be placed over 
the ends of a cable when the seals are broken, which will prevent 
access of air and fill the voids with compound. Sucha cap should 
be left on for several hours, preferably overnight. The use of 
such caps both in factory and field is the subject of a patent 
application. 

6. Ultra-violet rays have a similar effect upon most oils. 
In the case of some vegetable oils, the effect is so pronounced 
that it has been made the basis of a commercial lacquering 
process. 

'7. Some experimenters report a very small proportion of 
nitrogen, but we regard this as too minute to be more than an 
impurity. 

8. It was formerly thought that X was due directly to the 
electric stress, but it has not been found possible to produce it by 
stress alone, in the absence of electric discharges. 
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slowness of pressure equalization. Furthermore, x 
formation increases vacua because X is less bulky than 
oil, and as mixed with the residual oil it forms a paste 
which is stiff and resistant to pressure equalization. If 
conditions are such as to create X, but yet maintain 
atmospheric pressure, the cable often will not fail. 

A number of short lengths (10 ft. under lead) of 
cable were submitted to an accelerated aging test, 
one-half the cables being sealed hot, so as to have par- 
tial vacua within them when cool, and the other half 
allowed to cool with the compound at atmospheric 
pressure. The preliminary results show the vacuous 
cables have a much shorter life than those at atmos- 
pheric pressure, but difficulties in maintaining the seals 
have vitiated all experiments as far as quantitative 
results are concerned. The experiments are, therefore, 
being continued and Mr. C. F. Hanson expects to report 
them at a later date. 


THE WAY TO AvoID HARMFUL VACUA 


We have seen the cause of vacua in cable, and their 
baneful results. The next question is, naturally, how 
can they be avoided? 

Before answering this, it should be borne in mind 
that an installed cable ordinarily has an internal pres- 
sure entirely independent of the atmosphere because 
its sheath and the sleeves of its joints are sufficiently 
thick and rigid to resist considerable pressure.’ In 
order to maintain the inside of the cable throughout at 
atmospheric pressure, there must be the equivalent of 
openings to the atmosphere, compounds sufficiently 
fluid to transmit the pressure from these openings at a 
speed comparable with that at which thermal contrac- 
tion occurs and longitudinal oil ducts of sufficient 
cross-sectional area to assist this action. In most 
cases the normal spaces between strands will suffice, 
but for very high voltages, a hollow core or special 
duct is desirable. 

In order to provide the equivalent of openings in the 
cable or joint these must either be open to the air, 
or provided with a closed but collapsible part. The 
reservoir of liquid or semi-liquid oil applied to splices in 
an invention first used at Cleveland meets the latter 
requirements,’° while the liquid oil reservoir system, 
developed in Italy, meets the former, although neither 
appear to have been intended for the specific purpose 
described above. 

It should be remembered that pressure equali- 
zation is very slow with viscous oils, and differences of 


9. <A pressure of 35 to 45 lb. per sq. in. will start expansion of 
8/64 to 10/64 in. pure lead cable sheath. 

10. The Cleveland reservoirs were designed for the purpose 
of exerting atmospheric pressure “‘on the mobile compound to 
prevent the formation of voids during temperature changes,”’ 
(Report of Underground Systems Committee, N. E. L. A. , 1924) 
but as only the joint compound was mobile, the Gables being 
impregnated with petrolatum jelly compounds, the reservoir 
appears to have been intended primarily as a protection for the 
joint rather than for the cable. 
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pressure should not be allowed to accumulate, but rather 
should be given an opportunity to equalize as they are 
forming. 

In conclusion, we summarize the following character- 
istics as among the most essential for the successful 
performance of high-voltage cables: 

1. The compound should be sufficiently fluid or soft 
at all operating temperatures to permit readjustment 
of internal hydrostatic pressure at a speed comparable 
with that at which this pressure is disturbed by tem- 
perature variations. 

2. Access to the atmosphere or to atmospheric 
pressure should be provided at points sufficiently close 
to ensure the communication of such pressure to all 
of the compound in the cable. 

3. Oil ducts (special or incidental) must be provided 
to assist the transmission of this pressure along the 
cable. 

4. The saturation of the cable should be as perfect 
as possible so as to provide a minimum of oxygen to be 
absorbed by the compound. 

5. The compound should be as immune as possible 
from deterioration by the rays generated by electrical 
discharges. 

In addition to these characteristics, which are related 
to the subject matter of this paper, the cable should 
have, of course, suitable dielectric strength, dielectric 
loss and flexibility. 


Discussion 


Wallace S. Clark: In connection with Mr. Del Mar’s 
paper it should be remembered that the Pirelli idea is to keep in 
the cable, at all times, a pressure in excess of atmospheric 
pressure. 

Percy Dunsheath: I think Mr. Del Mar has gone a little 
bit too far although probably not intentionally. I am rather 
afraid the impression that his conclusions will give is that all 
cables for high voltages should be supplied with oil ducts. I 
don’t think he intended that and certainly I should resent any 
such suggestion, because I am sure that our experience with 
33,000-volt cables, unhappy as it was years ago, today proves 
definitely and quite conclusively that a 33,000-volt cable can be 
made to give satisfactory service without oil ducts, whatever 
conditions of high voltages are called for. 

R. J. Wiseman: Mr. Del Mar has presented to the public 
the views some of us have had for some time as to the effect of 
voids in cables. However, I think it would have been better if 
he had eliminated reference to atmospheric pressure. Voids 
are created in a cable due to the oil contracting as it cools and 
endeavoring at the same time to maintain a balanced pressure. 
This means that if a cable is sealed and the oil cools, it is below 
atmospheric pressure. A cable in operation with sealed ends is 
rarely at atmospheric pressure, usually above, and below only 
when cooled. 


Nore: Emanueli, Transactions of the First World Power Con- 
ference, 1924, Vol. III, p. 1269, states: “The possibility of manu- 
facturing cables destined to work at such high pressures 
(130 kv.) depends on careful reduction to a minimum of the gas 
which is occluded between successive layers of the insulating 
material,” and Jour. I. E. E., Jan. 1926, p. 127, referring to the 
130-kv. cable in Italy, ‘‘Its construction differs from that of an 
ordinary cable only in the fact that air or gas bubbles are entirely 
eliminated from the insulation.’’ Se: d 


. that transient voltages cause many cable failures. 
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The size of voids in a cable will depend a great deal upon 
the type of oil and the freedom of motion. The size of the voids 
increases as we lower the temperature. This results from the 
capillary attraction of the oil to the paper. A tacky oil holds 
best and is likely to produce small voids rather than large ones, 
the latter being more objectionable. 

Fortunately, shortly after a cable is installed at 0 deg. cent., 
it assumes the temperature of the ground and therefore heats up, 
eliminating most of the voids produced at low temperature. 
It is most desirable to load a cable up for a few days after in- 
stalling it in order that the oil may become stabilized locally 
before making any voltage tests. Here the purchaser could help 
very well by actually putting a cable into service for a week and 
then making the acceptance test. This should be done on all 
high-voltage cables. 

Take the case of the cables when they cool down after the load 
is removed, but the voltage is still on. Here it is advantageous 
that the dielectric loss be sufficient to heat the cable a few de- 
grees, thus preventing the formation of voids. This brings 
out an important point. A reasonably low dielectric loss at low 
temperatures is preferable to a very low loss. 

Creation of voids in joints is most probably due to the draining 
of the oil into the cable. It is not a case of stabilizing pressure, 
but rather improvement in cable impregnation. In such a ease, 
the heating of the cable with load does not help the joint. The 
joint is on the way to failure unless refilled. 
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Fia. 1—Curve SHowina ADDITION oF Om TO 22-Kv. anpD 
33-Kv., Turee-Conpuctor O1n-Fintep Joints WITH 
INSULATION FORMED 


The impression is given in the paper 
In meetings 
of the A. E. I. C. Subeommittee on High-Voltage Transients on 
Underground Cable Systems, no information was given to show 
that transients cause any deterioration of the insulation. As 
expressed at a meeting of the subcommittee a few weeks ago, the 
opinion seems to be that the transients cause failures at unusually 
weak spots in the insulation; that is, the cable has usually been 
found obviously deficient at the point of failure, which cannot be 
said about cable failures in general. 

The failures due to transients have generally been distributed 
over all parts of the underground systems, and rarely have they 
been located at any particular point, as may be inferred from 
the paper. This experience has been reported by several 
companies and is checked by the experience of the Common- 
wealth Edison Company. 

In recent klydonograph investigations of surges on eight 
large systems, it was found that 85 per cent of the surges were less 
than twice normal voltage. About 1 per cent of the surges ex- 
ceeded four times normal voltage, and it appears that surges 
must reach this magnitude to be disturbing. The latter surges 
may be slightly in excess of the full-reel test voltage at the 
factory. On the other hand, samples of high-tension cable will 
usually withstand test voltages of 7 to 12 times rated voltage of 
the cable for about one minute. The duration of the transient 
voltage is only a fraction of a second and Peek and others have 


Herman Halperin: 
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presented data to show that the dielectric strength of insulation 
increases very rapidly as the time is reduced to a fraction of a 
second. One manufacturer has reported a case where the insula- 
tion withstood transient voltages of about three times the 
breakdown voltage he had been obtaining on dielectric-strength 
tests on samples. In regard to the decrease in dielectric strength 
on account of the higher frequency of the surges, it appears that 
this is more than counterbalanced by the increase in dielectric 
strength due to the shortness of the application of the transient. 

In general, with cable of high quality, such as indicated as 
being desirable in the paper on the Quality Rating of High 
Tension Cable by Mr. Roper and myself, evidence seems to show 
definitely that transients will cause no failures and have no de- 
leterious effects on the insulation. 

In regard to the point in the first paragraph of the paper, that 
sections upon removal from ducts will withstand severe high- 
voltage tests even though they have failed in service, the failure 
occurred at the spot of lowest quality. These weak and irregular 
spots have been found repeatedly in accelerated life tests in 
Chicago, and the experience has been that if a portion a few feet 
long were removed from a section of cable, the voltage rating of 
the section would then be increased from 15 per cent to over 
100 per cent. In the last part of the paper, there are listed the 
essential characteristics for successful high-tension cable, but 
the item of uniformity is omitted, although experience shows that 
it is of paramount importance. 

In connection with expansion and contraction incidental 
to the operation of cables and the consequent formation of voids, 
the Commonwealth Edison Company has had an interesting 
experience with oil-filled joints on several lines of 22- and 33-kv., 
three-conductor, impregnated paper-insulated cables with fair 
impregnation. The joints were filled with a switch oil having 
a viscosity of about 200 seconds (Saybolt) at 25 deg. cent. 
Periodically the joints were checked as to the level of the oil in 
them, and sufficient oil was added (or removed in a few cases) 
to restore the level to its normal plane. Fig. 1 herewith shows 
the cumulative average number of pints of oil per joint added to 
these joints during the period of 5 to 8 months. In the average 
case, a total of about one gallon has been added in six months to 
each joint. This means that each length of cable had sufficient 
void space for one gallon of compound, which is sufficient 
compound to impregnate completely about 9 ft. of cable. 

F. A. Brownell: Apparently Mr. Delmar’s paper explains 
why so many of our cable failures occur during the off-peak when 
the cable is cooling or cool. 

In 1923 we had 107 failures in our 13-kv. cables. Sixty-one of 
them could not be classified as to cause. Forty-two of this 
group failed during the early morning hours while the eables 
were carrying practically no load. Other years have shown 
similar results. If it is possible for vacua to form in our present 
cables at a temperature they would attain on an off-peak load, 
it would seem that this condition could be overcome by a rapid 
equalization of oil under pressure, the use of a less viscous oil 
than is used at present, and the installation of a reservoir on joints 
filled with the same oil that is used for impregnating the cables. 


We have found the formation of X in cables operating at 26 
ky., while in the laboratory it has required a potential of 100 kv., 
on the same make and type of cable before formation occurred. 
In cables impregnated with a rosin-content compound we were 
unable to produce it at potentials up to 210 kv. We have had 
cables that have failed in service operating at 26 kv. and have 
shown signs of ionization. This would indicate that the pressure 
in the cable must have been below atmospheric to have had 
ionization at this voltage. 


D. W. Roper: Mr. Del Mar’s theory seems to be borne out in 
a number of instances in our experience. He refers to the con- 
traction of the compound in the cable; we have had a similar 
experience with compound in the joints. In some of our 33-ky. 
joints, we use a compound similar to that used in the cable; that 
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is, a petrolatum. This particular line was operated practically 
without load for weeks at a time during the winter months. 
It was a tie line between generating stations and it was largely a 
reserve line on the generating capacity in the two stations. 

After some weeks of operation during the winter season, 
we began to notice a bulging of the joints. We tried to discover 
the cause of this bulging, and as nearly as we could determine, 
it was due to the formation of small vacua or voids in the com- 
pound in the joint. Had this cable been operated every day at a 
load which would warm the compound to the melting point, 
the voids, when they reappeared, would probably not have re- 
appeared at the same location. You can find these voids if you 
will take a mass of compound, either in a can oraglass vessel, and 
expose it to low temperature; you will find small voids perceptible 
to the naked eye, distributed throughout the entire mass of 
compound. If you take a different kind of a compound which 
has more cohesion between the particles,—a more viscous 
compound,—then when the compound cools there will be more of 
a settling of the horizontal surface so that there will be a 
serious depression, but with a compound of this kind, there is no 
great amount of settling of the surface; the cooling occurs by 
the formation of these minute voids throughout the mass of the 
compound. 

It appears that these small voids will occur now and then 
adjacent to the conductor insulation which is in the joint, and 
when these occur, the ionization, due to the discharge in the 
voids, will occur, and in the course of time these voids will en- 
large. By careful examination of the joints when opened, we 
actually found some voids of approximately the size of the joint 
of the thumb, and adjacent to such voids, we found the evidences 
of ionization in the factory-applied insulation in these joints. 

There was undoubtedly some pressure within these joints as 
shown by the bulging of the lead sleeve at the joint, although 
these lead sleeves were covered with broken cement, so that it 
not only stretched the lead sheaths but cracked the cement. 
The trouble has been cured by removing those joints so as to 
remove this petrolatum and refill with a thin oil. This is the oil 
referred to by Mr. Halperin in his discussion and diagram. No 
such trouble occurred when the joints were filled with oil; in 
fact, trouble could not occur in a thin oil which was so thin as to 
be fluid at even the minimum operating temperature of the 
cable. The nature of the compound used in the joint, as nearly 
as our experience shows, must either be fluid or be of a character 
which will not permit the formation of these internal voids 
throughout the mass of the compound. 


T. F. Peterson: One must recognize that the burden of 
failures resulting from conditions characteristic of long jointed 
lines, must be borne by operating companies. Failure due to 
vacua in installed cable falls into this class. The following is 
submitted because it is thought that too much importance has 
been attached to this condition. 

Spaces or air pockets in insulation may be due to: 

1. Contraction of oil after impregnation 

2. Expansion of lead due to bending 

3. Contraction of compound due to cheese formation. 

Mr. Del Mar makes no attempt to show the harmful effects 
of pockets containing gases at atmospheric pressure. Indeed 
he attaches no importance to these. Failures are con- 
sidered to be due to the fact that after cables are installed, 
vacua are invariably produced, ionization takes place and 
ultimately failure results. This reasoning tends to exonerate 
the manufacture and shift cause of failure to a rather unfortunate 
condition with which operating companies must cope. 

It is my contention that air spaces, even at atmospheric 
pressure, constitute a very important cause of failure (the action 
being somewhat slower than for vacua, nevertheless very pro- 
nounced) and since, in a large measure, they are due to causes 1 
and 3, which are of manufacturers’ concern, it follows that the 
latter must assume some part of the responsibility for failure. 


. 
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To substantiate this claim, consider the following:—Assume 
an air pocket at atmospheric pressure in a valley between turns of 
5-mil paper; breakdown of this film, 0.0127 em. thick, occurring 
at 68.3 kv. perem. If the dielectric constant is assumed to be 
3.5 the potential gradient in paper will be eke = 19.5 kv 

AL : . per 
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em. or 49.5 volt per mil. This is not an uncommon value for 
average gradient under operating conditions and so it appears 
that harmful results may easily result. 

It remains, then, to explain the differences observed by the 
author between breakdown results on long and short lengths of 
eable. A partial explanation is given; namely, that of vacua. 
There is, however, another factor which tends to account for the 
results in so far as it assists the case of the short length. The 
latter is usually tested under oil where chances for reimpregna- 
tion are especially good; hence better test results. 

The last paragraph of the paper gives ways of avoiding vacua. 
In the light of this discussion, it would seem that ways of dimin- 
ishing possibilities of forming air pockets would have been a 
more appropriate subject for consideration. 

W. F. Davidson (by letter): I am glad to note that Mr. 
Del Mar has attacked the problem of high-voltage cables from an 
angle which seems to be more in the direction of a real solution 
than many of our discussions of the ‘‘transient bugaboo.” 
After all is said and done, our cables must be able to withstand 
such normal and transient voltages as do exist. 

There is one phase of the paper which I wish to discuss; 
namely, the formula for this X or “‘cheese.”” When we have 
once definitely ascertained this factor we shall have made a long 
stride toward determining the true cause of its formation and 
definitely stating the effects of internal vacua, ete. 


In the first place, I am surprised that it has been found possible 
to determine a chemical formula for X, because the original oils 
are known to be highly complex mixtures of several compounds 
and it is difficult to understand how we may be assured that the 
resulting X is really one chemical individual. Until we have this 
assurance, a chemical formula has no significance. Possibly Mr. 
Del Mar can give his data. 

In the second place, as I understand the processes of analysis 
used in such cases—assuming that we have proved the existence 
of a single chemical individual—we would obtain the oxygen 
ratio by determining what was left after the hydrogen and carbon 
have been determined. This should give a definite value for n. 

Finally, we have no evidence presented to substantiate the 
statement that ‘it is apparently highly polymerized.’ Here itis 
necessary to assume again that the substance is a chemical 
individual, foritis usual to ascertain the degree of polymerization 
by determining the molecular weight; and a mixture of several 
chemical substances cannot have a single molecular weight. 
But even so, the determination of molecular weight seems almost 
impossible in the case of a solid substance which is non-volatile 
and almost insoluble. 

J. A. Duncan (by letter): Mr. Del Mar’s formula 
(C2 Hog O)n is of special interest to those of us who have been 
studying the deterioration of impregnating compounds and it is 
this formula which I wish to discuss. In order to include all 
possible interpretations of such a formula, one must discuss all 
possible values of n. This means all values of from plus 
one to plus infinity, since zero or negative values have no 
meaning. ‘ 

Let us begin with the case n equal to unity: The formula is 
then (Ci2 Hes O), which is very remarkable, because 26 atoms of 
hydrogen alone completely satisfy all the available valency bonds 
in a single molecule of 12 carbon atoms and it is difficult, if not 
impossible, to imagine how the other two hydrogens and one 
oxygen are attached to the molecule. The straight chain struc- 
ture in normal paraffins contains the maximum number of 
hydrogens possible if we attribute to carbon the valency four 
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which, I believe, has always been found to be its maximum 


value. It is seen from the diagram of a paraffin (dodecane for 
example) 

IBE BE det a0 Gel Sel 48h el ish sl dF Isl Jef. Val 
H-C-C-C-C-C-C-C-C-C-C-C-C-C-C-H 
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that the maximum number of hydrogens per molecule is two plus 
twice the number of carbons. No carbon except the two at the 
ends of the chain ean hold more than two hydrogens because two 
of its four bonds are occupied in holding the chain together. 
Each of the two end atoms holds three hydrogens. 

The only way for a paraffin molecule to increase its oxygen 
content is for an oxygen atom to replace two hydrogen atoms or 
for a hydroxyl group O H to replace one hydrogen atom. In the 
former case, the hydrogen content is decreased and in the latter, 
it remains the same. If one O H group replaces a hydrogen in 
(C2 Hog) we should have (Ci2 Ho. O). 

Tf one oxygen atom alone is placed within the molecule, it must 
replace two hydrogen atoms in order to find bonds for its two 
valencies. This would give us two hydrogens less than we had 
to begin with and the formula would be (Cig Ha, O). 

It is thus highly improbable that one can have a compound 
with the formula (Cj2 Hos O). 

If n had any value greater than unity, the case would be even 
worse because this would mean a molecule consisting of two or 
more groups of (Ci2 Heg O) and one valence bond of each group 
would be occupied in holding the two together. The possible 
number of hydrogens too would be still further decreased. One 
of the first two terms of the formula must be incorrect or Mr. 
Del Mar has a new arrangement of the oxygen atom with valency 
greater than two or a carbon atom with valency greater than 
four. The only case I’ve ever heard of before where oxygen has 
a valency greater than two is in the so-called oxonium compounds; 
and I think it is true that the science has never known a ease of 
carbon with valency greater than four. 

Of course, Mr. Del Mar may not mean his formula as that of a 
chemical individual, but merely gives it to indicate the proportions 
of carbon, hydrogen and oxygen in a mixture of substances which 
he found in a cable. If we allow mixtures, we can mix the 
original oils in the cable in many ways which would give us any 
specified ratio of carbon to hydrogen from the ratio one-to-four 
to the ratio infinity; and we could add air, moisture, or moisture 
and air, to take care of any amount of oxygen from zero to 
whatever number of oxygen molecules there are in a cable. 

It is fairly well known that mineral oils usually used in cables 
consist of mixtures of several hydrocarbons of various carbon 
contents. 

For example, suppose we had any number of molecules of 
normal hexane Cs Hi; and half of the same number of oxygen 
molecules in a mixture which we shall call A. The proportions 
of carbon, hydrogen and oxygen would be 12 to 28 to 1 as Mr. 
Del Mar indicates. 

Or suppose we had any number of molecules of normal do- 
decane Cy Hog mixed with an equal number of water molecules 
H.O. Let us call the mixture B. The proportions of carbon, 
hydrogen and oxygen would again be 12 to 28 to 1. 

Any mixture consisting of any amount of A with any amount of 
B would obviously still have carbon, hydrogen and oxygen in 
the proportions 12 to 28 to 1. Such a mixture we should 
properly call X, following Mr. Del Mar’s happily selected 
notation. 

Let us assume a cable oil with 0.1 per cent each of hexane and 
dodecane. One gram of this oil would contain 0.001 gram of each 
substance. Let p be the actual number of molecules of 
hexane and g the number of molecules of dodecane in 0.001 
gram. Then 


ea pers ea ea a 
P ~ 86.112 X 1000 


N 
170.208 x 1000 


where N is Avogadro’s number, Millikan’s value of which is 
(6.062 + 0.006) X 1073 and 86.112 and 170.208 are the molecular 
weights of the two substances. One can have then a mixture of 
any number of molecules from (1 to p) of A with any number 
from (1 to q) of B and still have the proportions of carbon, 
hydrogen and oxygen indicated by Mr. Del Mar. The number 
of possible different kinds of X, no two of which are identical 
and each of which would fit Mr. Del Mar’s formula is 

N2 
86.112 x 170.208 x 1000 xX 1000 
or pq = 2.5 X 10°’. 

The formula indicates no way except by guessing to tell which 
of the possible mixtures it represents. If each of the one hun- 
dred and ten million people in the United States would make a 
thousand guesses a day for fifty years this would be 2 X 101° 
guesses. The chance of one of these guesses coinciding with 
Mr. Del Mar’s X is a little less than one in 1.25 X 10” or in 
other words one in twelve and half thousand billion billion and the 
guessing would be further complicated by the 99.8 per cent of the 
oil which we did not consider specifically in the above p 
and q. 


and qg= 


Dead 


C. F. Hanson (communicated after adjournment): In some 
localities, high-voltage cables operate at relatively low tem- 
peratures. From the point of view of dielectric loss and the 
possibilities of cumulative heating, these low temperatures of 
operation are considered favorable. However, from the point 
of view of internal vacua, these low temperatures are detrimental, 
if the cable is not permitted to ‘‘breathe.”’ 

The conditions upon which I base my calculations in arriving 
at the foregoing conclusions are as follows: 

1. The maximum operating temperature of the cable insula- 
tion during summer months is 40 deg. cent. (104 deg. fahr.) 
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Fig. 2 


2. The minimum operating temperature of the cable insula- 
tion during winter months is 20 deg. cent. (68 deg. fahr.) 

3. The temperature of the cable insulation at the time of 
installation during summer months is 30 deg. cent. (86 deg. 
fahr.) 

4. The temperature of the cable insulation at the time of 
installation during winter months is 15 deg. eent. (59 deg. fahr. ) 

5. It is assumed that an internal pressure of one atmosphere 
is established throughout a length of cable while the ends of the 
eable are open for splicing purposes. 

6. The impregnation of the cable is expressed in terms of 
per cent of air by volume based upon the total air in the eable prior 
to impregnation. The air content is considered to be that which 
prevails at 25 deg. cent. (77 deg. fahr.) 
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7. The temperature coefficient of expansion of the impreg- 
nating compound is considered to be 0.1 per cent per deg. cent. 

8. The internal pressure in the cable which will cause a 
permanent stretch in the lead sheath is considered to be 4 
atmospheres. (Approximately 44 lb. per sq. in. gage pressure. ) 

9. The impregnating compound and the fibers of the paper 
are considered incompressible. 

10. The temperature coefficient of expansion of the lead and 
of the copper is considered negligible, particularly in view of the 
fact that an expansion in the lead is partly counteracted by a 
simultaneous expansion in the copper conductors. 

11. A length of cable is considered sealed at each end by 
virtue of a non-flowing splicing compound. 

12. The volume of air varies according to Boyle’s law in 
regard to pressure. 
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13. The volume of air varies according to Gay-Lussae’s law 
in regard to temperature. 

Within the foregoing conditions, I have calculated for various 
percentages of air, the internal pressures which will prevail in a 
cable during maximum load in the summer and during minimum 
load in the winter when the cable is installed during summer 
months. The results of these calculations are shown in Fig. 2 . 
herewith. I have also made corresponding calculations for a 


‘cable which is installed during winter months, and show the 


results in Fig. 3. 

In Fig. 2, the lower curve shows that the internal pressure of 
the cable is always less than atmospheric during light loads in 
winter. If the ionization voltage of air is proportional to the 
pressure, then it is evident from this curve that a poorly impreg- 
For 
example, if, in a cable of a particular wall and voltage, the 
ionization pressure is 0.8 atmosphere, then the cable having an 
air content of five per cent or more would operate without 
ionization. On the other hand, the cable having an air content of 
less than five per cent would operate during winter months with 
ionization which will produce carbonization. 

If cables are installed during winter months, then operating 
conditions are more favorable in regard to internal pressure. A 
cable would have to be well impregnated before its internal 
pressure would be less than one atmosphere during winter 
operation. For example, only those cables having an air content 
of less than 1.5 per cent would have an internal pressure of less 
than one atmosphere during light load in winter. The reduced 
pressure in this case is brought about by a permanent stretch in 
the lead sheath. The permanent stretch is produced during 
heavy-load periods in summer. 


A comparison of Figs. 2 and 3 indicates that when non-flowing 
splicing compounds are used, winter installation is more desirable 
than summer installation. . Furthermore, the curves in these 
illustrations indicate that cables deteriorate mostly in winter, 
particularly if the cables are installed in summer. ; 
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It is not advocated that cables should always be installed 
during winter months. Winter installation is only a means for 
partly alleviating the unfavorable conditions caused by the use of 
non-flowing splicing compounds. The proper installation is that 
which will permit a cable to “‘breathe’’ as the temperature of the 
cable changes. Such installation is exemplified in the present- 
day use of very liquid splicing compounds and the application of 
syphons. 

W. A. Del Mar: The principal discussion of my paper has 
taken place in the personal meetings and correspondence before 
and since the Madison meeting, and I have been surprised and 
gratified by the great interest manifested. 

As I intimated in my paper and as repeated by Mr. W. S. 
Clark, there is nothing new in the basic ideas presented, but the 
implications which bear on ordinary cables seem to have been 
ignored almost completely by operating men and manufacturers 
alike. If any manufacturer had these ideas clearly in mind, 
his duty to the industry was to pass them on without delay to the 
cable users. So far as I know, this was done for the first time 
when I gave copies of a memorandum on this subject to several 
members of the Underground Systems Committee of the 
N. E. L. A., nearly a year ago. 

We all recall the classic 1919 papers by Shanklin and Mat- 
son,” and Dubsky,® wherein it is shown that films of gir en- 


TABLE I 
Relative ionization 
voltage as fraction of Tonization stress 

Air pressure, that at 1 atmosphere taking 19 kv./cm. for 
atmospheres (Peek) 1 atmosphere 

0.1 0.2 3.8 

0.2 0.3 Bi @ 

ORS 0.53 10.0 

OR, 0.70 13.3 

120 1.00 19.0 

1.25 1.22 23.2 

1.50 1.44 27.4 

2.0 1.90 36.1 

2.5 2.35 44.7 


trapped in a cable ionize at an insulation stress of about 19 kv. 
per em., but perhaps we neglected to note, as the three authors 
named above were silent on the subject, that this stress applies 
to air at atmospheric pressure only. 

We recall, moreover, the work of such experimenters as Peek, 
proving that the ionization stress of air is approximately pro- 
portional to the air pressure. a 

Combining these researches, we obtain Table I, showing the 
relation between ionization stress in cable insulation, and air 
pressure.* 

We are now equipped with an important tool which, in our 
hands three years ago, might have saved the electric power 
industry and the cable manufacturers a considerable amount of 
worry. In order to understand this, consider the matter in 
Table II, which shows the maximum stresses for several typical 
triplex cables and the air pressures required to prevent ionization 
at these stresses, taken from Table I. The table may be sum- 
marized in a few words: ; 

Cables of the 13,000-volt class do not ionize even though the 
pressure may be somewhat below atmospheric. 


. . . 


Cables for 22,000 volts have an ionization pressure of about one 


atmosphere. 


Cables for all higher voltages as listed require an internal 


pressure of between one and two atmospheres. This is a con- 
et | 


2. Transactions A. I. E. E., 1919, p. 489. 


3. Transactions A. I. E. E., p. 537. 
4, If the air films are very thin, this relation does not hold; but expe- 


- rience shows that it is approximately correct for most of the films of the 


dimensions found in cables. 
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elusion of great importance which seems to have escaped the 
attention of the industry. It is well known that cables for 
over 22,000 volts belong in a different class, from an operating 
standpoint, from those for lower voltages. The former 
have had either excessive failures or at least show deterioration of 
the insulation, except in a small minority of cases. The latter 
give little or no trouble. 

Similar information for single-conductor cables is given in 
Table III, from which it appears that cables for 132-kv. circuits 
with 60/64-in. insulation require about 344 atmospheres, which is 
near the limit of strength of an ordinary lead sheath. 

It is also a curious fact that the trouble seems to increase the 


TABLE II 
TRIPLEX 350,000-CIR. MIL CABLES 


Internal pressure 


Working voltage Insulation required to pre- 
between phases, | each conductor, Maximum vent ionization, 
Ky. 64ths in. stress, kv./em. atmospheres 
13 12 16 0.8 
13 9 19 1.0, 
22 19 20 1.0 
22 18 21 res 
24 18 23 125 
26.4 18 25 1.35 
27.6 19 25 1.35 
33 19 30 1.65 
33 23 26 1.40 


more carefully the cable is made. This is because of the dif- 
ference in impregnation; the more thorough this is, the greater 
the vacua due to contraction. This has been very clearly 
brought out by Mr. Hanson’s discussion. For this reason, some 
of the cables of five years ago seem to be more reliable than those 
of today. 

The effects of ionization in the order of their occurrence are 
formation of X, carbonization of oil, formation of dendritic 
patterns, and eventually failure. The action may, however, 
stop at any point, as cables are in operation which have been full 
of X for years and carbonized oil has been known to exist for 
years in cables without further deterioration, probably because of 
increased internal pressure. 


TABLE III 
SINGLE-CONDUOTOR, 500,000-CIR. MIL CABLES 


Internal pressure 


Working voltage required to pre- 


to ground, Insulation, Maximum vent ionization, 
Kv. 64ths in. stress, kv./cem. atmospheres 
23 40 24 1.3 
26 40 27 ies 
43 52 38 2 fae 
43 60 35 1.9 
76 60 62 3.4 


Let us consider what has been done by operating engineers to 
influence the internal pressure of high-voltage cables. 

First, they have written specifications which compel the 
furnishing of ‘‘over-saturated”’ cables, 7. e., cables in which high 
vacua are formed if operated as they have been in the past. 

Second, they have done most of their installation work in 
summer, thereby insuring the occurrence of vacua in winter. 

Third, until recently they have used splicing compounds which 
seal each length of cable and make pressure equalization 
impossible. 

Fourth, they have given no consideration to the installation 
and operating conditions which influence internal pressure, 
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thereby leaving the pressure to take a chance value which might 
or might not permit their cable to survive. 

It seems necessary to put a definite predetermined pressure on 
high-voltage cable insulation and maintain it with serupulous 
care. Forward-looking practise points to the use of spindle oil 
splices and syphons. I believe that by this means some cables 
which have had their operating voltages lowered due to con- 
tinual failures will be successfully restored to their rated voltages. 

When all high-tension cables are equipped with pressure 
gages and pressure-maintaining devices, the guarantee clauses in 
cable specifications will assume a legitimate significance. Mr. 
Peterson sensed this point very clearly in his discussion. 

I agree with Mr. Dunsheath that all high-tension cables do not 
have to be supplied with special oil ducts, as it is possible to 
maintain adequate pressure in most cases by relying upon natural 
interstices in the cable. 

My paper supports Mr. Halperin in his views about transient 
voltages, by furnishing an explanation of certain failures which, 
in the past, have been blamed on transients. 

Mr. Peterson’s explanation of the higher breakdown voltage 
of short lengths as compared with complete feeders,—namely, 
that oil from the terminal tanks is sucked into the eable,— 
cannot be correct, both because the opposite action occurs due 
to the heating of the cable, (7. e., the cable oil is expanded and 
driven out), and because the same relation holds if the short 
lengths are tested without oil terminals or tanks. 

Mr. Brownell has brought out an interesting point in men- 
tioning that X forms more readily at 26 kv. in service than at 100 
ky. in the laboratory. 

Mr. Davidson seems to have taken my formula for X more 
seriously than I had intended. I used a formula only because 
the results of analysis as percentages are hard to visualize. The 
evidences of polymerization are to be found in high specific 
gravity, solidity, insolubility, and infusibility considered in 
connection with the known origin of the material. 
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Mr. Dunean’s discussion of my formula for X is very much to 
the point. He shows clearly that the suggested formula is 
untenable, and I am rather inclined to believe that the explana- 
tion is that the oxygen atom is superflous. We can now form X 
in such vacua that it seems that no atmospheric element can 
enter into its composition. The chemists obtained the oxygen 
by difference and not by any positive test, so that its existence 
is at least open to doubt. The formation of X is preceded by an 
apparent increase of surface tension, 7. ¢., the oil acts as if its 
surface tension had increased very greatly, causing it to form into 
drops. Perhaps the polymerization which characterizes X 
formation is a result of this surface tension; 7. e., it may be 
nothing but a further drawing together of the molecules. 

Mr. Roper’s and Mr. Halperin’s discussions add important 
material to our general store of knowledge on this subject. There 
are more of this kind of data which bear on pressures and vacua 
in cables to be gathered from the experience of operating engi- 
neers. For instance, it has been found that splices which are 
equipped with unweighted syphons have a lower breakdown 
voltage than identical splices without the syphons, and some 
people would interpret that as indicating that the syphons might 
be an objectionable feature. The explanation as furnished by one 
of the earliest users of syphons is that splices tested with them are 
at atmospheric pressure inside, whereas those tested without 
them, being heated by the dielectric losses, have an internal 
pressure which may be very considerable. The internal pressure 
naturally increases the dielectric strength and raises the break- 
down voltage at the splice. The obverse of this is seen in the 
trouble experienced with both cables and joints where vacuum 
joints have been used. 

A full realization of the significance of cable vacua and pres- 
sures should materially assist in the design of cables for much 
higher voltages than now considered practicable, without 
departing from the diameters which ducts and handling difficul- 
ties now impose. 
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Behavior of Radio Receiving Systems to Signals 


and to Interference 
BY LEO JAMES PETERS: 


Associate, A. I. E. E. 


Synopsis.—This paper deve'ops a point of view and method by 
means of which it is possible to arrive at many of the transient 
effects occurring in radio systems by a consideration of steady-state 
properties alone. The scheme is to replace the voltages in radio 
receiving systems due to interference and signals by a group of genera- 
tors having the correct voltages and frequ ncies. These generators 
can be thought of as having been in the circuit for an indefinitely long 
time so that only the steady-state response of the system need be con- 
sidered. The generators which replace the voltages induced in an 
antenna by interrupted continuous wave stations, by spark telegraph 
stations, by telephone stations and by static are worked out. The 
desirable properties of radio receiving systems for recetving various 


types of signals through interference are arrived at and an ideal 
system is described which may be used as a standard of reference for 
judging the merits of any actual frequency selecting system. It is 
shown that this ideal system reduces the interference from all sources 
to the smallest possible value which can be obtained in a system which 
makes use of frequency selection to reduce interference. The 
paper thus arrives at the degree to which interference can be miti- 
gated by frequency selection methods. In order to illustrate the 
method of treating actual systems calculations are given for a simple 
series receiver. The interference, caused by transmitting stations of 
various types and by static, is discussed and the factors determining 
such interference are pointed out. 


Part I. Character of the Signal Voltages 
Induced in Antennas and the Desirable 
Properties of Frequency Selection 
Systems for Receiving the Signals 


1. INTRODUCTION AND PURPOSE 


4 fee behavior of a radio receiving system, both to 
signals and to interference, depends upon the 
properties of the system in the transient state. 
It is very often a difficult problem to arrive at the tran- 
sient-state properties of a system whereas the formula- 
tion of the steady-state properties is a relatively easy 
matter. It is the purpose of this paper to develop a 
very simple but effective way of answering some of the 
questions which arise in dealing with the effects of 
both signals and interference upon radio receiving 
systems when the steady-state properties of the system 
are known or of arriving at the best steady-state 
properties of a system for receiving a given signal 
through interference. The primary purpose of the 
paper is to establish a viewpoint from which to judge 
the merits and the limitations of receiving systems, 
and also to arrive at the interference produced by trans- 
mitting systems of various types. Since the primary 
purpose of the paper is to establish a point of view and 
a method, only a few problems illustrating the method 
are discussed. 

The solution for the transient properties of a circuit 
network can be made to depend upon the steady-state 
solution if the impressed voltage can be represented 
from t = — o to t = + asa Fourier integral. This 
method has been used by Carson, Fry, and the author 
for observing the general behavior of circuits in the 
transient state. Carson has used this method to 
formulate the response to static impulses of those radio 
receiving systems in which the principle of frequency 


1. Assistant Professor of Electrical Engineering, the Univer- 


sity of Wisconsin. 
Presented at the Regional Meeting of District No. & of the 


A. I. E. E., Madison, Wis., May 6-7, 1926. 


selection is used to reduce interference. Milner has 
used the Fourier series expansion to calculate the arrival 
current in submarine cables. These general methods, 
however, lead into fields of mathematics which are 
unfamiliar to many engineers, but they suggest a very 
simple and powerful but less general method of handling 
many problems that arise in radio communication. 
This paper has a twofold purpose; first of pointing out 
these simple methods with the hope that it may aid in 
giving the method the general use its power warrants, 
and second, to arrive at some interesting and useful 
conclusions as to the effects of signals and interference 
upon radio receiving systems. 


2. INTRODUCTION TO THE METHOD OF TREATMENT 


Fig. 1 shows an alternator delivering a pure sine wave 
feeding a transformer on open circuit through a long 


TRANSFORMER 
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line, A. Parallel to this line there is another line, B, 
which may be a telephone circuit. We wish to find the 
effect of line A upon line B. As is generally known, the 
current in line A has the form shown by Fig. 2. This 
current can be broken up into the two sine waves 
shown by Fig. 3. One of these sine waves has a fre- 
quency of 60 cycles per second and an amplitude I. 
The other has a frequency of 180 cycles per second and 
an amplitude of 1 J. If the mutual inductance be- 
tween the lines is M, then the voltage induced in the 
line B is composed of two parts; one part has a frequency 
of 60 cycles per second and an amplitude of 2 7 60 IM, 
while the other part has a frequency of 180 cycles per 
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I 
second and an amplitude of 2 7 180 ra M. 


If the 
amplitude of the 60-cycle voltage is represented by 
then the amplitude of the 180-cycle voltage is 3 /4 (E). 
Then we can forget all about line A if, in line B, we 
introduce two alternators, one having a frequency of 60 
cycles per second and a voltage of H and the other 
having a frequency of 180 cycles per second and a 
voltage of 3/4 (E£); that is, we can calculate the effect of 
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line A upon line B by considering only the system 
shown by Fig. 4. 

The scheme used above for finding the effect of line A 
on line B is the one used throughout this paper for 
finding the effect of any voltage induced in an antenna 
upon the receiving system; for example, the voltage is 
replaced by a group of alternators having the correct 
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frequencies and the correct voltages. The receiving 
system will then be represented schematically, as shown 
by Fig. 5. The generators are assumed to have no 
‘impedance and serve only as a device for fixing the 
attention on a sine wave of voltage having a given 
frequency and amplitude. Use is made of Fourier’s 


607 (807 
Eee 


Ma See 
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expansion for obtaining the voltage and frequency of 
each alternator. Since each alternator is assumed to 
have been in the circuit for an indefinitely long time, 
only the steady-state properties of the receiving system 
need be considered. 


3. INTERRUPTED CONTINUOUS WAVE TELEGRAPHY 

The voltage induced in a receiving antenna by an 
interrupted continuous wave transmitter is assumed to 
have the form shown schematically by Fig. 6. In this 
figure, 2 T represents the total time interval of a signal 
and the succeeding space, 2q 7’, represents the signal 
time interval, and 2 pT represents the space time 
interval. In order to simplify the calculations, it will 
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be assumed that there is a complete number of cycles 
of the operating frequency in the time intervals qT 
and pT. Under these conditions, if the operating 


2 ted f 
frequency is fo = yee the voltage is represented Irom 


t= — o tot = + & by theseries: 
[e.) t * 
™ 1 
= i. (1 
e(ir= Pe sin p ) 
m =1 
In which 
EK 2 m 
Om =A Cues as ae 7 x? (2) 
7? 
m 
= Eq for Pan ly (3) 


ly 


That is, the voltage of the mth generator is given by 
equations (2) and (3). The generator having the 
largest voltage is the one having a frequency the same 
as the operating frequency (fo) of the transmitting 
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station. The frequency of the mth generator is, from 
equation (1), 


ah bold m 
Qa 7 eee 


That is, the receiving circuit generators which replace 


Fm Zz (4) 


the induced voltage, are spaced se cycles apart. The 
value of 7 depends upon the speed of signalling. At 30 
words per minute T = 0.05 sec. At 150 words per 
minute 7’ = 0.01 sec. Thus the speed of signal trans- 
mission determines the frequency spacing of the 
generators. ; : 

Let mo represent the m which gives the operating 
frequency, fo. 


Then 
Mm = 2T fo (5) 
Let ; 
m=mtn=2Thftn (6) 
| neat 
> = 0 ce TD 2, eo a 
— (2T f)— 1) 


*For the derivation of these equations see Appendix, Part I. 
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If the signal sent out is a morse dot and the interval 
between signals is the morse dot interval, then 


Pi =o (7) 
In equation (2) 


T “aA - 
ow 0 if m is even 


sn mpm = sin m 


= +1if m is odd 
Upon substituting these results and equation (6) in 
(2) and remembering that w = 2 m7 fy we obtain: 


E 
Amo = ot. (8) 
EK 1 
Amo +n = in =| ; a n (9) 


From equation (5) it is evident that mp» will always be an 
even number. It follows then, since m) + » must be 
odd, that n will be an odd number, so that we write: 


+ © 
n= 041,23, +5 2 (10) 
CR eel) 
perl n 
For all of the important frequencies?” is small 
4T fo 
compared to unity and (9) may be simplified to: 
| Ona pel = (11) 


Nn 

We have now arrived at the following information rela- 
tive to the generators which replace the induced voltage 
in the receiving antenna. The generator having the 


highest voltage is the one having a frequency equal to 
the operating frequency, fo. The voltage of this 


generator is ho As we pass to generators having a 
frequency less than fo, the first one we come to has a 


Le 
frequency fo — OT: This generator has a voltage of 


E 3 
—., The next one has a frequency of f) — a7 and 
‘i. . 


has a voltage of = 2 and so on down the line. The 
first generator having a frequency higher than f, is the 


: | 
one which has a frequency fy + OT: The voltage of 


E 
this generator is also LY The next one, up the fre- 


2. See Appendix, Part I. 
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quency scale, has a frequency equal to fy + and 


3 
rae 


E 
has a voltage equal to =—, and so on. These facts 


3 1 
are brought out in a striking manner by the curve of 
Fig. 7. This curve is plotted with the ratios of the 
absolute value of the generator voltage to Has ordinates 
and with values of n as abscissa. Values of n are used 
as abscissa in order to make the curve hold for all 
speeds of transmission. To convert the abscissa scale 
to generator frequencies use is made of the relation: 


n 

(Gen. freq.) = fo + OT (12) 
At 30 words per minute this relation becomes: 

(Gen. freq.) = fo +10” (13) 
At 150 words per minute it becomes: 

(Gen. freq.) = fo + 50 n. (14) 


Thus a generator having a given ratio of voltage to H is 
five times as far removed in frequency from the op- 
erating frequency at a transmitting speed of 150 words 


pT gM qT 
| 


| — 


Nf 
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per minute as at a transmitting speed of 30 words per 
minute. This fact, as we shall see later, has an impor- 
tant bearing upon the design of the receiving system and 
also upon the amount of interference created by the 
transmitting station. 

The desirable frequency response characteristics of the 
interrupted continuous wave receiving system can now 
be obtained. If the system passes currents having the 
operating frequency fo, and eliminates currents of all 
other frequencies, a continuous tone would be heard in 
the receivers and the dots and spaces could not be 
distinguished from each other; that is, no signals would 
be received. If the system passes currents of all fre- 
quencies with the same ease, the high frequency output 
would have the same wave form as the induced voltage, 
Fig. 6. This latter condition would lead to the dis- 
tinguishing of the signals, but the system would have 
no selectivity against interference. The best circuit 
then would be one which passes just enough frequencies 
to make the signals distinguishable and eliminates all 
others. Let us assume that, in order to make the 
signals distinguishable, the receiving system must 
respond freely to all generators having a voltage greater 
than or equal to r decimal parts of the voltage of the 
generator the frequency of which is fcacnab ss) Lae 
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system must respond freely to all generators having a 


ri 
voltage equal to or greater than we Now the gen- 


n 
erator with a frequency of fo + oT has a voltage 
We therefore write: 


(Gear 


2 
n, is the odd number closest to pa, 


E 
equal to ae 
=-f 


(15) 
The receiving system therefore must pass a band of 


frequencies ae wide centered on the frequency fo. 

Let us define an ideal receiving system as one which 
has the following properties: 

1. Aradiation resistance R, 

2. Nowasteful resistance 

3. It acts asa pure resistance of magnitude 2 R, to 


ea 


Tee 


| 
A 


=> 


= 


i 


(Generator Voltage) 


aa a 
AA a= eel ah See E10) 


Yaives of n 


Sa OSes low al 9) 
Values of n 


Fig. 7—InrerRuptep C. W. TELEGRAPHY—VARIATION OF 
GENERATOR VOLTAGE witH FREQUENCY—GENERATOR FRE- 
QUENCY 

n 
a) oT 


Wm =0; = 1, = 3, = 5, etc: 
fo — 7Oat 30 words per min. 
fo — 350 at 150 words per min. 


. . . Ny 
frequencies lying in the range fy + oT: 


4. Currents having frequencies lying in the range 
given by 3 shall be passed on to the detector either with 
a uniform amplification or without attenuation. 

5. Currents of all other frequencies shall be elim- 
inated before reaching the detector. 

A system having the above properties is called an 
ideal system, because it represents the best possible 
frequency selection system for receiving I. C. W. signals 
through interference. This ideal system can be only 
approximated, more or less imperfectly, in practise; 
but any actual receiving system, basing its selectivity 
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upon frequency selection, should be made to fulfill the 
conditions stated as closely as possible. 

The band of frequencies which the receiving system 
must pass freely is a Now as both n, and T are 
independent of fo, so the band width is independent of 
the operating wave length. 1%, is also independent of 
the speed of signal transmission, while T varies inversely 
as the speed of transmission. Therefore, the frequency 
band which the receiving system must transmit freely 
varies directly with the sending speed. Thus, the 
transmitted band width at 150 words per minute 
would be five times as great as at 30 words per minute. 

If the receiving system acted as a pure resistance of 
magnitude, 2 R,, to all frequencies, then during the dot 
interval the r. m.s. current would be 


Ia= eee (16) 
Deny 2h 

and the average rate of useful power delivery would be 
E? R, E? 

Ean S SOT et 


During the space interval, the power delivery would 
be zero. Since we have taken the space interval equal 
to the dot interval, the average useful power delivery 
will be one-half of that given by (17) or 

E? 

16K; 


In the ideal receiving system, the mean square current 
in the frequencies which are freely transmitted is: 


i? i i 2 a 
Bee ho 


PAL EM ges 
The average useful power delivered by the generators 


P,= (18) 


p= 


$s 1,3) 0, a. 


Nr 
in the band of frequencies fo + oT is 


E? 1 2 1 
P=PR-7¢[ 4+ — | 2) 


6 s 


The ratio of the power actually utilized by the ideal 
receiver to the power available in the waves is, therefore: 


ea il 2 iN 
(ge * E a 7g = 7 

Calculations indicate that if n, = 3, the intervals 
and dots will be easily distinguishable. Under these 


conditions, the ratio of the power utilized in the ideal 
circuit to the power available becomes: 


P woe ih. 2 1 

— [a+ = (1+4) |-09 @ 
With the above value of n,, the ideal system would 
pass freely a band of frequencies lying between fy) — 30 


(21) 


j 
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cycles per second and f, + 30 cycles per second at 30 
words per minute. At 150 words per minute the band 
passed would be between f) — 150 cycles per second 
and fy) + 150 cycles per second. 

Let us now consider the simple receiving circuit shown 
in Fig. 8. This circuit consists of an elevated capacity 
network, A, a tuning inductance, L, and a detector 
which has a resistance R;. The capacitance of the net- 
work to ground is represented by C. In addition to the 
detector resistance the circuit has a wasteful resistance, 
R,,, and a radiation resistance, R,. The induced volt- 
age is represented by the group of generators, G. If 
this station is to receive I. C. W. signals, the character- 
istics of the generators have already been found. We 


wish to design the circuit so that it will approach as 


nearly as possible the ideal receiver described above. 


It is, of course, impossible to adjust this circuit so 
that it will act as a pure resistance to all of the genera- 


tors lying in the band n = 0 to n = +7” and to 
eliminate the currents due to all of the other generators. 
We will therefore tune it to the frequency fo. 


n 
( frequency fot =F be designated by EH, and let 


the r. m.s. value of the current due to this generator 


be I,. Since the circuit is tuned to the frequency fo 
we may write 
if 
BB Nae 52 iG. 


Let the frequency change from fy to fo + a. 
reactance then is: 


1 
2rfC(1+—-) 


Nee: 
a 

aay) 
fo 


xy =2arL(fo+a)— 


pe lace Sob 


=<) 


a seo: 
(1 -- peal =l1- aepneety Plosely to < 0.05 


Therefore ; 
g =2(27La) (23) 


Now the number of cycles by which the nth generator 
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Let the 
r.m.s. value of the voltage of the nth generator 


or 


is removed from fy), is. It can be shown that the 


oie 


net reactance of the circuit to the mth generator is: 


nN 
fa an lL T 
Let us now assume that, in order to have the circuit 
respond to as few frequencies as possible and still have 
the signals discernible, the reactance to the n, generator 
should be equal to 6 R;. From (23a) we arrive at 


(23a) 


Eig Tee eT aa a 
R; - 2 % 27 Ny ( ) 

Tis the time constant of the antenna circuit. 
= 6 hi; (25) 


nN, 


The average useful power delivered to the circuit by 
the nth generator then is: 
eee Ra 
| TTT eae TT (26) 
Re( ih soe me ) 


But 


2 


8 


forn = 0 


2 
= Dee for all other ns 


The total average power supplied to the detector then 
is: 


E? Rj 
P= Saelat = 


nm = 1, 3; 5; ete: 


From equation (27) it is seen that the best value of 
R, is one-half of R;. That is, 


R, should equal (Rk, + Rw) 


— =) ] @ 


2 + B 


(28) 


The net Now since R; = R, + Ra + Ry must satisfy equation 


(24) it may not always be possible to satisfy (28). We 
therefore write: 


Ra = p (fk, + Ru) (29) 
Also let 
R,+ ky 
= R, (30) 


In terms of these symbols the total power delivered to 
the sar becomes: 


ine Para QkR, +p)? Eta 


Dee 
mare a) 

(31) 

If this circuit is used with the same antenna as the ideal 


586 


circuit, the power available is again given by equation 
(18). The ratio of the power utilized to the power 
available for this circuit is then: 


P 8 1 2 1 
Oa AOS : ] 
a (1+ p)’L4 TT ae (4 4 n ) 

Nye 


RL 
nm = 19375, Crete: 

The summation term in (32) converges very rapidly 
because of the presence of n‘ in the denominator. 
Estimations based upon the shape of the antenna cur- 
rent wave and also upon the time constant of the circuit 
show that when n, = 3, 8 should equal about 2. 

If these values are assigned to m, and 6 equation 
(32) becomes: 


ve 8p 
Cs arr ? : RUE 
iy a Ry (0.25 + 0.14 + 0.0045 + 0.000 ] 
p 
al Sualty a Meee 33 
Bald + 1) ve 


If p is assigned the best value, namely unity, the 


ratio of the power utilized by the simple series receiver 
to the power available is: 


P. 0.8 
P., Fs k (34) 


When equation (24) is satisfied then the product 


ein is the figure of merit of the simple series 
receiving circuit when the circuit has the minimum 
allowable transmitted band width. It will be shown 
in the section on interference that this product is the 
figure of merit of the simple series receiving circuit when 
receiving I. C. W. signals through interference. 

4. Spark Telegraphy. The voltage induced in 
a receiving antenna by a _ spark transmitting 
station is assumed to have the form shown, sche- 


matically, in Fig. 9. The operating frequency is 
| @) 
fo= Sie In most spark systems the damping is such 


that the voltage dies very nearly to zero in the interval 
of time, T,(a 7 > 8). Under these conditions the 
voltage is represented as a function of time during the 
interval t = — T to t = 0 by the equation 


Cheah ee! sin (oud 2 7] (35) 
and in the interval t = 0tot = + T by 
e(t) = HF e-™ sin ot (36) 
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The voltage induced in the antenna is represented from 
t=— o tot = + o by: 


as mat 
e(t) =Aot+ . Ba cos | . Os, 
m=1 


In our scheme of replacing the induced voltage by 
alternators we find from equation (37) that the voltage 


(37) 


mm. 
of the alternator with a frequency of of 3 equal 
ton 3s 

It can be shown that B,, is stated very closely by the 
equation: 


2H st 
B, = A 2 (38) 
CR Sens Zn a ] 
Ww? TGatn a ade be 
ee 
n=0,+1,4+2. 
— fT 


In this equation the symbols have the following 
meaning: 
B,, is the voltage of the generator whose frequency 


nN 
differs from fo by T cycles per sec. 


fois the operating frequency of the spark-transmitting 
station. 

E and e@ are defined by equation (36). 

w= 27 fo 

T is the time duration in seconds of each spark. 
Let 


N= TT represent the number of sparks per second, 
a : : 

6 = i represent the logarithmic decrement. 
0 


In terms of these symbols (38) becomes 
3 2NE i 
«alter Aye 2uN , wWN? 7 
Wibaes | 
on fo fo’ 
The voltage of the generator whose frequency is the 


same as the operating frequency fy is: 


E NE 
CR es: Meee 


(39) 


es 
«fo 


In order to present at a glance the way in which the 
generator voltage varies with the frequency in the 
vicinity of the operating frequency, fo, and the effect 
of the logarithmic decrement, 6, the number of sparks 
per second, N and the operating frequency on this 
variation, the curves of Fig. 10 have been drawn. The 
abscissa for all curves are values of the difference be- 
tween the generator frequency and the operating 
frequency (= N). Generator frequencies are locat- 


By = (40) 
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ed only at integral values of n N divided by N. Thus 
at 1000 sparks per second, one generator has the fre- 
quency f) and the generators are located on a frequency 
scale every 1000 cycles per second above or below f). 
At 120 sparks per second generators are located on the 
frequency scale at f, and every 120 cycles per second 
above or below fy. For curve (1) fy = 10° cycles per 
second, .0 = O.0l, a = 6 fo = 104, N =1000. The 
ordinates for this curve are values of the ratio of the 
generator voltage to the undamped peak voltage, 4, 


induced in the antenna. ( Ordinates are values of 


B,, 
Tay iY The voltage assigned to the generators falls 
1 


off at a fairly fast rate as the operating frequency is 
departed from. The generator, having a frequency 
which differs by 16,000 cycles per second from the 
operating frequency, has a voltage 10 per cent as great 
as the voltage of the generator with a frequency equal to 
the operating frequency. Thatis, the energy associated 
with a frequency removed from the operating frequency 
by 16,000 cycles per second is one per cent as great as 
the energy associated with the operating frequency. 
This curve also holds good for the conditions fy = 10°, 
N = 1000, 6=0.1, a =6f,=10'. This fact has 
an important bearing on the factors which determine 
the frequency-energy distribution as will be shown a 
little later. 

For curve (2);f. = 10, N= 1000, 6 =0.1, a = 
6 fy) = 10°. In order to make this curve directly com- 
parable with curve (1), the ordinates have been taken 
as values of the generator voltage divided by the un- 
damped voltage peak induced in the antenna by case 
(1) when both sets of waves have the same energy per 
wave train or per spark. That is, the ordinates in this 
* 


B,, eo ; 
case are values of —— multiplied by / aes This 


BE, 


curve is much flatter than curve (1) and the generator 
with frequency removed from fy by 16,000 cycles per 
second, has a voltage 70 per cent as great as the voltage 
of the generator whose frequency is fo. This is a strik- 
ing contrast to curve (1) for which a = 10%. 

For curve (3), fo =10°~, Nz = 120, 6 = 0.01, 
a = 10. The ordinates for this curve are values of 


a1 


tT 
(B,,/Es) MV = . This factor is used in order to 


compare this case with case (1) when both waves have 
the same energy associated with them. The rate at 
which the generator voltage falls off in this case with 
the frequency is about the same as for case 1. = Chis 
curve is also valid for the conditions fy) = 10° ~, 
N = 120, 6 = 0.1, a = 104. 

These curves lead to the conclusion that the factor 


*See the discussion of energy relations which follows shortly. 
+See discussion of energy relations which follows shortly. 
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which determines the rate at which the generator 
voltages fall off with the frequency in the vicinity of fo, 
is a = Of. The other factors have but little influence 
upon the width of the band of frequencies over which 
most of the energy is spread. This is apparent upon 
examining equations (38) or (39). 

When 7 is small, the second term in the bracket under 
the radical is small compared to the first and may be 
dropped without serious error. We then have for 
small values of », 


EN 
~ Vat + 4m nN? 


This equation shows clearly the dependance of the band 
width upon a, because the larger the value of a the 
larger must be the n N product before B,, differs much 
from Bo. 

The ideal system for receiving spark signals has the 
same properties as the ideal system for receiving 
I. C. W. signals except that the transmitted band width 
will be different. In so far as obtaining a good tone in 
the receivers is concerned it would suffice to pass only 
the currents of three generators; however, this would 
result in the utilizing of only a small portion of the 
available energy. Let us therefore make the band 
wide enough to pass the currents of all generators 
with voltage equal to or greater than r decimal parts of 
the voltage of the generator the frequency of which is 
fy. From equations (40) and (41) we then have 


ee a 


B,, 


(41) 


Bo Joe + 4 1? 2 N? : ee) 
(a4 
nN =fe=geM - elt (43) 


Since n, must be an integer it is taken as the integer 
which comes the closest to satisfying (43). ,N = f. 
is then one-half of the transmitted band width. 

The mean square voltage induced in the receiving 
antenna by the impinging waves is from equation (36). 


ie 2 
a S[e“sin ot] dt 


E. = 


Sf 
aw? 
“Ah 

oO 
Since e-2” is vanishingly small when t=T we have: 


[ sin wt) (— 2asin wt— 2 cos wt) — 


E? a w? 
Be =r (carrcpaaty) are e 
If a? is small compared to w* this reduces to: 
Er? N E? 
mtb sere (45) 


If the receiving system acted as a pure resistance of 
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magnitude 2R, to all frequencies, the mean square 
eurrent would be: 

Oe N E? 

4R2  4R24a 

It can be shown that the power available in the damped 
waves is: 


I,? = 


N E? 
16 aR, 
P,, as given by (46) represents the power available in the 


waves. Since this power varies directly as EH’, directly 
as N and inversely as a, it is evident that the correction 


Peak, le = (46) 


jamal T 
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Curve 1. 

Operating frequency, fo = 19° ~ 

Sparks per second, Ni; = 1000 

Log. Dec., 6: = 0.01;a@1 = 61 fo = 104 

Initial undamped voltage peak A, induced in antenna, = E 

Also valid for fy = 10°, Ni = 1000, 62 =0.1,a =10'A = E 
Curve 2. 

fo =108~,N; = 1000, 52 =0.1, 


— 


a2 =105, As A) E =3.16E 
61 


Curve 3. 
fo =10°~, No = 120, 61 =0.1, 


pate 304A. -\/ 228 = 2.88 E 
Neo 


Also valid for 
fo = 195, No = 120, 52 =0.1, 
= 101, A = 2.88 E 


factors applied to the curves of Fig. 10 are the proper 
ones. 

If L,, represents the r. m. s. value of the voltage of the 
generator whose frequency differs from fo by n N cycles 
per second, then the useful power delivered by this 
generator to the ideal receiver is 0 for » greater than 
n, and equals: 


2 


iP = 
oo EAR 


The total useful power delivered to the ideal circuit 
by the impinging waves is: 
+2 
n=1 


a ae ee 


for n £ n, (47) 


E2 
4h, 


aR, OS 
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The factor 2 enters the summation of (48) because there 
are two generators having the voltage E,. One has a 
frequency of fy + nN; the other has a frequency of 
fo—nN. Since the maximum value of n is n, we may 
use equation (41) for finding the value of H,2. Since 
B, is the peak value of the generator voltage 
E,2 = 4+ B,? and (48) becomes: 


EN? 7 1 id 1 
ah 8 R, [ a as eee 


n=l1 
The ratio of the power utilized by the ideal receiver to 
the power available is: 


P 1 ~. 1 
o -2an| = +2 Sava | (50) 


n=1 
If the damping exponent, a, of the waves has a value 
of 10! and if r is taken to be 0.3, then the half band 
width as given by (43) is: 


ie 
f.=nN =>G—Vil1=1 =5000~ G1) 


If the number of sparks per second N is 1000, n, = 5 
and the ratio of the power utilized by the ideal receiver 
to the power available is 0.82. 


P, 


1 
= (2)10' are (1+1.44+0.775+0.44+ 0.274 +0.184) | 


= 0.82 (52) 


If the receiving system consists of a simple series 
circuit, the general discussion given under the I. C. W. 
case still applies. In the present case, the number of 
cycles by which any generator frequency differs from 
the resonant frequency of the system is n N and the 
net reactance to this frequency is from equation (23) 


Sy a LRA (53) 
If the reactance of the circuit to the frequency n, N 
is to equal 6 R; we have: 
L ihe B 


Ride peice aceite, 


Equation (54) is analogous to equation (24) of the 
I. C. W. case and fixes the freely transmitted band. 
The net reactance now becomes: 


(54) 


t = BR: (55) 


Ny 
The average useful power delivered to the circuit by 
the nth generator then is given by the relation: 


i COP 
Re @ + B ) 


n 


(56) 


n2 
2 
Te 


n 


alla Ne eae 
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And the average power supplied to the detector is: 
12 = 125 + 2 D yes 
eee Ne 


2R?2 
ih 
Le 
(57) 


ees ll 
meee se 4. a? 1? WN?) (2 + 6 = ) 

If the relations given by equations (29) and (30) are 

used here (57) becomes: 


ce Ei? N? p il 
aes | 


Nr? 


fee 


a 
+2 : 
» (2 +4 7? n? N*)(1 + p 


) ] 


n 


The ratio of the power utilized to the power available 
is then found from (46) and (58): 


2 8apN 1 


Pp. k(1+ p)? a 


1 
i. > (a? + 4 1? n? N?) (a + p =I oe 


ti 


If there are 1000 sparks per second and a = 10‘ and 
if n, = 5 and B = 2, then the ratio of the power utilized 
to the power available is: 

te (8) 10’ p 
kL py 


[10-* (1 4+ 1.24 + 0.47 + 0.18 


p 


= k +p? [2.42] 


+ 0.077 + 0.037 + 0.0195 + . .)] 


(60) 
The best value for pis unity. If p has this valuethen 


(60) becomes 


ae (61) 
Equations (50) and (59) show that for a given trans- 
mitted band width, the ratio of the power utilized to the 
power available becomes smaller as the damping 
exponent, a, is increased. This is because the greater 
the value of a the wider is the frequency band over 
which the energy is distributed. 
5. 'TELEPHONY 
The voltage of the generators which may be inserted 
in the receiving system to replace the voltage induced 
in the antenna by a radio telephone transmitter can 
not be written down in a general equation because it 
depends upon the character of the speech or music 
which is being sent out. The theory of modulation, 
however, shows that the voltage induced in the antenna 
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of the receiving system has a group of frequencies con- 
sisting of the carrier frequency, an upper side band, and 
a lower side band. The carrier frequency is the operat- 
ing frequency and determines the wave length of the 
transmitting station. The upper side band consists of 
a group of frequencies having values equal to the carrier 
frequency plus the frequencies of the voice or musical 
notes. The lower side band consists of a group of 
frequencies having values equal to the carrier frequency 
minus the frequencies of the voice or musical notes. 
If the highest musical note of importance is represented 
by f., then, in radio telephony, most of the energy is 
associated with a band of frequencies 2 f, cycles wide, 
centered on the carrier or operating frequency, fo. 
If only a small portion of the energy is associated with 
frequencies outside this band, then we may replace the 
voltage induced in the receiving system by a group of 
generators having frequencies ranging from fy — f. 
cycles per second to fy +f, cycles per second. The 
voltage assigned to a generator having a given fre- 
quency will depend upon the nature of the speech or the 
music which is being received. 


The ideal frequency selection system for receiving 
telephony will have the same properties as the ideal 
system described for the reception of I. C. W. signals 
with the exception that it must transmit freely the cur- 
rents due to all generators having frequencies in the 
band f) +f, cycles per second. This ideal system 
would utilize practically all of the available energy and 
would be distortionless. The highest violin note of 
much importance has a frequency of about 5000 cycles 
per second. Therefore, for broadcast reception, it 
suffices to take f, equal to 5000 cycles per second and the 
ideal receiver must transmit freely a band of frequencies 
10,000 cycles wide centered on the operating frequency 
fo. ) 

It is impossible to design the simple series receiving 
circuit so that it will have no distortion and maintain 
good selectivity against interference. In the amplifying 
systems and in the loud speakers used for broadcast 
reception there is a good deal of distortion and the 
simple series circuit need not be freer from distortion 
than the rest of the system. The general discussion 
of the simple series receiver given under the I. C. W. 
case and the spark case applies here. If the system is 
tuned to the carrier frequency, then, from equations 
(23) and (53), the reactance of the system to the fre- 
quency fy + = is given by the relation: 


| t, = 47,Lp (62) 
If the reactance of the system to the generator whose 
frequency is fy + f. is 6 R, then (62) may be written as: 
ae 

: 
If the r.m.s. value of the voltage of the generator 


whose frequency is fo + p is E’,, the power delivered to 
the detector by the telephonic waves is: 


590 


Hla 
pia P (64) 
Rs? G ciples aa 
The average power supplied to the detector is 
PrP ee oer. (65) 


In this equation, the summation is carried over all of 
the voice or music frequencies » which are present. 
If the relations given by equations (24) and (3) are used 
and if (64) is substituted in (65) we obtain for the 
average power supplied to the detector 


p EY 
P = | ae +2 >> C8) 
k Rep [2 ue | 
ee , it+e— 
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Fig. 11—TRANSMISSION CHARACTERISTICS 


The average power received from the generator with a 
frequency of fy + f. is: 


‘ dus? (1--F 8") 
For distortionless reception this power should be: 
Be RG 
lie DT pa (68) 


We may then take as a measure of the distortion the 
ratio of P, to P.,. This ratio is: 


1a 1 


RAT NS ESE AS 


If 6 is taken equal to 2, the highest important voice or 
musical note will have one-fifth the energy it should 
have for distortionless reception. With the distortion 
as great as it is in the rest of the receiving equipment, 
this amount will probably not be excessive. 

Since the ideal receiving system and the simple 
series receiving system are the same with the exception 
of the width of the transmitted band for all the three 


(69) 
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types of signals considered, it is possible to plot a single 
transmission characteristic for each one, to hold for all 
three types of signals. Such curves are plotted in Fig. 
11. The abscissa scale is the ratio of the difference in 
generator frequency and the operating frequency to 
the cut off frequency f.. The ordinate scale is the ratio 
of Zto R,. Z is the ratio of the generator voltage to 
the detector current which has the same frequency as 
the generator voltage under consideration. The trans- 
mission characteristic of the simple series circuit is 
plotted for a value of 6 equal to 2 and for the best 
possible values of k and p. These curves show at a 
glance, the degree to which the simple series receiver 
falls short of the ideal receiver.’ These curves will be 
discussed more fully in the sections dealing with the 
reception through interference. 


Part I1.—Reception Through 
Interference 


6. VOLTAGE INDUCED IN RECEIVING ANTENNA BY 
STATIC 


The voltage induced in a receiving station by an 
I. C. W., a spark, or a telephone transmitter may bea 
source of interference as well as of signals. The fre- 
quency and voltage of the generator which may be used 
to replace these voltages in the receiving system have 
already been worked out. This section will be devoted 
to a discussion of the generators which represent the 
voltage induced in the receiving system by atmospheric 
strays or static. There is not very much information 
available on the wave form of the voltages induced in 
antennas by static. Watt and Appleton have published 
some observed static wave forms in the Proceedings of 
the Royal Society, 1923. These wave forms were 
sketched from visual observations made with a Braun 
tube oscillograph. The majority of the impulses were 
unidirectional in character and the time of rise and fall 
was about thesame. The time duration of the majority 
of the impulses was of the order of one thousandth of 
a second. It is reasonable to expect then that some 
indication of the voltage and the frequency of the 
generators which replace the static voltage in the receiv- 
ing antenna will be obtained if the wave form of the 
voltage induced by static is assumed as shown by Fig. 
12. It is shown in the Appendix, Part III, that this 
voltage can be represented from t = — ~ tot = + 
by the series: 


e (ft) =a + SS Qn cos ET (70) 
where re 
ee 1 | 
w =eT| > -et5r] (71) 
2p 
Om = “pogo [cosm a —cosm a p]m ~ 0 (72) 


Equation (70) shows that the generators which replace 


Ts! 
ee 
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the voltage of Fig. 12 have the frequency = and volt- 
ages given by (71) and (72). Now the time dura- 
tion of the impulses was around 10-* seconds in the 
observations mentioned above. If the interval be- 
tween impulses is assumed to be nine times as long we 
have the relations: 
2Gel Me 102 pel = 9S 10 
T(2q +20) =2T = 107 
Pre P5 X10 seconds 

The frequency spacing of the generators then is 


ois 100 cycles. Equation (72) shows that the 


generators which have the high voltages have fre- 
quencies lying in the region from 100 to 1000 cycles 
per second. That is, the high-voltage generators have 
frequencies far lower than the operating frequencies of 
any radio system. Since m enters the denominator of 
the expression for the generator voltages, and since the 
m for a generator with frequency at 2 f is twice as great 
as for a generator with frequency of f, it is evident that, 
neglecting the periodic variation caused by the term 
in the brackets of (72), the voltage assigned to a genera- 
tor is inversely proportional to the frequency assigned 


to it. If we neglect the term in brackets, then, the 
voltage of all of the generators which have frequencies 
lying in a narrow band in the radio range is the same 
because the m for the generator at one end of the band 
differs only by a small percentage from the m for the 
generator at the other end of the band. 

It is not safe to follow too closely the generator fre- 
quencies and voltages given by the wave form of Fig. 
12 because of the meager information upon which it is 
based. The consideration of this wave form, however, 
enables us to draw certain general conclusions as to the 
frequency and voltage of the generators which replace 
static in the receiving antenna. These inferences 
are: 

1. The voltage assigned to a generator having a 
high frequency is less than the voltage assigned to a 
generator having a lower frequency. 

2. The voltage assigned to all of the generators 
having frequencies which lie in a narrow band in the 
radio range of frequencies will be about the same. 

In regard to assumption No. 1, it may be stated that 
the wave form assumed indicated that the voltage 
assigned to a generator was inversely proportional to 
the square of the frequency assigned to it. 


If a voltage wave form having an abrupt rise, a flat 
top and an abrupt fall had been assumed, then the 
voltage assigned to a generator would be inversely 
proportional to the first power of the assigned frequency. 
Therefore, if the indications of the Watt and Appleton 
observations on the time duration of the impulses are 
anywhere near correct the voltage assigned to a genera- 
tor will vary inversely as a power of the frequency 
which lies between 1 and 2. 

For the wave form assumed, assumption No. 2 holds 
good, provided the periodic variation caused by the 
bracketed term of equation (72) is neglected. The jus- 
tification for neglecting this term in drawing general con- 
clusions arises from the fact thatin the actual wave form 
of static the time duration of the impulses and the time 
interval between them vary at random. This random 
variation would smooth out the periodic variation 
indicated by the bracketed term of equation (72). 


7. THE RECEPTION OF I. C. W. SIGNALS THROUGH 
STATIC INTERFERENCE 


The receiving system is represented schematically — 
as shown in Fig. 5, and we now have to consider the 
power received from two groups of alternators. One 
group of alternators replaces the voltage induced in the 
antenna by the I. C. W. transmitting station. The 
other group replaces the voltage induced in the receiving 
antenna by static. Since the voltage assigned to all 
the static generators whose frequencies lie in a narrow 
band is the same we will let E, be the peak value of the 
voltage of each static generator. The power delivered 
to the ideal receiving system by each generator whose 
frequency lies within the transmitted band is: 


Be 
8 Rf, 


Laas =F (73) 
All other static generators deliver no power to the 
detector. If the transmitted band of frequencies 
extends from fy, — f, to fo + f, and if the static genera- 
tors are spaced p cycles apart on a frequency scale, and 
if fy is taken as the location of one of the generators, then 
the number of generators in the freely transmitted band 


Cc 


is +1. The power delivered by static to the 


ideal receiving system is: | 
le E Nn, lore \ 
P, = ( p +i)en-(orten. G4) 


The power received from the I. C. W. transmitting 
station is given by equation (20). The ratio of signal 
power to static power is: 


P E? [i 2 if 
sa ee eee > ; ] ~ 
Pr Be (= +1) 4 1 : 8 i 
: one 
8 leek AS et OL tie 


Now, because of the random nature of static, one fre- 
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quency is as likely to be the location of a generator as 
any other; that is, p will be small compared to 


Nr 


i 
power to static power as given by (75) will be a maxi- 
mum when the smallest possible value is assigned to ”,. 
In the ideal system, n, was taken just large enough to 
permit the distinguishing of the signals. Therefore, 
the ideal system already described is the best possible 
frequency selecting system for receiving I. C. W. signals 
through static interference. Since p is assumed small 


Under these conditions, the ratio of signal 


Nr 


compared to—,,, the 1 may be dropped in (74) and 


n 


(75) compared to nT and (75) may be written as: 


E? p 1 2 1 
Hk ef [z+ av he 
Ny 


9 


In equation (76), characterizes the static energy 


p 
level associated with frequencies in the vicinity of the 
operating frequency fy of the I. C. W. station. This 
term varies from time to time and decreases as fo 


: 1 te 1 : . 
increases. E? vk + are > =a | characterizes 


the I. C. W. signal energy level and its distribution 
over frequencies in the vicinity of fo. The bracketed 
term is the same for all I. C. W. stations but EH is 
dependent upon the transmitting station and the 
transmission efficiency. 7 characterizes the speed of 
signaling, its value decreasing directly with an increase 
in signaling speed. Thus the high signaling speeds 
are more subject to static interference than the low 
ones. 7, alone characterizes the receiving system. 
For the ideal receiver 7, has been assigned the minimum 
value which will permit the distinguishing of the 
signals. Thus the ideal receiver reduces the static 
interference to the lowest possible value that can be 
obtained with a frequency selecting system. 

If the speed of transmission is 80 words per minute 
and if n, = 3 we have: 


ote 
P, 


At 150 words per minute, the ratio will be one-fifth 
as large as at 30 words per minute. 

The mathematical formulation of the interference in 
actual receiving systems is left for a future paper, but 
it can be pointed out that, for the simple series receiver, 


(77) 
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the best signal-power, static-power ratio is obtained 
when f, is assigned as small a value and @ as large a 
value as possible and yet have the signals distinguish- 
able. This follows because decreasing 6 or increasing 
f. permits the generators removed from f, to furnish 
more power to the circuit. But as shown by the curve 
of Fig. 7, the voltage of the signal generators falls off 
rapidly as their frequency departs from the operating 
frequency whereas it has been shown that the voltage 
of the static generators remains about the same at all 
of the frequencies. Therefore, increasing f, or decreas- 
ing 8, that is decreasing the time constant of the circuit, 
increases the static power faster than the interferent 
power. From this it is apparent that the simple 
series receiver described is the best possible one for 
receiving through static. 


8. Tue RECEPTION OF RADIO TELEPHONE SIGNALS 
THROUGH STATIC INTERFERENCE 


In the section on telephone reception it was shown 
that for distortionless reception the ideal receiving 
system must pass a band of frequencies running from 
fo—f. eyeles per second to fo + f. eycles per second 
where f, was about 5000 cyeles. Under these conditions 
the static power picked up by the system is given by 
equation (74). Since the ideal system picks up energy 
only from generators which have frequencies lying 
iw the band which must be transmitted, it is evident 
that the ideal system as described is the best possible 
frequency-selection system for receiving telephone 
messages through static interference. Since f. for tele- 
phony is 5000 + 30 = 167 times as large as for I.C. W. 
reception at 30 words per minute, it is evident that 167 
times as much static energy must be picked up in a 
telephone receiver as in an I. C. W. receiver. 

The extent to which static interference can be reduced 
by the simple series circuit depends upon the allowable 
distortion of speech or music. In plotting the trans- 
mission characteristic of the simple series circuit given 
by Fig. 11, it was assumed that the energy in the 5000- 
cycle voice or musical note could be reduced to one-fifth 
of the value which it should have for distortionless 
reception. (6 = 2,f, = 5000 ~) 


9. Tue I. C. W. TRANSMITTER AND THE SPARK 
TRANSMITTER AS SOURCES OF INTERFERENCE 


It has been shown that the voltage induced in a 
receiving antenna by an I. C. W. transmitter could be 
replaced by a group of generators having the correct 
frequencies and correct voltages. Any I. C. W. trans- 
mitting station has generators with frequencies located 
in all frequency bands. It has also been shown that all 
receiving systems must transmit a band of frequencies 
centered upon the operating frequency of the station 
whose signals it is desired to receive. The receiving 
system must necessarily therefore pick up energy from 
all I. C. W. stations which induce a voltage in the receiv- 
ing antenna. . With a given receiving system the energy 
picked up from an interferent I. C. W. station depends 
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upon the difference between the operating frequency of 
the interferent station and the operating frequency of 
the correspondent station and the manner in which the 
voltage assigned to any generator which replaces the 
interferent voltage in the receiving antenna vary with 
the frequency assigned to it. The curve of Fig. 7 gives 
a graphical picture of the dependance of the voltage 
assigned to any generator upon the frequency assigned 
to the generator. From equation (22) we draw the 
conclusion that 90 per cent of the energy available in the 
waves is associated with a band of frequencies 


7h. cycles wide and centered on the operating fre- 


o 
quency. At 30 words per minute, ire has a value of 


about 60 cycles, and at 150 words per minute = 
has a value of about 300 cycles. We thus come to the 
conclusions that the energy associated with the waves 
of an I. C. W. transmitter is confined to a narrow band 
of frequencies and the width of this band varies directly 
with the signal speed. The above statement holds true 
if the I.C.W. transmitter has no harmonics. If 
harmonics are present in the waves sent out by the trans- 
mitter, the voltages assigned to generators having 
frequencies in the vicinity of the harmonic will vary as 
shown by Fig. 7 for the fundamental frequency and 
any receiving station having a transmitted band in the 
vicinity of one of the harmonics will pick up an appreci- 
able amount of power from the transmitter. 

The spark transmitter causes much more interference 
than the I. C. W. transmitter. This fact is brought 
out in a striking manner if the curves of Fig. 10 are 
compared with those of Fig. 7. The voltage assigned 
to a generator falls off slowly as the frequency departs 
from the operating frequency. From an examination 
of the curves of Fig. 10 and from the discussion of 
section (4) it is evident that the interference caused by a 
spark station is dependent upon the logarithmic decre- 
ment times the frequency rather than upon the logarith- 
mic decrement. If a = 6f, = 104, then equations 
(51) and (52) show that 82 per cent of the energy in the 
waves is associated with a band of frequencies 10,000 
cycles wide, centered on the operating frequency fo. 
If w = 6 fy = 10°, then 82 per cent of the energy is 
associated with a band of frequencies approximately 
100,000 cycles wide, centered on the operating frequency. 
This is in striking contrast to the I. C. W. case where 
most of the energy is associated with a band of fre- 
quencies 60 to 300 cycles wide. From the above dis- 
cussion it is evident that a station operating at a fre- 
quency of 10° cycles per second, and having a logarith- 
mic decrement of 0.01, has its energy spread over the 
same band width as a station operating at 10° cycles per 
second and having a logarithmic decrement equal to 0.1. 
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10. GENERAL CONCLUSIONS 


With regard to the extent to which interference 
can be mitigated by frequency selecting systems 
all sources of interference to radio reception and all 
sources of signals have a definite frequency spectra and 
for convenience we can replace the voltages induced in 
an antenna by a group of generators having the correct 
voltages and frequencies. In order to receive signals 
the receiving system must pass freely the currents due 
to all generators having frequencies in a given band. 
This band is centered on the operating frequency of the 
station from which it is desired to receive signals. The 
width of the band is determined by the class of signals 
which it is desired to receive. If the interferent volt- 
ages have generators with frequencies in this trans- 
mitted band, the frequency selection system cannot 
eliminate the currents due to these generators. Since 
theideal receiver asspecified in this paper utilizes the max- 
imum possible power from generators lying within the 
band of frequencies which must be passed and utilizes no 
power from generators which have frequencies outside 
this band, it is evident that the interference obtained 
in the ideal receiver is the minimum which can be 
obtained with frequency selecting systems. From 
this it is evident that the minimum interference which 
is obtainable depends upon the ratio of the voltage of 
the signal generators to the voltage of the interferent 
generators which lie in the transmitted band and upon 
the width of the band of frequencies which it is necessary 
to transmit. The width of the band of frequencies 
which must be transmitted depends upon the class of 
signals which are to be received. Thus while the 
necessary transmitted band width for I. C. W. tele- 
graphy at 30 words per minute is only 60 cycles, at 150 
words per minute it is 300 cycles. The necessary 
transmitted band width for telephony is about 10,000 
cycles and the necessary transmitted band width for 
spark telegraphy varies from 10,000 cycles to 100,000 
cycles depending upon the product of the logarithmic 
decrement times the operating frequency. 

The ideal receiving system thus furnishes a criterion 
by which we can judge the merits of any actual 
frequency selection system for receiving through 
interference. The writer hopes in a future paper to 
show how near actual receiving systems of various types 
approximate the ideal receiver. 


Appendix 
Part I 


(A) VOLTAGE AND FREQUENCY OF THE GENERATORS 
REPLACING VOLTAGE INDUCED IN A RECEIVING 
ANTENNA BY AN INTERRUPTED CONTINUOUS 
WAVE TRANSMITTER 


The schematic diagram of the voltage assumed in 
this case is given by Fig. 6. The voltage is taken as a 
series of dots and spaces. The time duration of each 
space is represented by 2 p T and of each dot by 2q T. 
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In order to simplify the calculations the wave is taken 
as symmetrical with the origin and the time intervals 
p T and qT are assumed to be exactly divisible by the 
period of the operating frequency. Under these 
conditions the voltage induced in the antenna is 
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is zero and we therefore arrive at: 
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Both sine terms vanish in the last equation because of 
the conditions on p, g, and T. We therefore have: 


dor = bq 


T 


(8) 


(B) THE APPROXIMATION IN DERIVING EQUATION (11) 
FROM EQUATION (9) 
The approximation involved in this step entered 


n ; 
because 1 + ———~ was taken equal to unity. Ata 
Af gud 


transmitting speed of 830 words per minute T = 0.05 
seconds. If fy) = 10° cycles per second the value of the 
term dropped is equal to (n) 5 X 10-*. That is, the 
term for which n = 2000 is in error by only one per cent; 
all terms for which 7 is less are in error by less than one 
per cent. If fo = 20,000, (wavelength 15,000 meters) 
the value of the term dropped is 2.5” x 10-4 and n 
may have a value of 40 before the error reaches one 
per cent; at 150 words per minute the value of n 
for which the error becomes one per cent is one-fifth 
of those given above, namely 400 at a frequency of one 
million cycles per second and 8 at a frequency of twenty 
thousand cycles per second. 


Part II 


(C) VOLTAGE AND FREQUENCY OF THE GENERATORS 
REPLACING THE VOLTAGE INDUCED IN A RECEIVING 
ANTENNA BY A SPARK STATION 

For the purposes of this paper the voltage induced in 
a receiving antenna is taken to have the wave form 
shown schematically by Fig. 9. The voltage is assumed 


to have a peak value equal to FE, a frequency fy = oe , 
T 
and a logarithmic decrement equal to oe . The decre- 
0 


ment is large enough so that the voltage due to one 
spark falls substantially to zero before the next spark 
takes place. Under these conditions the voltage 
can be represented as a function of time from t = — 
tot = + o~ by 
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The expansion is used in the above form to facilitate 
the evaluation of the integral (10). As we have taken 
the wave form 
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In the first integral put r = \ + T and in the second 
putr = A. (13) then becomes 
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Since e-@7is nearly zero, when r = T, (15), vanishesat the 
upper limit and we have: 
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In any spark transmitter Sais very small compared 


w* 
to the other terms under the radical and may therefore 
be dropped without appreciable error. The value 
of m which gives the operating frequency ism = 2f)T 
if fp T is an integer. Take f, J as an integer and since 
m must be a positive even integer take 


m=2fT+2n 


n = 0, +1, + 2ete. (28) 


From (27) and (28) we find that the generator whose 
frequency differs from the operating frequency by 


= cycles per second has a voltage given by: 
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10 + Az. If A is small compared to 2 the A in the 
first term may be dropped. If A is of the same order 
of magnitude as 2 or greater, the whole first term may 
be dropped. Therefore in all cases B, is given very 
closely by: . 


2E a pe 
w T 4 a 
a? 


B, = (30) 


2 2 


2n n 
Ar fer 


Part III 


(D) VOLTAGE AND FREQUENCY OF THE GENERATORS 
REPLACING THE VOLTAGE INDUCED IN A RECEIVING 
ANTENNA BY STATIC 


For the purposes of this paper, the wave form of the 
voltage induced in a receiving station by static is as- 
sumed to be as given by Fig. 12. The time duration 
of the impulse is 2 q 7 seconds and the time between 
impulses is 2 p T seconds. 

The voltage as a function of time in the interval 
t= — Ttot = + T is then given by 
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Since the voltage wave is symmetrical with respect to 
the voltage axis, it may be represented from t = — © 
tot = + o by the cosine series: 
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the point of view which has been developed in Professor Peters’ 
paper, it may be helpful to review the sequence in which the 
knowledge of the properties of circuits has developed. Practis- 
ing engineers were first confronted with direct-current problems, 
and quickly obtained a very good understanding of the properties 
of complex networks or combinations of circuits, provided the 
problems related only to the steady flow of continuous currents 
in the networks. 

Somewhat later came the realization of the possibilities of 
alternating current in the distribution of power. Engineers 
then became concerned with the performance of circuits when 
carrying alternating current. That situation was cleared by 
the adoption (largely through the writings of Steinmetz) of the 
method of the complex algebra for the calculation of the proper- 
ties of alternating-current circuits. 

In recent years, with the development of radio telegraphy 
and telephony, and with the development of extensive high- 
voltage transmission systems, engineers have become concerned, 
not so much with the performance of networks when carrying 
alternating currents in an undisturbed manner, but with the 
performance of these networks when they are subject to switch- 
ing operations or when they are subject to disturbing electro- 
motive forces,—the static impulses and so on. 

Mr. Peters has developed and illustrated the application of the 
point of view that when we want to determine the effect of a 
transient disturbing electromotive force upon a receiving net- 
work, we may do this by replacing the transient electromotive 
force with the electromotive forces of suitably selected alternators 
which are conceived to remain in the circuit from the beginning 
of time to the end of time, and by caleulating then the power 
delivery of these alternators to the receiving apparatus. The 
problem in the calculation of transient currents is thus reduced 
to the problem of calculating the steady-state values of alter- 
nating currents,—a calculation which is widely understood. 
It seems to me that the spread of this point of view will do for 
transient-current calculations what the spread of the method 
and notation of complex algebra did for the calculation of the 
steady-state values of alternating currents. 
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Can the University Aid Industry? 


BY BENJAMIN F. BAILEY: 


Fellow, A. I. E. E. 


A: first the author was inclined to reverse the title 
and make it read “Can Industry Aid the Uni- 
versity?”’ There is no doubt in his mind that 
the engineering professor should have active and 
continuous contacts with industry. It is generally 
agreed that it is impossible for a school to teach 
engineering applications in detail. The field is alto- 
gether too broad and the variety of positions which 
students fill after graduation is so great that any 
attempt to fit a man to fill a particular position upon 
graduation must result in failure. The university 
can and should attempt to give a thorough foundation 
in the fundamentals underlying engineering and if this 
is well done it will require easily all the available time. 
From this it might seem that if a teacher is well 
grounded in the fundamentals, he has all the necessary 
qualifications. To keep the interest of the student, 
however, and prepare him for his life work, the applica- 
tion of these principles to specific problems must be 
continually emphasized. If a teacher lacks definite 
personal knowledge of at least one field of engineering 
practise, he is seriously handicapped in his attempts to 
show how the fundamentals of physics, mathematics 
and economics may be applied to engineering practise. 
Moreover, the interest and ambition of the student is 
more easily aroused if he feels that his instructor has 
personal knowledge of the things about which he is 
talking. If the proper attitude on the part of the stu- 
dent is secured, the other problems of engineering educa- 
tion will largely take care of themselves. 

Another reason for encouraging the teacher to make 
practical use of his knowledge and experience is that 
he may increase his income. Everyone knows that the 
salaries paid university professors are, in many cases, 
low as compared with the incomes that the same men 
could earn inindustry. Underpresent circumstances in 
the colleges if the best teachers are to be secured and 
held there must be some way for them to earn some- 
thing outside of their university salaries. Those who 
have been responsible for the conduct of departments of 
instruction have many times had the experience of 
losing their best men when they were offered twice as 
much salary by industry. 

The author believes that there is a growing spirit of co- 
operation between industry and the universities. 
This is due to a number of causes. Doubtless the work 
of college professors during the war had a great deal to 
dowithit. There are numerous instances of supposedly 
impractical professors who turned out to have the 
finest kind of executive ability and who were able to 
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apply their theoretical knowledge to practical affairs 
upon short notice. 

The decrease in the relative number of consulting 
engineers may have helped to foster this cooperation. 
The fact that the customer can obtain excellent engi- 
neering advice free from most of the large electrical 
companies has tended to deter men from becoming 
consulting engineers. Many problems, however, come 
up which cannot well be handled by reference to some 
manufacturer and if consulting engineers are not 
available, the work is likely to be turned over toa 
teacher of engineering. 

Relatively, at least, the importance of the individual 
inventor seems to have decreased. It is coming to be 
more and more apparent that many problems are of the 
type best handled by scientists rather than by inventors 
and again the work is likely to be turned over to a 
teacher of engineering. 

A third reason is the notable work accomplished by 
the research laboratories established by many of the 
larger electrical companies. The pronounced commer- 
cial success of many of the devices developed in such 
laboratories has shown the value of scientific services to 
the smaller manufacturers. 

Whatever may be the cause, it seems to be a fact that 
so much work of a scientific nature is brought to the 
universities that it may not be long before the handling 
of this work will constitute a real problem. 

For a great many years past, the Engineering De- 
partment of the University of Michigan, under the 
leadership of Dean Cooley, has encouraged the faculty 
to make contacts with industry. The question as to 
how far this sort of work should be encouraged was once 
raised and the regents of the university passed resolu- 
tions intended to clarify the situation. These were to 
the effect that the faculty of the Department of Engi- 
neering was encouraged to accept work of the proper 
character to as great an extent as possible without 
interfering with their regular work of instruction. 
They were given permission to use their offices and the 
laboratory facilities of the university for the carrying on 
of such work. It was clearly indicated that the work 
undertaken must be of more than routine character and 
that the amount and type of such work must meet with 
the approval of the Dean of the Department. 

The work offered to the university usually falls in 
one of three classes. 

a. Routine tests of materials and apparatus 

b. Engineering advice 

ec. Research problems 

A. Work of the first class has been discouraged, al- 
though not entirely prohibited. It frequently happens 
that a manufacturer wishes a particular test made and 
no other agency is prepared to do the work as quickly 
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or as economically as the university. Not infrequently 
the university is asked to undertake work of this char- 
acter because an absolutely impartial test is desired. 
With these facts in view, it does not always seem wise 
to refuse work of this character. When it is possible, 
however, it is turned over to the younger men to whom 
the experience is probably of some value. 

B. The type of work called engineering advice requires 
a distinctly higher grade of ability. A number of 
professors have performed notable services in connection 
with appraisals of railroads, telephone companies and 
power plants, by acting as expert witnesses in patent 
suits, by advising with municipalities regarding im- 
portant bridges, roads and other public works, and by 
acting as consulting engineers to various manufacturing 
plants, as weil as in numerous other ways. Many of 
these contacts have resulted in men being enticed away 
from the university by the offer of large salaries. In 
some cases these men have been lost permanently to the 


teaching profession; in other cases “leave of absence” ~ 


for one or two years has been granted and the man has 
willingly returned to resume his university duties. 

C. A considerable amount of research work has been 
carried out also; sometimes this is done for pay at the 
request of some manufacturer, but more often is under- 
taken merely on account of real interest in the work or 
with the hope that a good piece of work will result in 
promotion. Naturally most of us tend to concentrate 
on work which is paid for in cash as well as reputation, 
rather than on that which is paid for in reputation only. 
Nevertheless, some notable work has been done and if 
time were available, it would be interesting to list some 
of the papers published, dealing with research work 
accomplished at the University of Michigan. 

Interest in research, particularly in applied research, 
has been stimulated by the establishment of the 
Department of Engineering Research in 1920. Some 
three or four years prior to this time, a group of engi- 
neering alumni proposed that the university establish 
such a department, and this was brought to a head 
a little later by a request from the Michigan Manu- 
facturers Association. The manufacturers felt very 
strongly that such a department would be of distinct 
assistance to the industries of Michigan and other 
states, and that, in turn, industry might help the uni- 
versity. These concerns pointed to the large sums of 
money spent in agricultural research and, while ad- 
mitting that every penny of this was well spent, insisted 
that money might be spent to equally good advantage 
to aid industry. The department has had a steady 
growth and the amount of work done has increased, 
until this year it is expected that approximately 
$100,000 will be paid into this department by industry 
for services rendered. . 

In establishing this department, a large number of 
perplexing problems had to.be met. One of the first 
referred to the fees which should be charged for work 
done. It was universally agreed that the manufacturers 
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requesting services should pay for them. The person 
doing the work receives a compensation approximately 
equal to that which he would receive for the same work 
done for the university. In addition an overhead charge 
of from 20 to 50 per cent is made to cover, at least partially, 
the use of laboratories and equipment and the cost 
of shop service, electricity, gas, air or other sources of 
energy. 

The question of the character of work to be under- 
taken also demanded serious consideration. The 
policy of the department is to discourage routine 
tests as much as possible. If requests for such work 
come in, the inquirer is advised of the existence of com- 
mercial laboratories. capable of doing the work re- 
quested. If it appears, however, that, for some reason 
or other, the work cannot be so satisfactorily accom- 
plished elsewhere, the Department occasionally accepts 
such work. The percentage of tests in which no critical 
judgment is required, however, is very small. 

On the other hand, the department fosters work of a 
research character and work in which judgment and 
engineering experience is definitely required. 

The question of patents has proved to be perhaps the 
most perplexing of all the problems confronting the 
department, and the policy to be adopted has not yet 
been entirely settled. One proposal made was that if, 
in the course of a research, patentable inventions were 
made, the patent 0. patents were to be taken out at the 
expense of the university and thrown open to the use of 
the public without charge. To most of the members of 
the department, this did not appear to bea wise policy. 
It seemed that the manufacturer who supplied the 
funds for the investigation and the man who made the 
invention both deserved some reward. Since it fur- 
nished the facilities, the university was also entitled to 
consideration. Moreover, if a patent were thrown 
open to anyone, it is quite likely that no one would use 
it. The reason, as most engineers know, is that when 
an invention has been made, the trouble has just 
started. Almost invariably it is necessary to invest a 
large sum of money in developing the invention, putting 
it in form for economical manufacture and educating 
the public to use the new product. Since proportions 
and designs cannot be protected by patents (to say 
nothing of the desire aroused by advertising to possess 
the new article) a manufacturer might expend large 
sums in developing an invention and then be at the 
mercy of anyone who wished to steal the results of his 
efforts. Under such conditions a meritorious invention 
might never be put to practical use. 

It was considered inadv:sable also to allow patents 
taken out in the course of an investigation to be 
assigned exclusively to the manufacturer financing the 
work. An invention made in the course of research 
would be in the nature of a byproduct and, in general, 
would not be expected when the work was started. It 
was thought that if some invention of great value should 


sometime appear, the university might be severely 
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criticized for allowing it to fall into the hands of a single 
individual or corporation. 

The plan tentatively adopted provides that patents 
may be taken out by the inventor with the consent of 
the Board of Regents and at the expense of the person 
financing the investigation. All inventions are to be 
assigned to the university with the understanding that 
the manufacturer involved will have first consideration 
in the case of the sale of the patent or the granting of 
licenses under it. It is also understood that in case an 
invention proves valuable, the inventor may expect to 
profit to some extent. A number of patents have been 
applied for but in no case has the point been reached 
where this problem has had to be frankly faced. Under 
the present scheme the manufacturer is obliged to pay 
the expenses of taking out the patent and has no definite 
assurance as to what interest he will have under it. 
Neither has the inventor any assurance as to what 
returns he may expect. 

The actual work of investigation under the De- 
partment of Engineering Research is carried out very 
largely by the teaching staff of the Engineering De- 
partment. There are, however, a few men who devote 
their entire time to this work. These men hold similar 
rank to men of the same attainments in the engineering 
college. The titles used are investigator, associate 
investigator, assistant investigator, research assistant, 
and assistant. 

One of the first questions of policy to be settled when 
the Department was organized was whether or not a 
manufacturer might obtain data for his exclusive 
benefit. It was definitely determined from the first 
that the results of all investigations were to be made 
availableultimately, but publication is necessarily de- 
ferred for some time. Within the past year, the depart- 
ment has begun the publication of a bulletin in which the 
results of investigations are available to anyone 
interested. 

The department is now undertaking the direction of a 
Meter Testing Laboratory in the Department of 
Electrical Engineering. This is somewhat of an exten- 
sion of the original scope of the work of the department 


‘since the work of checking meters and instruments can 


hardly be considered as research. This laboratory was 
established at the request of the Detroit Edison Com- 
pany and the Consumers Power Company as a con- 
venience to the public utilities of the state. It was 
thought that the actual administration could most 
readily be carried out through the Department of 
Engineering Research. When this laboratory is in 
operation, the Public Utility Companies will be able to 
obtain prompt tests upon the accuracy of voltmeters, 
ammeters, wattmeters, current and potential trans- 
formers, and rotating standard watthour meters. 

It is believed that the future work of the Department 
of Engineering Research will lie largely in cooperative 
research. In Michigan, therearea number of industries 
each carried on by a large number of manufacturers. 
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Familiar examples are the furniture industry, the beet- 
sugar industry, the automobile industry, the paper 
industry and many others. Insome of these, very little 
is done in the way of research, and it would seem that 
the manufacturers could well afford to cooperate to the 
extent of financing extensive research work. Some 
progress has been made in this direction, but naturally 
it will require time to interest enough manufacturers 
in each line to make the scheme a success. 

The department also plans, as far as its finances will 
permit, to carry out researches in both pure and applied 
science upon its own initiative. A number of problems 
immediately suggest themselves which might well be 
the basis of extensive work and which promise ample 
returns for the money invested. In the case of some of 
these problems no one manufacturer is sufficiently 
interested to finance the work with the understanding 
that all results will be public property. Before very 
much can be done along these lines the department 
will have to secure more adequate financial support. 
At present, the state of Michigan spends, yearly, about 
$250,000 upon agricultural research. Every penny of 
this is undoubtedly justified. The value of the agri- 
cultural products in the state of Michigan is approxi- 
mately $600,000,000 per year, but the value of the 
manufactured products is $3,500,000,000, or nearly six 
times as much. If engineering research received finan- 
cial support on the same basis as agricultural research 
may, it be seen that there would be approximately 
$1,500,000 available per year. It is to be hoped that 
in the near future this work will come somewhere 
near to securing the support it deserves. 

Some mention of several notable investigations already 
undertaken by the department may be of interest. 

Natural Lighting. Work has been going on for about 
two years upon the subject of daylighting. Apparently 
very little had previously been done along this line and 
the importance of the work is obvious. 

Natural Ventilation. A similar investigation was 
carried on to determine the extent to which ventilation 
occurs naturally in factory buildings. This is 
another subject upon which little or no data were 
available. 

Bearing and Gear Noises. Some very interesting 
work has been done upon the sources of noises in 
machinery and the methods of measuring noises. A 
very ingenious device has been developed by which 
quantitative readings of noise may be made and some 
advance has been made in locating the source of noises 
in roller bearings and gears. 

Single-Phase Motors. Work has been carried on for 
about three years upon the subject of single-phase 
motors, and considerable progress has been made in 
developing a new type of single-phase motor. 

Cutting of Metals. A fundamental research is in 
progress upon the art of cutting metals with particular 
reference to milling cutters. A method has been 
developed for determining accurately the forces in- 
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volved in action of a single tooth of such a cutter. 
Industrial Waste Disposal. This work was under- 
taken at the request of the city of Flint, where the 
subject of waste disposal has assumed _ great 
importance. 
SUMMARY 


The writer believes that a distinct advance has been 
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made within the last few years in the relations between 
the university and industry. It is hoped and believed 
that this tendency to cooperate will continue and 
will be of great advantage to both parties to the 
transaction. 
Discussion 
‘For discussion of this paper see page 604. 


Research Relations Between Engineering 
Colleges and Industry 


BY W. E. WICKENDEN' 


Member, A. I. E. E. 


N our present easy-going attitude toward language, 
we are tempted to use the word “‘research’’ to mean 
so many things that we have no word left to mean 

research. The effort to sell a research program to 
industry has induced us to translate the word into such 
unmistakably practical terms as “‘in a word it is inven- 
tion,” to quote a recent official pamphlet. 

In the present discussion it is probably safe to assume 
that we are dealing only incidentally with disinterested 
pioneer work in the realm of pure knowledge, which 
is the scientist’s calling. Engineering is always utili- 
tarian and concrete, and most engineers abandoned the 
alternative of becoming physicists, chemists or mathe- 
maticians in order to become engineers. This observa- 
tion holds for professors as well as practitioners. Every 
professor of engineering worthy of the title, however, 
is qualified to investigate engineering problems involving 
elements of novelty which call for extended observation, 
refined technique, and a resort to fundamental princi- 
ples. The indications are that both the men and facili- 
ties available for these purposes in the engineering 
colleges are now being utilized very inadequately, to the 
detriment of both industry and education. 

A fairly complete survey of the engineering colleges 
in the United States shows that not less than 58 have 
organized arrangements for research, at least on paper. 
Included in this number are 41 institutions which have 
organized plans through which the services of the engi- 
neering staff are made available in consulting capacities 
to industries, public service utilities and others. If we 
include those institutions in which research is fostered 
on a purely individual basis, the total rises to 110. 

The total expenditures of the organized research 
departments are not less than $1,250,000 per annum 
and may reach as high as $1,500,000. Of such expen- 
ditures in the academic year 1924-’25, approximately 
11 per cent represented direct appropriations for 
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research by the several states, 40 per cent funds al- 
lotted by the colleges from their general funds, and 49 
per cent funds derived from outside sources, princi- 
pally from public, professional and industrial 
organizations. 

At least 34 institutions have full-time research staffs, 
with between 250 and 300 men so engaged. To this 
number may be added about 350 more who render part- 
time research service for definite compensation and 
about 200 who give part-time service in organized 
departments without special compensation. The num- 
ber engaged on a purely individual basis is difficult to 
estimate. 

Impressive as these totals are, it must be remembered 
that there are two corporations in the electrical industry 
which spend on research more than double the total 
outlay of the engineering colleges and that at least two 
in other fields exceed the total of the colleges. Organi- 
zations at this end of the industrial scale are unlikely to 
turn to the engineering colleges to get their problems 
solved. Big business can probably be induced to give 
support to organized investigation in engineering 
colleges only on the plea that such activity is necessary 
in order to maintain the proper setting and staff for the 
training of the grade of engineers big business requires. 
Pure research rather than engineering investigation 
seems likely to get the bulk of the financial assistance 
from this source, and it seems probable that it will be 
disbursed through some intermediary or clearing house, 
instead of passing directly to individual colleges or 
professors. The present campaign of the National 
Academy of Sciences for a national research endowment, 
under the leadership of Mr. Herbert Hoover, is working 
successfully on this principle. | 

At the other end of the scale are innumerable, small 
units of industry which live from balance sheet to 
balance sheet, with no consciousness of research needs 
and little margin for the support of research activities. 
Such organizations occasionally meet acute problems 
outside the scope of their normal routine and staff. 
When these emergencies call for investigation, a college 
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professor or laboratory staff may fit the need admirably, 
but is this not first aid rather than research? 

Many of these smaller units of industry are concerned 
with the traditional arts rather than with the applica- 
tions of modern science. They are likely to remain deaf 
to any appeal to support research for the sake of repay- 
ing their debt to science or for the sake of maintaining 
a wide margin between pure knowledge and practical 
invention. It is just these industries, however, which 
are most apt to be handicapped by the decline of 
sporadic invention and likely to profit most relatively, 
from an adequate program of research. Support for 
such investigation is not to be expected from the single 
units of such industries, but their state and national 
trade associations are the natural agencies to foster 
such activities. There are attractive possibilities of 
dividends in the form of better methods, economies and 
more exact control in the present state of the art. 
Research, looking in advance of the present art, is aform 
of mutual insurance covering the risks of supersession 
or revolutionary changes in the art. 

A recent report of the Babson Statistical Organiza- 
tion announced that an English factory was testing out 
the production of a flexible, colorless, resilient, non- 
inflammable glass of organic origin. It went on to say: 

“The point of this letter, however, is not only 
about glass. This is but one of numerous far- 
reaching discoveries which have recently been 
reported. We believe that business is entering an 
era of the most rapid and revolutionary changes in 
the chemistry and physics of manufacturing. To 
those who are quickest in taking advantage of such 
discoveries, they present unlimited opportunities, 
but the manufacturer, merchant or investor who 
is asleep to these changes will be hurt. 

“The time has passed when advertising alone will 
get sales. The two best salesmen today are ‘a 
better product’ and ‘a cheaper way of making it.’ 
Research opens the way to both. Furthermore, 
since the most deadly competition is not between 
concerns, but .between industries, we urge clients 
to combine their energies with others in the same 
line of business. This saves duplication of efforts, 
leads to maximum results and keeps one best 
informed about all impending developments. 
Make use of the help which the United States 
Bureau of Standards at Washington stands ready 
to give you, and also that of other technical 
organizations of high standing. Cease worrying 
about gaining the temporary advantage of exclusive 
patents, and combine your resources in the way that 
will do most to permanently help your industry.” 

It is significant that the occasion which brought the 
above report to the writer’s desk was a request from its 
authors for a complete list of the engineering colleges 
with facilities for organized research in cooperation with 
industry. The writer is strongly of the opinion that 
trade and industrial associations offer by far the most 
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promising agencies through which to promote industrial 
cooperation with the colleges in engineering research. 
The support of such activities by individual corpora- 
tions is apt to be sporadic while trade associations can 
effectively maintain a continuing relation. The results 
of work supported by individual corporations are apt 
not to be widely disseminated or used. A good deal of 
such support is frankly on a courtesy basis, without 
a vital interest in its effectiveness or utilization, and 
with little genuine collaboration between the college 
and the industry. 

A trade association, administering its funds in trust 
for its constituency and genuinely concerned to show 
a good return for the investment, provides an excellent 
medium for the joint shaping of research projects and 
a widely ramified channel through which to disseminate 
results. It would seem that the most fruitful result may 
be expected when a trade association concentrates 
its cooperative program at a single college, or at a 
small group of institutions at most. Such work ought 
not to be located on a courtesy basis or split up on a 
political basis, but should seek to capitalize distinctive 
advantages of men, plant and environment. There is 
a definite loss when such resources are spread over many 
institutions as a fairly ineffectual mist, when they might 
be concentrated into a fairly powerful stream. In this 
respect the European situation is far better ordered 
than our own. The policy of concentrating resources 
abroad has led to the upbuilding of a group of notable 
and distinctive research centers which are the principal 
factor in attracting and holding to educational and 
research work the outstanding authorities in the several 
fields. The result has been to give the several institu- 
tions an individuality quite unknown among us. 

The writer does not feel that the colleges can rest their 
case for industrial backing for their research programs 
on the needs of the colleges or on an assumed sense of 
obligation on the part of industry to see that the colleges 
obtain the men, money and facilities needed to do their 
best work. The industries recognize these obligations 
rather vaguely, and when confronted by the competing 
pleas of 100 to 150 institutions are justified in feeling 
rather helpless. The Babson report, however, speaks 
in the tongue which industry understands and to which 
it responds. 

The work being done at Cincinnati in cooperation 
with the Tanners’ and the Lithographers’ national 
organizations, the power brake studies at Purdue in 
cooperation with the American Railway Association, the 
studies in warm air heating and ventilating at Illinois, 
and the great project of the Portland Cement Asso- 
ciation in association with Lewis Institute are worthy 
examples of adequately supported, nationally backed 
and effectively concentrated research programs, involv- 
ing real collaboration between colleges and industries 
and leading to results of great significance and value. 

Discussion 
For discussion of this paper see page 604. 
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primary responsibility of the engineering colleges is 
for the development of four groups of men for 
engineering work; namely, 

a. Undergraduate students 

b. Graduate students 

ce. Practising engineers 

d. Engineering teachers. 

The responsibility of the colleges of engineering for 
the first two groups is evident and is not discussed in 
this paper. On the other hand, the possibilities of 
educational activities with the third group. are just 
beginning to appear on the educational horizon, 
and the question naturally arises as to the grounds for 
listing such activities as a responsibility of the colleges. 

Two considerations seem to warrant our regarding 
educational activities with practising engineers as 
responsibilities, or at least as promising fields of service 
for the colleges of engineering. 

First, an appreciable percentage of practising 
engineers and of engineering teachers contend that an 
adequate foundation for an engineering career cannot 
be obtained in the four-year course. They advocate 
the plan of keeping the engineering students within the 
college walls for an additional year or two. If this 
contention is well founded, but if, for one reason or 
another, it is not deemed best to require engineering 
students to remain on the campus for a fifth year, it 
seems logical to consider the extent to which it may be 
feasible to carry the college to the young engineer in 
practise. 

Second, it is a commonplace that most engineers 
(and this applies equally to all of the professions in- 
cluding the teaching) are unable to keep abreast of the 
rapid scientific developments in their field, and as a 
result are not in a position to do clean-cut effective 
work. There would seem to be a distinct opportunity 
for the colleges to be of service to engineers whose 
training along scientific lines may have been quite 
adequate at the time they entered practise, but who 
have come to feel the need of a fundamental re-examina- 
tion of certain fields. | 


In view of these considerations and others to be pre- 
sented later, it would seem that the engineering colleges 
should, by trial, determine the feasibility and desirability 
of conducting in nearby engineering centers seminars or 
conferences of one or more of the following types for 
practising engineers. 


eae in broad and comprehensive terms, the 
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Type A. Advanced studies of the kind given in 
residence in postgraduate work; studies in mathe- 
matics, physics, engineering subjects, etc. 

Type B. Seminars dealing with recent develop- 
ments, designed to enable the older graduates to keep 
abreast of the scientific advances. 

Type C. Seminars for the discussion, in the light of 
fundamental theory, of 

a. Allied or common research problems 

b. Allied or common design problems 

ce. Allied orcommon operating or manufacturing 
problems. 

A brief sketch of two seminars for practising engineers 
sponsored by the University of Wisconsin may be of 
interest. 

Two years ago a group of technical graduates 
of ten or more years’ experience, and all in 
responsible positions in the metallurgical industries, 
requested the opportunity to work for an advanced de- 
gree and to carry on this work in Milwaukee, 85 
miles ‘east of Madison, the seat of the University. 
Since an experimental research in some technical sub- 
ject would be a necessary part of the proposed graduate 
work, the proposal was welcomed because it held 
promise of opening the way to a very desirable type of 
cooperative research between the engineering in- 
dustries and the college. I refer to the type of research 
in which problems are not brought to the college 
laboratory to be solved, but in which the facilities and 
views of the college are carried to theindustrial labora- 
tory or the engineering office, and in which the primary 
function of the college in research—namely, the training 
of men in engineering research—is emphasized and is 
given wider scope. The positions held by the eight 
men in this group are as follows: 

Works Manager of the Milwaukee Steel Foundry 
Company, 

Vice-president of the Badger Malleable Company, 

Works manager of the Globe Electric Company, 

General superintendent of the Federal Malleable 
Company, 

Metallurgist of the Federal Malleable Company, 

Metallurgist of the Glancy Malleable Corporation, 

Metallurgist of the Vilter Manufacturing Company. 
The significant thing about the list is that these men are 
in competing industries and are cooperating in a highly 
effective manner in the solution of their common 
problems. . 

During the past two school years this group has met 
in Milwaukee each Friday evening for a conference 
extending from 7:30 to 10:30, or later, with Professor 
R. S. McCaffery or other members of the Mining 
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or Metallurgical Department.2 On Saturday, the 
professor visits one or possibly two of the members of 
the seminar at his plant or laboratory and discusses the 
research project which is under way. The research 
projects, which were selected by the men themselves, 
are as follows: A study of the reactions which take place 
in a basic steel furnace; an electrical method of rapidly 
determining the quality of the molten metal in malleable 
air-furnaces; the determination and comparison of the 
heat balances of hand-fired, oil-fired and pulverized- 
coal-fired malleable furnaces; the effect of silicon and 
manganese on the properties of malleable iron; and the 
study of the reactions of combustion in a malleable 
furnace for the purpose of obtaining greater accuracy of 
control of the finished product. 

In the conduct of a seminar for the discussion, in a 
fundamental way, of allied questions, the first and 
most difficult problem which presents itself is that of 
getting the members of the group to talk the same 
technical language. This requires a review of the 
experiments, concepts, postulates, definitions, sequences 
and principles which underlie the branch of science 
with which the group is concerned. Accordingly, the 
Friday evening conferences during the first five months 
were devoted mainly to a review of the fundamentals of 
physical chemistry applied to metallurgy. This in- 
volved a study of equilibriums in chemical and metallur- 
gical reactions and of equilibrium diagrams, the applica- 
tion of the phase rule, mass law, atomic structure and 
the velocity of reactions. 

The impression made by this work is indicated first, 
by the fact that some of the concerns listed above have 
established fellowships at the university in order that 
the holder of the fellowship might collaborate with 
the member of the seminar by carrying on supple- 
mentary researches at the university, and second, by 
the fact that some 26 grey iron foundaries operating in 
the Fox River Valley have formed a local association to 
earry on and finance cooperative research at their 
own plants and in Madison; a similar group of about 
20 grey iron foundries in Milwaukee is organizing to 
carry out a program of the same kind. 

The second seminar was organized at the solicitation 
of electrical engineers in Milwaukee. The men in this 
group, which started with 18 men and ended with 13, 
are electrical engineering graduates with from two to 
six years of experience. During the past year this 
group met in Milwaukee each Thursday evening with a 
professor from the university for a seminar of the A 
type,—a seminar for the discussion of transient phe- 
nomena and waves in electric circuits. This course was 
largely a mathematical development of circuit theory, 
with, of course, constant illustrations of the application 
of the theory to transformers, generators and power 


2. Fora more detailed statement of this work, see the paper 
by Professor R. 8S. McCaffery entitled ‘‘Research Cooperation 
between University and Industry,” Canadian Inst. of Min. & 
Met., Vol. XXIX, 1926. 
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and communication systems. As a result of the 
experience of the men with this seminar, courses of a 
similar nature have been solicited and will be given 
during the coming year. At least one industrial 
organization has under consideration plans for meeting 
all or part of the tuition expense of its employees who 
successfully complete courses of this kind. 


THE SIGNIFICANCE OF THE SEMINARS TO INDUSTRY 


It may be well to list the significant possibilities to 
industry of seminars conducted by the engineering 
colleges for men engaged in engineering practise. 
They are as follows: 

Such seminars, if available, will enable some gradu- 
ates of four-year engineering courses to obtain a more 
thorough scientific training for engineering work. 

Seminars of the B type might be used to serve as the 
line of communication between the advance scientific 
workers and the main body of engineers, or to enable 
engineers who, in the press of work, have lost touch with 
certain allied fields, to ““come back” in these fields. 

During the apprenticeship period of the first few 
years after graduation, many engineering graduates 
slip in their grasp of mathematical methods and analy- 
sis. A course of the A type, if pursued during this 
period, should be of value in more firmly fixing these 
methods and in warding off the mental slump which | 
frequently occurs during a depressing apprenticeship 
period. 

That both industry and engineering education have 
much to gain by closer cooperation in engineering work, 
particularly of the research type, needs no argument. 
The kind of cooperation which has received more atten- 
tion in the past is that in which certain research prob- 
lems have been taken to the college laboratory for 
solution. By seminars of the C type, the views and 
the methods of the college are carried to the industrial 
laboratory, and the primary function of the college in 
research—namely, the training of its own staff and of 
its students in research—is made more apparent and is 
given wider scope. More research for engineering 
teachers both in the college and in industry is badly 
needed. 

Engineering seminars sponsored by associations 
formed by the smaller industrial enterprises for the 
fundamental examination of their common technical 
problems may be a means by which the smaller enter- 
prises with their desirable social characteristics may 
retain a place in the sun by the side of the modern 
corporation. 

One of the barriers in the way of more effective 
cooperation between the industries and the state 
colleges results from a difference in the social philos- 
ophies in the two fields of action, namely, in the in- 
dustrial field and in the professional field in general, or 
the teaching field in particular. In the educational 
and scientific field, the rewards and increased oppor- 
tunities come from the sharing and free disclosure of all 
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achievements which result in the advancement of 
knowledge. In the industrial field, the careful guard- 
ing of trade secrets is still regarded in many industries 
as highly essential, and the obtaining of exclusive 
rights through patent control is frequently the main 
consideration which leads to the support of research 
work. These conflicting demands—for the unreserved 
disclosure and for the exclusive use of knowledge—are 
the greatest barrier in the development of cooperative 
relations in those fields in which important improve- 
ments and inventions are likely to be made. 


The most promising sphere for the organization of 
seminars for the consideration of allied or common 
engineering problems is with associations of manu- 
factures or of public utilities. In this case it would 
seem quite possible to formulate a policy with refer- 
ence to the granting of preferential but not exclusive 
patent rights which would harmonize the views and 
rights of all parties in the enterprise. The essential 
features of such a policy are outlined in Sec. VIII and 
1X of Circular No. 9 of the Engineering Experiment 
Station of the University of Illinois, entitled “The 
Functions of the Engineering Experiment Station of 
the University of Illinois,’”’ by C. R. Richards. 


Not the least among the possibilities for good of these 
seminars is the possibility that the advantages of 
cooperation may be shown to be so great that it may 
become obvious that the thing to do is to modify those 
features of the patent law which make the existing law 
a barrier to cooperation. 

The type of seminar which holds the greatest promise 
of achievement is a seminar of experienced engineers 
from the same or allied fields who have come together 
to conduct a critical analysis of certain cases or certain 
lines of engineering practise. It may seem like pre- 
sumption to suppose that men from the colleges can be 
of much service to such a group. The presumption is 
tempered somewhat by the consideration that the 
introduction of a foreign body into saturated solutions 
frequently initiates crystalization. In a group of 
experienced engineers, the man from the co'lege may at 
least play a ro!e not unlike that of the foreign body in 
the chemical solution. The achievements should 
come mainly from the contributions of the practitioners 
to the conference. Judgment should not be passed as 
to the relative contributions to be expected, however, 
until we have considered thes gnificance of these 
seminars to the engineering teachers. 


SIGNIFICANCE OF THE SEMINARS TO ENGINEERING 
EDUCATION 


The fourth responsibility of the engineering college 
is for the development of engineering teachers. One 
of the strongest arguments for sponsoring seminars for 
practising engineers is the part which these seminars 
will play in the development of engineering teachers. 


The seminars will compel and will reward a broader 
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and a more thorough training than is common in the 
teaching ranks today. 

They will afford greater opportunities to determine 
the adequacy, the relative importance, and the real 
significance of the principles and the methods taught to 
undergraduates. 

They will make teaching attractive to a wider range 
of engineers by making it possible for men in teaching 
to have closer contact with engineering practise. 

They will help to supply one of the greatest needs of 
the engineering colleges of the country; namely, the 
atmosphere, the spirit and the prestige which will 
accompany more examples of engineering work in 
progress or carried to a successful conclusion in the 
colleges or by the engineering teachers. 

The opportunity to develop these seminars comes 
to the teaching profession as a challenge; a challenge 
because the task is no light one but one beset with 
difficulties and even with an element of danger to 
undergraduate instruction; but above all, a challenge 
because the acceptance of the opportunity means the 
acceptance of a goad and the acquirement of an in- 
centive which will bring the work of the engineer and of 
the engineering teacher to a higher plane. 


Discussion 


COOPERATION BETWEEN THE COLLEGES AND THE 
INDUSTRIES IN RESEARCH 
(WICKENDEN, BaiLEY, BENNETT) 


Mapison, Wisconsin, May, 7, 1926 


E. B. Paine: The Engineering Experiment Station of the 
University of Illinois was established December 8, 1903. The 
object of this experiment station was stated to be the encourage- 
ment of training in engineering and the study of problems of 
special importance to professional engineers and to engineering 
industries. 

The control of the Engineering Experiment Station is vested 
in the executive staff, composed of the director, the heads of the 
nine departments in the College of Engineering, and the pro- 
fessor of Industrial Chemistry. The research work of the Station 
is Gonduected by a corps consisting of 32 full-time investigators, 
14 research graduate assistants who devote one-half of their 
time to research and the other half to graduate study, and 50 
members of the teaching staff of the college who devote part 
of their time to research investigations. For the year 1925-26, 
approximately $95,000 has been appropriated for this work from 
state funds and over $60,000 has been contributed from outside 
sources for carrying on cooperative investigations. 

The present list of research investigations includes 88 titles 
distributed among the engineering departments as follows:— 
Ceramic Engineering, 10; Civil Engineering, 11; Electrical En- 
gineering, 8; Mechanical Engineering, 14; Mining Engineering, 4; 
Theoretical and Applied Mechanics, 13; Physies, 8; Railway 
Engineering, 6; Industrial Chemistry, 14. Some of these investi- 
gations are carried on in part by funds from the state and in 
part by funds from industrial organizations. Work is now in 
progress on 25 cooperative investigations. 

The Engineering Experiment Station, supported chiefiy by 
public funds, cannot be employed in the exploitation of inventions 
or processes or in the conduct of scientific work the results of 
which are to be held from the public. Cooperative research is 
undertaken only in those instances where the chief purpose is to 
establish fundamental principles and physical laws which have 
a wide practical application. 
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The standard agreement for a cooperative investigation at the 
University of Illinois provides that the University contribute the 
use of its facilities. It will also assume the general administra- 
tion of the investigation and publish in bulletins or circulars of 
the Engineering Experiment Station the results of the investi- 
gation. The cooperating agency furnishes the funds which are 
necessary to pay the salaries of special investigators, to purchase 
materials and special apparatus needed for the work, and other 
necessary expenses of the investigation. The university retains 
the ownership of all data secured. The research program is 
outlined by an advisory committee representing the cooperative 
agency and the executive staff of the Engineering Experiment 
Station. 

The Engineering Experiment Station will not undertake 
commercial tests except under unusual circumstances. In no 
ease will it undertake such a test if the results are to be used for 
advertising purposes. 

Whenever discoveries and inventions result from research 
investigations, whether conducted with funds from the state or 
with funds furnished by a cooperating agency, the member of 
the University staff who made the discovery may be required to 
obtain a patent at university expense and assign the patent to 
the University. 

John Mills: Professor Bennett’s well ordered paper is both 
diagnostic and specific of a functional disorder in our educational 
system. Financial considerations and a natural impatience to 
get to work will probably always act to limit the number of 
students who can pursue continuously more than the usual four 
years of an engineering course. Financial progress and increased 
seales of personal expenses will also act to prevent any large 
number of practising engineers from returning to resident 
graduate study. Since, in general, the student will neither 
remain nor return, the university must go to him; and Professor 


Bennett’s suggested method seems worthy of wide trial and very , 


definite support. 

It presupposes on the part of the practising engineers an 
interest in further study which is found as a rule only in those 
engaged in investigative work as distinct from work in com- 
mercial relations with the public or in the industrial management 
of routine operations. It is immediately evident that it is not 
for those who brag that they have never had occasion in their 
engineering careers to consult the theoretical books or to use the 
calculus tables of their student days. 

Of the three types of seminar which are proposed, the first two 
deserve the emphasis in the judgment of the present writer who 
believes that a combination of the two would be most satis- 
factory. In such a combination the consideration of recent 
advances would accompany and serve to motivate reviews and 
extensions of theoretival considerations. 

This is the type of post-graduate study in industry with which 
the writer is most familiar. 
there was evolved a scheme for such study which for some years 
has been organized by George B. Thomas, its Personnel Director. 
There the group of engineers and scientists is large enough to 
carry on such work as a self-contained group without assistance 
from educational institutions. Courses of graduate grade of 
difficulty, highly analytical in character, but illustrated by 
current problems and recent developments, are offered to the 
members of its technical staff. These are given by other mem- 
bers of the staff who are experts in the particular subjects. Each 
year there are several hundred registrations for these courses. 
Both instruction and attendance and study are on the time of 
the individual and are entirely optional. The preparation of 
the text material, however, ‘is carried out as part of the regular 
company duties as are all the other matters with the exception of 
instruction and attendance. Incidentally there are neither 


tuition fees nor special payments to instructors, for the immediate 
- rewards of instruction are non-financial although ultimately 


there may be financial return. 


Within Bell Telephone Laboratories _ 
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Some of the text material has attracted interest in academic 
circles and one of the texts, namely on telephonic transmission, 
was published some time ago. Another on the subject of sound 
is at present on the press, and the text material of certain other 
courses, in mimeograph form, is being revised for publication. 
Such a cooperative scheme of advances in education, however, 
is probably unique and will always be limited to large groups, 
homogeneous in training and interests. To provide for similar 
groups representing members of different corporations some 
scheme like Professor Bennett’s must ultimately be adopted. 
That advanced education of the character described is valuable 
both to the individual and to industry has been proved in the 
eight years’ experience with the so-called ‘‘Out-of-Hour Courses” 
in Bell Telephone Laboratories. That it should be available 
more widely and could be accomplished under the proposed 
plans appears to the writer of these remarks to be so self-evident 
that Professor Bennett’s program should meet with immediate 
acceptance and trial in several localities. 


S. H. Mortensen: Speaking as a practising engineer, I 
feel that seminars conducted along the lines suggested in Pro- 
fessor Bennett’s paper would be of great value to the experienced 
engineer as well as to the young graduates. 

Practising engineers frequently encounter problems the suc- 
cessful solution of which could be quickly facilitated by means 
of a discussion with university professors and research workers 
as well as with engineers active in the same or allied fields. 


Certain of these problems would be suitable for investigation 
in a research department of the universities and others for factory 
or field tests. Cooperation in this work between the universities 
and the industries would lead to improved measures and a 
broader interpretation of the results obtained. 

In arranging a program for practising engineers it might be 
well to bear in mind that they are called away frequently on 
business trips. For this reason it would be desirable if each meet- 
ing would take care of one subject in such a manner that it 
would be more or less independent of the preceding and the 
following meetings, thereby making continuity of attendance 
less imperative. 

There is little doubt in my mind that the proposed seminars 
will benefit universities and industries alike. The university 
research department and teaching staff will be in touch with the 
problems of the day and the practising engineers will gain added 
experience and broadened vision. 

J. S. Coldwell: Professor Bennett’s paper appeals to me 
very much and I believe if any university would plan several 
such seminars and properly approach practising engineers and 
industrial concerns, they would be well attended. 

Cooperation between the universities and industry would be 
mutually beneficial. The industrial organization would keep 
pace with the advance of science and would have available a 
very high type of research organization. On the other hand, 
the arrangement would broaden the university professors, 
keep them in touch with industrial conditions, make their teach- 
ing more effective and probably serve as a means for increased 
remuneration. Of the two I should say that the universities 
and the professors would profit the most and it is significant to 
note that the five papers presented were given either by a 
commissioner of education or by college deans. I get the im- 
pression of an effort to sell the research ability of the university 
to industry. | 

In the first place, this cooperation can be achieved only when 
both the university and industry have the same point of view. 
At present the universities’ point of view is generally the advance- 
ment of science whereas industry’s point of view is profit. 

In order to serve industry properly and to be sought for service 
by industry, it will be necessary for the universities to get the 
profit point of view and sell their services to the industry as 
anything else is sold to industry. Any time the university can 
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show industry anything which will lead to a profit in dollars and 
cents, it will be taken up immediately by industry. 

At present it is doubtful that industry can refer immediate and 
conerete problems to the university for research on account of 
the need for familiarity with the many commercial, manufactur- 
ing, service, and other factors, also the need for quick action and 
furthermore on account of patent complications and competitive 
situations. 

It is significant that in the ten years I have been with the Cutler 
Hammer Mfg. Company, I have seen only two university 
professors who visited our department. The universities 
and the professors should interest themselves in industry, call 
upon industry with much the same general point of view as a 
salesman, get acquainted with industrial problems and bring 
themselves to the attention of industry. If I were a university 
professor, I should visit various industrial plants, making myself 
acquainted with their problems and their personnel, at the same 
time letting them know of my familiarity with certain particular 
problems which they are working upon and that in a very short 
time the industry would be naturally turning to me as a source of 
information on their particular problems. 

The university professors would be very welcome at our 
plant or other plants, and we would be glad to discuss many 
interesting problems with them, even pointing out the road 
for many important investigations of a general nature which we 
know have a commercial demand but which we either cannot 
afford to work upon or which do not tie in with our particular 
problems occupying most of our time. 

Furthermore, if the universities want to serve industry, and 
at the same time maintain their organization and personnel, 
they will have to cut loose from traditional restrictions and make 
it possible for their professors to sell their services and their 
patents at such a price that their income would be sufficient to 
keep them with the university. 


Some years ago when I was with a concern in the Hast, we 
had an instructor from the Cornell Metallurgical Laboratory 
working as a draftsman during the summer. While he was 
there, a rather difficult heat-treating problem came up and in 
the course of time it occurred to some one that he might be able 
to help us. The minute we put the problem up to him he gave 
us a general answer, and after very little checking he gave a 
specific answer. Immediately all the other heat-treating 
problems which arose were referred to him, and he continued 
to take care of their metallurgical problems after he went back 
to Cornell. 


F. E. Turneaure: The question of research in the engineer- 
ing colleges has been of much interest to me for many years,—in 
fact, ever since I began teaching at Washington University, 
St. Louis, where the late Dean J. B. Johnson was operating a 
materials-testing laboratory. In the early days of college 
research the subject of probably the most general interest was 
that of strength of materials. It is a research subject compara- 
tively easy to develop in a college laboratory, and many of the 
engineering constants and empirical formulas used in civil- 
engineering design have been determined in the college research 
laboratory. Later on, many other lines of research have been 


developed, as have been explained before this meeting, and _ 


concerning which most of you are well informed. Along with 
this development of college research work has come a much closer 
cooperation between engineers and teachers. I suppose this is 
because the practitioner is becoming more scientific and the col- 
lege professor more practical. This is well illustrated in the 
organization of the research committees of our national engineer- 
ing societies, made up as they generally are of a combination of 
engineers and professors. The college professor is relied upon 
generally to conduct the research, and the practitioner offers 
practical suggestions relative to his experience. It is interesting 
to note how harmoniously they now cooperate, and at their 
meetings it is often difficult to distinguish between the professor 
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and the practitioner. It is a good illustration of the growing 
scientific basis of engineering practise; and in electrical engi- 
neering this condition has, of course, obtained for many years. 

Considering the trend of things, it would seem certain that 
there will be a considerable further extension of cooperative 
research between engineers and colleges or between industries 
and colleges. I believe that such cooperation is one of the very 
best aids in the development of the right kind of engineering 
instruction. Perhaps the most valuable feature is the effect that 
it has upon the teachers themselves, and through them, upon 
the students. 

C. F. Harding: President Frank of the University of Wis- 
consin has emphasized the importance and necessity of making 
practical the pure research which has been developed during 
the last ten years. It seems to me the principal object of this 
discussion is the converse of that proposition; namely, the 
development of research in the colleges and universities resulting 
from practical problems. Many of these have been listed in 
the different institutions of the country. 

At Purdue University we have been particularly interested 
in high-voltage developments. The great educational value 
of our high-voltage laboratory and the research carried on therein 
has resulted very largely from what may be considered com- 
mercial tests undertaken primarily as tests of a practical engi- 
neering nature of particular interest to the public utilities of the 
State. Like the tests at Illinois, as outlined by Professor Paine, 
no commercial tests are undertaken unless they have some 
development or research value, but, for example, if competitive 
high-voltage insulator tests are made, in practically every case 
a long series of researches has resulted which has been valuable, I 
believe, to the profession as a whole. The same thing is true of 
corona tests between wires, started in the first place as a purely 
commercial investigation and developed in a number of years 
into a fundamental research in connection with corona losses. 
A number of other similar cases might be listed as illustrations. 


In addition to this, the value of senior and graduate theses and 
investigations carried on partly as a result of cooperation on the 
part of utilities and manufacturers has enhanced very greatly 
the educational work of the institution. 

Commenting upon Professor Bennett’s excellent suggestion, 
it seems to me that the conferences which have been held at 
different technical universities are bordering very closely upon 
the B and C types of seminars which he outlined. Most of you 
are familiar with the conferences for electric meter men that are 
held at the different educational institutions. Following that 
precedent, conferences for superintendents of distribution, 
particularly in the State of Indiana, and quite recently the in- 
novation of industrial electric heating conferences, one of which 
was just concluded last month, have in all cases developed a fine 
cooperation between the university, manufacturers and public 
utilities of the state and have resulted in continued research 
and development problems of value. 


So it seems to me that the work outlined in these papers is 
perhaps on a par with the application of pure research to industry 
as outlined by President Frank. 

Edward Bennett: In his discussion, Mr. Coldwell makes 
one statement which calls for comment; namely, the statement 
that ‘‘if the universities want to serve industry, and at the same 
time maintain their organization and personnel, they will have to 
cut loose from traditional restrictions and make it possible for 
their professors to sell their services and their patents at such a 
price that their income would be sufficient to keep them with the 
university.” 

In other words, university professors, whose primary loyalty 
should be to the ideals and objectives of the educational world, 
are to find it feasible to remain in educational work because of 
the compensation received from industry for services rendered 
directly to industry! "he: 

When the proposal is stated in these terms it should require 
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but slight reflection to see that in the conduct of its own affairs, 
industry does not subscribe to such a doctrine of divided 
loyalty. The old statement still holds that ‘“No man can serve 
two masters: for either he will hate the one, and love the 
other; or else he will hold to the one and despise the other.” 

I cannot emphasize too strongly my view that a policy of 
meeting the situation or the competition pictured in Mr. 
Coldwell’s statement simply by permitting and encouraging 
educators (engineering, medical, or otherwise) to supplement an 
inadequate salary by private practise is a short-sighted policy 
for which society is paying dear. The results obtained under 
such a program, as contrasted with those obtained under a 
program displaying educational statesmanship, are well pre- 
sented in an article entitled ‘“‘The Extension of the Full-Time 
Plan of Teaching to Clinical Medicine’’, appearing in Science for 
Aug. 11, 1922. 
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As stated in my paper, it seems to many educators that the 
essential features of a policy under which a state university and 
an industrial enterprise can effectively cooperate in industrial 
research are set forth in the circular of the Engineering Experi- 
ment Station of the University of Illinois, entitled ‘‘The Func- 
tions of the Engineering Experiment Station of the University of 
Illinois.”” In his discussion, Professor Paine has outlined this 
policy. 

There is, however, an element of truth in Mr. Coldwell’s 
statement, and it seems to me to lie in his definite recognition of 
the fact that no engineering college can hope to enter upon the 
worth-while and greatly desired program of cooperative research 
with industry so long as it pays inadequate salaries. One of the 
essential first steps in the advancement of such a program is the 
adoption of an adequate scale of salaries. 


Symposium on Dielectrics and Power-Factor Measurements” 


I—Phase Difference in Dielectrics 
BY J. B. WHITEHEAD: 


Fellow, A, I, E, E. 


Synopsis.—A brief description of the origins and causes of phase difference in dielectrics. 


IGH power factor is earnestly sought after 
in transmission, distribution, and all station 
loading. Low power factor is just as earnestly 

sought in the case of insulation, for the higher its value, 
the greater the internal loss, the higher the temperature, 
the lower the current capacity, the shorter the life. 
The term ‘“‘power factor” in this case describes a prop- 
erty of the material, and as such is of quite different 
character and significance from its older connotation. 
It is no doubt largely for this reason that the custom has 
arisen of describing this property of dielectrics, not as 
the cosine of the angle of advance of the charging cur- 
rent over the applied voltage, but as the sine of the 
difference between that angle and 90 electrical deg. 
This angular difference is known as the “phase dif- 
ference” or “phase defect” and its usage has the added 
advantage that up to about 2 deg., the phase dif- 
ference, itself, in radians, its sine, its tangent, and 
obviously the power factor in its usual sense, all have the 
same value within a very small fraction of a per cent. 
This makes it possible to use these several quantities 
indiscriminately, thereby greatly simplifying many 
computations. The use of the tangent of the phase 


_ difference is especially convenient, as the ratio of the 


in-phase to the wattless components of the current. 


«The following eight papers constitute a symposium arranged 
by and presented under the auspices of the Committee on 
Instruments and Measurements. 

1. School of Engineering, Johns Hopkins University, Balti- 
more, Md. 

Presented at the Regional Meeting of District No. 1, of the 
A. I. E. E., Niagara Falls, N. Y., May 26-27, 1926. 


The importance of phase difference in dielectrics was 
first appreciated in its influence on the performance 
of telegraph and telephone cables. Attenuation, dis- 
tortion, and internal loss are all increased thereby, 
thus greatly restricting distances of communication. 
In the field of power transmission and utilization, at- 
tention was first focussed on dielectric-phase difference 
by the observations of Siemens in 1864 on the heating 
of condensers. This is an early date in the history of 
electrical engineering, and for many years thereafter the 
losses in dielectrics under alternating stress received the 
attention of physicists rather than that of engineers. 
It was in this early period also that residual charge, 
discovered in the Leyden jar in 1746, was still further 
stimulating the interest of physicists in dielectric 
phenomena. This interest showed its first fruits in the 
brilliant experiments of Hopkinson and in the un- 
assailable theory of Maxwell of the phenomenon of 
dielectric absorption. It is not generally realized that 
since Maxwell’s time it has been recognized by engineer- 
physicists, such as Rowland, Hess and a few others, 
that dielectric absorption necessarily causes alternating- 
dielectric loss; i. e., dielectric-phase difference. Engi- 


‘neers became immediately concerned in the value of 


dielectric-phase difference with the first upward step in 
transmission voltages in the early ’90s, and with the use 
of cables for transmission. The problem of the limita- 
tion of dielectric-phase difference thereafter was clear 
cut and has been with us ever since. Obviously the 
applications in which it assumes its greatest importance 
are the high-voltage cable and the commercial power 
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condenser, but its presence and behavior must always 
be borne in mind in connection with all high-voltage 
insulation, especially that of composite or flexible 
character. 

Although, as stated above, phase difference is a 
property of the material of the dielectric, and although. 
this has been recognized for many years, and although 
an abundant literature is replete with experimental 
observations, it is astonishing to find that our knowledge 
even of the values to be assigned to particular materials 
is extremely indefinite, and that little has been accom- 
plished towards a systematic understanding and regula- 
tion of the factors which control the values of phase 
difference. This is largely due to the fact that there are 
at least four and possibly more different classes of 
phenomena in dielectrics, any one of which will cause an 
angle of phase difference and to the further fact that 
probably all these causes follow different laws under 
the influence of varying temperature, frequency, and 
electric intensity. Each of the following well-recog- 
nized properties or conditions of insulation, if present, 
will cause a dielectric-phase difference: (1) normal 
conductivity, (2) dielectric absorption, (3) anomalous 
conductivity, (4) absorbed moisture, (5) dielectric 
hysteresis and (6) gaseous ionization. 

Normal Conductivity. Under the original theory of 
Faraday and Maxwell, still regarded by physicists as 
fundamental in spite of obvious insufficiency, dielectrics 
are treated as being perfect of their kind, 7. e., as pos- 
sessing specific inductive capacity only. Maxwell, 
however, recognized that no such perfect solid dielectric 
exists, and he treated at considerable length the proper- 
ties of dielectrics which also possess conductivity. 
We have then in conductivity one of the fundamental 
causes of dielectric-phase difference. It is usually 
assumed that conductivity contributes a negligible 
proportion of the losses in dielectrics. This is un- 
doubtedly true for most pure and simple materials, 
especially at ordinary temperatures. It should be 
noted, however, that the values of conductivity of 
different dielectrics extend over a wide range and in 
many cases may contribute a considerable phase dif- 
erence. The conductivity of most dielectrics increases 
rapidly with increasing temperature. The rapidly 
rising phase difference of such a composite material as 
impregnated paper, for example, under increasing 
temperature, may be accounted for in very large 
measure in some instances by the increase in conduc- 
tivity alone. The important influence of water on 
conductivity is described below. 

Dielectric Absorption. Probably the most important 
of all causes of dielectric-phase difference is dielectric 
absorption, i. e., the phenomenon of after-charge and 
residual charge. It is obvious that if under applied 
continuous voltage, current continues to flow over a 
period of time into or through a dielectric, then under 
alternating voltage there will flow a component of 
current in phase with the voltage, which, of course, 
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means a definite angle of phase difference. Absorbent 
dielectrics, in effect, have for a short interval after the 
application of voltage a greatly increased value of 
apparent conductivity. On short circuit a charge con- 
tinues to flow out long after the electrostatic charge has 
disappeared, and on reversal of the applied voltage the 
high initial conductivity appears again. Thus, for the 
rapid reversals of alternating voltage, the dielectric 
behaves as though this increased conductivity were 
continuously present. 

Absorption usually occurs whenever a dielectric is 
composed of two or more different materials. Further, 
it appears that a very small proportion of a foreign 
material may cause a large absorption effect. Thus, 
the absorption often observed in many supposedly pure, 
simple materials is usually attributed to impurities. 
This is one of the obscure questions in our imperfect 
knowledge of dielectric absorption. Although it has 
been known for years that absorption is one of the most 
important causes of phase difference, very little atten- 
tion has been given to the problem of controlling its 
value, and to the study of the behavior of various di- 
electric materials singly and in combination. That such 
study would prove profitable is indicated by the fact 
that a few composite dielectrics have very low values of 
phase difference and of absorption. These materials 
apparently are few in number, and their properties 
obtained only by cut-and-try and by great care in 
preparation. However, there is no reason why a 
further study and control of composite materials should 
not lead to dielectrics having not only low phase dif- 
ference, but also other desirable thermal and mechanical 
properties. 

Moisture. Many insulating materials, particularly 
those of porous and fibrous character, absorb moisture 
readily from the air. Their conductivity is very often 
greatly increased thereby. In many cases the moisture 
is taken up quite rapidly and is completely driven off 
again only with considerable difficulty. As a conse- 
quence, exact statements as to the influence of moisture 
on conductivity and power factor are not possible. 
Several definite qualitativerelations stand out, however, 
and the behavior of cable paper in this regard may be 
taken as generally characteristic. Cable paper when 
standing in the open will absorb from 10 to 15 per cent 
of weight of moisture. If continuous voltage is applied 
to the paper in this state, the current, which in this case 
is pure conduction current, will increase slowly with 
time, tending to a steady value. If the voltage is 
increased, the final current will increase roughly as the 
square root of the voltage. A theory for this behavior 
has been proposed by Evershed and is based on the 
assumption that the variation in conductivity is traced 
to changes in the water films around air bubbles in the 
capillary fibers of the material. As the paper is 
heated above ordinary temperatures, the conductivity 
increases and the general behavior outlined above con- 
tinues up to about 50 deg. or 60 deg. cent. Above this 
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point traces of the normal residual charge and dis- 
charge of dielectrics begin to appear, although the 
conductivity is still very high. If allowed to stand at 
about 70 deg. for some hours, large quantities of the 
moisture are driven off, the Evershed effect has dis- 
appeared, and the paper begins to show the qualities 
of a good dielectric and insulator, having, however, 
pronounced absorption and conductivity. With further 
increase in temperature both absorption and conduc- 
tivity are decreased further, and on standing for long 
periods at temperatures from 95 deg. to 115 deg. cent. 
there is little change, and the paper appears to be in 
more or less steady condition, still showing pronounced 
absorption but with relatively low value of final con- 
ductivity. 

Thus, it will be readily seen that the influence of 
moisture on the phase difference on insulating materials 
is very complex. The variation with both voltage and 
time is often to be found in the alternating case. 
Increase in the amount of absorbed moisture shows 
itself almost immediately in increased values of 
phase difference and loss. As a consequence every 
effort is made in the manufacture of commercial insula- 
tion to exclude moisture as completely as possible and 
to prevent its subsequent absorption. It is safe to say, 
however, that in few cases is it possible to completely 
eliminate moisture and that observed values of phase 
difference and loss are always in some measure increased 
by residual moisture. 

Anomalous Conduction. Nearly all liquid dielectrics 
show some conductivity. Moreover, this conductivity 
generally varies with both time and voltage. On the 
application of continuous voltage the resulting current 
decreases, approaching a constant value. With in- 
creasing voltage the final constant values generally 
show a departure from Ohm’s law. Many attempts 
have been made to coordinate the results of investiga- 
tion of this property but without great success. This 
conductivity is undoubtedly ionic in character and .n 
some cases follows closely the known laws of the ionic 
conductivity of gases. Values have been obtained for 
the mobilities of both positive and negative ions for 
particular materials, but in general the results of such 
investigations are far from definite in character and this 
is attributed to the presence of ions or molecular aggre- 
gates of different size. Phenomena of this character 
seem to be particularly susceptible to the presence of 
impurities in small amounts, to traces of water, etc. 

Electrolytic dissociation and resulting conductivity is 
known to exist in some complex insulating materials. 
Glass is a remarkable example of this. The metallic 
constituents of some glasses may be separated out under 
continuous voltage and deposited on electrodes. Here 
is an instance of a rigid insulating material through which 
it is known beyond a doubt that electrolytic ions 
pass from one electrode to another. 

As regards the influence of these two types of condue- 
tivity on the phase difference of commercial insulation, 
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it may be said that very little is definitely known. 
There would appear to be good possibility of the pres- 
ence of the former type, and it is probably true that the 
residual conductivities of composite dielectrics made up 
originally with liquid binders, is in considerable pro- 
portion due to the motion of ions of the type usually to 
be found in liquids. 

Hysteresis. Since the days of Siemens, who first 
noted the heating of impregnated paper under alternat- 
ing stress, it has been customary to attribute the losses 
in dielectrics to some form of molecular friction, ap- 
parently arising in the same types of cause pertaining to 
the case of magnetic hysteresis. There are many 
differences between the two phenomena which indicate 
that they are of essentially different character, and it is 
undesirable, therefore, to use the word hysteresis in 
connection with dielectric behavior. In addition to the 
differences mentioned it is to be noted that in the case 
of dielectrics there are many other factors, as enumer- 
ated above, that appear to be quite sufficient to account 
for all of the losses which are observed. It is, of course, 
possible that in addition to these well-recognized causes 
for loss there may be some residual type of loss arising 
in the orientation or deformation of molecules and 
atoms. In fact, there have been numerous suggestions 
that the phenomenon of absorption itself arises in fric- 
tional deformation or the motion of electrons within the 
atom itself. With due weight given to these considera- 
tions it may still be said that the evidence that the 
nature of the losses in dielectrics is of the character 
usually understood by the word hysteresis is so 
small as to make it appear very unlikely. 

Gaseous Ionization. Many forms of commercial 
insulation are composite in character and built up in 
layers. Conspicuous examples are the insulation of all 
electromagnetic machinery and of many types of high- 
voltage underground cable. The assembly and appli- 
cation of this type of insulation invariably provides 
opportunity for the enclosure or entrapping of certain 
amounts of air, which is never completely removed 
by such processes as evacuation and subsequent pres- 
sure impregnation. This air, when voltage is applied 
to the insulation, breaks down electrically under the 
process known as ionization. It is also known that in 
some cases the constituents of impregnating materials 
break down under stress, with the generation of gases 
and the further increase in the size of the voids in the 
body of the insulation. These gases are also subject to 
ionization. The products of this gaseous ionization are 
usually highly active oxygen and ozone. Not only is 
the ionized gas a good conductor but the products of the 
ionization attack the surrounding material rendering it 
conducting, thus further increasing the conductivity. 

It will be seen, therefore, that this type of conduc- 
tivity is not necessarily inherent in the material itself, 
but is a result of imperfect methods of assembling and 
applying the material. However, it is probable that — 
even at very low stresses this type of conductivity is 
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present to some extent in all insulations in the class 
mentioned. Standard specifications for cables, for 
example, include clauses giving tests for increase in 
power factor due to this cause, and limiting values for 
such increase, thereby recognizing its necessary pres- 
ence. Power-factor curves of this type of insulation 
only show marked increase above certain values of 
stress, and such increase is in all probability rightly 
attributed to this type of ionization. 

It can not be emphasized too strongly, however, that 
internal ionization is highly destructive to the structure 
of composite insulation, and that if such insulation is 
operated above a stress at which ionization is known to 
occur, the days or months of the life of this insulation 
are already numbered. 

Bearing in mind these various causes giving rise to a 
phase difference in dielectrics, it is not to be wondered 
at that there is much conflict of evidence as to the be- 
havior under different conditions of insulation of any 
particular type. Ofthe several causes enumerated, the 
laws of only two of them may be said to be well known, 
namely, conduction and absorption. Inherent con- 
ductivity of the type found in metals leads to a value of 
losses readily calculable. Dielectric absorption has been 
carefully studied and it is known that in insulation of 
comparatively simple structure absorption accounts for 
most of the loss. In the uncertain laws controlling the 
losses of other character there is plenty of explanation 
of the erratic behavior often reported. It may be 
pointed out, however, that these uncertain phenomena 
are usually of a type which seems to yield to care and 
control in preparation of materials and methods of 
assembly. Moisture may be largely driven out, 
anomalous conductivity reduced to extremely small 
proportions, and it is possible to reduce gaseous joniza- 
tion to negligible proportions. With care of this 
character, therefore, it is legitimate to consider the 
behavior of dielectrics from the standpoint of conduc- 
tivity and absorption alone. It has been shown that 
the extension of Maxwell’s theory of absorption to the 
alternating case will account for the outstanding fea- 
tures of the behavior of composite insulation. For 
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example, the loss is in proportion to the square of the 
voltage, and to the frequency. Moreover, it is shown 
that the variation of power factor with the frequency 
shows a maximum value, which may lie at a low or very 
high value of frequency, depending upon the constitu- 
ents of the material. Further, and due to the same 
causes, variations of temperature within the usual 
range may cause either sharp increase or sharp decrease 
of power factor. The fact that variations of this char- 
acter are in accord with the simple theory of absorp- 
tion as the principal source of loss is extremely encour- 
aging and a great step in advance. 

In closing this brief discussion of the origin of phase 
difference in dielectrics, it may be pointed out that a 
moderate value of phase difference or power factor 
appears to be practically a necessary feature for compos- 
ite insulation. On the other hand, there is no objection 
to a phase difference of moderate amount provided that 
it remains constant. If the phase difference of a given 
dielectric increases with the electric stress its cause 
should be carefully investigated and the insulation 
always operated below the stress at which such increase 
in phase difference begins. The increase due to tem- 
perature is more difficult to control, but there is reason 
to suppose that it has a definite value in any particular 
case, and that it is therefore subject to control. If these 
considerations are correct, there is good reason to hope 
that a well considered program of experimental re- 
search will result in the placing of the design of insula- 
tion on an engineering basis comparable to that per- 
taining to the other elements of circuits and machinery. 
The essentials of such a program would be principally 
the checking of the laws which now appear most prob- 
able, and the study of the properties of insulating ma- 
terials, singly and in combination. The preparation 
and coordination of a program to meet this need is 
already under way in the work of the Committee 
of Insulation of the Division of Engineering and 
Industrial Research of the National Research Council. 


Discussion 


For discussion of this paper see p. 658. 
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Synopsis.—This paper points out the need which exists in the 
electrical industry, particularly in connection with the testing of 


-high-voltage cables, for convenient standards for use in the measure- 


ment of dielectric loss. 
air condensers. 


At present most laboratories make use of 
In the paper these are classified and certain 


N any kind of measurement the need of standards is 

not apparent until the importance of this kind of 

measurement becomes evident. For example, stand- 
ards of resistance were not needed so long as men were 
interested only in electrostatics. It was only when 
current electricity became of importance that resistance 
standards were developed. Likewise, the recent realiza- 
tion by industry of the importance of measuring the 
power factor of dielectrics has raised the question 
as to whether or not suitable standards can be prepared 
and maintained. 

At the present time practically all laboratories which 
make measurements of the power factor at high voltages 
use an air or gas condenser asastandard. Itisassumed 
that there is a negligible loss in such a condenser. 
Descriptions of a number of these condensers have 
appeared in print. Also a number of concerns, in 
response to a circular letter, have furnished the author 
with descriptions of the condensers which they are 
using. Space does not permit a detailed description of 
all of these condensers. However, it is possible to 
classify them under certain general headings and thus 
indicate the important features of the condensers which 
are now being used. 

In all of these condensers, great care has been exer- 
cised to so design the condensers that no corona will 
occur at the highest voltages at which they are to be 
used. This requires that the spacing between the 
plates shall be adequate and that the edges-of the 
plates shall be finished by a curved surface having at all 
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sources of error which must be guarded against are mentioned. 
Condensers with solid dielectrics would be much more convenient, 
more portable, and cheaper, but so far none have been produced 
which have satisfactory constancy for use as standards at high 
voltage. 


points a large radius of curvature. If a large room is 
available, these conditions are not difficult to meet. 

The condensers may be classified either in regard to 
the kind of dielectric or in regard to the shape of the 
electrodes. When classified in regard to the kind of 
dielectric, the condensers naturally fall into two 
classes, (1) condensers using air at normal pressure as a 
dielectric and (2) condensers using a compressed gas as a 
dielectric. As the dielectric strength of a gas increases 
approximately in the same ratio as the pressure of the 
gas, the plates of a compressed gas condenser can be 
placed relatively close together, decreasing greatly the 
size required for a given capacitance. With a pressure 
of only 10 atmospheres, the plate separation for any 
given voltage need be no greater than with an oil con- 
denser for that voltage. Moreover, there are no data to 
show that there is any dielectric loss in a compressed 
gas. The advantages and disadvantages of a com- 
pressed gas condenser in comparison with one using 
air at atmospheric pressure is shown in the following 
statement furnished by Mr. R. W. Atkinson: 


Advantages Disadvantages 
Compactness Lack of adjustability 
Portability Necessity of maintaining pressure 
Cheapness, Inaccessibility of electrodes 
Constancy Difficulty of designing a gas- 


Complete shielding tight, high-tension bushing 

Air condensers for high voltage may also be put in two 
classes as regards the shape of electrodes, 7. e., those 
using flat plates and those using coaxial. cylinders. 
Those using flat plates may again be divided into those 
having a single high-voltage plate and those having 
several high-voltage plates. When there is a single 
high-voltage plate, most laboratories use two low- 
voltage plates, one on either side of the high-voltage 
plate. This doubles the capacitance with an increase in 
the cost of only 50 per cent. Many laboratories use a 
guard plate to shield each of the low-voltage plates of 
the condenser. 

In the condensers made of coaxial cylinders, two types 
are used; those having the high voltage on the inner 
cylinder and those having the high voltage on the outer 
cylinder. In either case guard rings are generally used 
at the ends of the low-voltage cylinder. If the low- 
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voltage cylinder is outside, it is customary to surround 
the low-voltage plate by a metallic screen which is 
connected to the guard rings at the end, thus completely 
shielding the low-voltage plate. If the low-voltage 
plate is on the inside cylinder, the guards at the end of 
the cylinder form a complete shield for this plate. 

Certain difficulties arise in the use of air condensers 
as standards for power-factor measurements. There is 
often some uncertainty concerning the loss in the leads 
which go to the air condenser as well as those which go 
to the specimen. In case a substitution method is used, 
care must be exercised to see that the loss in the leads is 
the same when the specimen is being measured as when 
the air condenser is substituted. 

If the condenser does not have any guard plates, 
then it is important that all the lines of electrostatic 
force passing from one plate to the other shall go 
through air. Such condensers should be kept well 
away from the walls of the room, and the solid insulating 
material used to support the low-voltage plate must be 
so arranged that the loss in it is negligible. 

In condensers using a guard, there is frequently a 
large capacitance between the guard and the shielded 
plate. If the guard plate is at every instant kept at the 
same potential as the shielded plate. then this large 
capacitance has no deleterious effect. However, in 


Ez 


very few of the published methods is any provision 
made for keeping the voltage of the guard plate the 
same as that of the shielded plate. 

The effect of a slight difference of potential between 
the guard plate and low-voltage plate can easily be 
illustrated by reference to the Schering bridge This 
bridge, arranged for use with a guarded condenser, is 
shown in Fig. 1. The capacitance C, between the 
shielded plate and the guard plate is in parallel with the 
measuring capacitance Cy The power factor of the 
specimen D is given by the equation 

Power Factor = 27 f Ra (Ci + C;) 
Hence, if the value of C, is omitted in computing the 
power factor, an error is introduced the magnitude of 
which will depend on the relative values of C, and Ce 
For a given sample, the error, will increase as R, is 
increased. A rough estimate of the value of the ca- 
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pacitance C, that may be expected in types of condens- 
ers now in use indicates that if Rs is as much as 1000 
ohms, the error would be of the order of 0.01 per cent in 
the power factor, whereas if R, is 10000 ohms the error 
would be of the order of 0.1 per cent. 

All other methods of measuring power factor with a 
guarded condenser are subject to errors of the same 
magnitude as those indicated for the Schering bridge. 
The current that flows through the capacitance from the 
shielded electrode to earth decreases thecurrent through 
the measuring instrument. Unless special provision is 
made to insure that the guard electrode is at the same 
potential as the shielded electrode, the errors that may 
result in the power factor of the specimen under test 
may be quite as large with a guarded condenser as with 
an unguarded condenser. 

The problem of making power-factor measurements 
would be considerably simplified if suitable condensers 
with solid dielectric were available. These condensers 
could be certified for power factor in a standardizing 
laboratory. In order to be suitable, such condensers 
must be smal] enough to be portable and should have a 
low power factor which is stable with time and which is 
nearly independent of voltage, frequency, and tempera- 
ture. No condenser which fulfills these requirements 
at high voltages has been produced. A mica condenser 
serves admirably at low voltage, but as yet it has not 
been adapted to high voltage. 

Paper condensers for use on voltages up to 3000 volts 
are now a commercial article. Some unpublished 
experiments performed at the Bureau of Standards 
indicate that their power factor may change with time. 
Hence such condensers cannot at present be considered 
suitable for standards. 

Glass condensers have been used in some Cases. 
While very stable, the loss with most kinds of glass is 
high and there is a large change with temperature. 
Such condensers are not suitable as standards. There 
are unpublished data indicating that glass having a 
much lower loss than ordinary glasses will soon be 
available. . This offers interesting possibilities for use 
in standard condensers. 

Clear-fused quartz, often called silica glass, has been 
suggested as a suitable dielectric for high-voltage con- 
densers. It answers the requirements of stability and 
of low dielectric loss. However, the effect on the power 
factor of changes in voltage, frequency, and temperature 
has not yet been determined. Until a condenser of 
this type has been given a complete test, there 
will be no certainty that fused-quartz condensers 
will make satisfactory standards for power-factor 
measurements. Bishi 

The situation today in regard to power-factor stand- 
ards at high voltage in many ways resembles the voltage 
situation forty years ago. Then if one wished to mea- 
sure a voltage he must himself set up a Daniell cell 
which he could use as a standard. Now, practically 
every voltage measurement depends directly or in- 
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directly on values maintained at a standardizing labora- 
tory. The change from the first condition to the 
second has taken place gradually as new methods of 
maintaining standards have been developed, and as 
standardizing laboratories have been able to convince 
industry that the standards which they furnish are 
reliable. 

Now it is practically necessary for every laboratory 
that wishes to measure power factor at high voltage 
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either to build an air condenser which is supposed to 
have zero power factor or to resort to difficult absolute 
measurements. However, if there is sufficient demand, 
standards will be developed and standardizing labora- 
tories will put themselves in a position to certify to the 
value of the power factor under working conditions. 


Discussion 


For discussion of this paper see p. 658. 
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Synopsis.—This paper deals with the effect of errors in the 
measurement of power factor upon the usefulness of impregnated 
paper-insulated cables. It points to error in the knowledge of the 
thermal properties of the cable and the cable duct. The latter error 
affects the usefulness of a cable to such an extent as to permit a 
limited error in the power factor without materially reducing the 
efficiency of the cable. This limited error defines the required power- 
factor accuracy. 


INTRODUCTION 


HE significance of an error in the measurement of 
one property of a commodity depends upon the 
limitations which that error imposes upon the 

usefulness of the commodity. At first hand, it would 
seem that this error should be reduced to as low a 
value as possible in order that the commodity may have 
a maximum usefulness. However, in the measure- 
ments of other properties of the commodity, errors 
exist which also impose limitations. An error in the 
measurement of the property, therefore, need not be 
made as small as possible, but need be reduced only toa 
value which will impose very little additional limita- 
tions upon the usefulness of the commodity. » 

The purpose of -this paper is to determine the signif- 


_jeance of an error in the measurement of the dielectric 


power factor of impregnated-paper insulated cables. 
The method of attack lies in an endeavor to compare the 
power-factor error with the error existing in the knowl- 
edge of the thermal properties of the cable. This 
comparison is based upon the effect of each of these 
errors on cable efficiency. The efficiency of a cable is 
measured by its capacity to carry current. 

No economic gain of any consequence can be realized 
by reducing power-factor error below a certain limit 
as long as errors exist in the thermal data of the cable 
and the cable duct. In other words, for a given ac- 


curacy in the thermal data, an appreciable gain in 
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The required power-factor accuracy in general is found to vary 
directly with the frequency and the specific inductive capacity 
of the insulation, and to increase with the number of cables in a 
duct bank and the ratio of E?/G, where E is the operating voltage of 
the cable in kilovolts and G@ is the geometric factor. For very high- 
voltage single-conductor cables the power-factor accuracy should be 
within the order of 0.002. 


* * * * * 


cable efficiency can be realized by increasing power- 
factor accuracy only up to a certain limit. This limit 
ot power-factor accuracy can be defined, for the purpose 
of this paper, as the required power-factor accuracy. 

If the accuracy of the thermal data should increase, 
then the required power-factor accuracy would like- 
wise increase. To provide for this situation, it is 
shown how the latter varies with respect to the former. 
With this information available, the required power- 
factor accuracy can be determined and then compared 
with the estimated power-factor accuracy obtained in 
the measurements. If the estimated accuracy is less 
than the required accuracy, then the methods for 
measuring power factor should be improved. On the 
other hand, if the estimated power-factor accuracy is 
far in excess of the required, then the accuracy of the 
thermal data should be increased. 


THREE-CONDUCTOR CABLE 


The following formula gives the current-carrying 
capacity of a three-conductor cable: 
18.08 at 
pi ee ie Tear ys FE 
VR Rin 
This formula is practically the same as formula (24) 
given by Simons’. The term Wovis the dielectric power 


2. “Calculation of the Electrical Problems of Transmission 
by Underground Cables,’”’ Donald M. Simons, The Electric Jour- 


‘nal, August, 1925, p. 375. To avoid confusion the author has 


used the same symbols as those used by Simons. The first 
published formula to include Wor was given by Wm. A. Del Mar 
in Harold Pender’s ‘“Handbook for Electrical Engineers,” 
1922 edition, p. 2021. 
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loss in watts per foot of cable at 60 cycles, and is as- 
sumed, for the sake of simplicity, to originate on the 
surface of the conductors. 


Wox is proportional to the power factor cos 0. 


R =the resistance per conductor in ohms per 
1000 ft. at the allowable temperature, 7’, 


in deg. cent. (two per cent is added for. 


cabling). 
T<. = the base temperature of the earth in deg. cent. 
used as 20 deg. cent. 


R,, = thermal resistance between conductors and 
base in thermal ohms per foot of cable. 
I = current per conductor at the generator end of 


the cable in amperes. 


The value of the current I is known with an accuracy 
of one per cent or better. The temperature, don Can 
be established under laboratory conditions with con- 
siderable accuracy. When 7) is established, the value 
R becomes known to an accuracy within 2 per cent, the 
allowance required for manufacturing variation. The 
accuracy of the terms 7’c and R,, is low. These two 
terms need be studied, therefore, in considerable detail 
in trying to assign the accuracy required in power- 
factor measurements. 

Simons’ equation (20) gives the following expression 
for Ri;: 


0.00522 p G, 0.00411 B 
Rin = n = D == N H (2) 

p = thermal resistivity of insulation in watt-cm. units 
G; = geometric factor of cable, all three conductors 

against sheath 
m = number of conductors in the cable 
B = surface thermal resistivity of lead sheath in 

watt-cm. units 
D = outside diameter of the lead sheath in inches 
H = heating constant of duct in thermal ohms per foot 
N = number of similar cables in duct bank 


The value of the fraction can be varied 


o— Tc 
Ris 
either by assigning different values to Tc or to Ryu. 
Any error existing in R,, can therefore, in equivalent 
terms, be added to the error existing in Tc. The fore- 
going fraction can therefore be rewritten into the follow- 
ing form in which A 7'c is an equivalent error which 

combines the actual errors in 7'c and R,,. 


T,— (Te + Tc) 
Rin 


The term Wo: contains an error of A Wor and can 
therefore be written in the form Wo: + A Woz. 
a certain equivalent error of A 7’c in the base tempera- 
ture of the earth will affect the value of I by the same 
amount as a certain error of A Wov:. Accordingly, the 
following equation can be written: 
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A Te 
Rin 


From Simon’s formula (17) in the foregoing citation: 


( 3144 ) W 
cos 6 = Fk B/G, B/G; DL 


A Wor = (3) 


(4) 


E = Phase voltage in kilovolts 
G,. = Simon’s geometric factor for three-phase opera- 
tion 
._k = The specific inductive capacity and is taken to 
be 3.4 
f = Frequency, and equals 60. 


The power-factor error may be represented by A cos 
@ which corresponds to the dielectric power-loss error, 
AWov.. Using these symbols in equation (4), the 
following relation is obtained: 


15.4 AT c P 
A cos 6 = E/G ae (5) 
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Fig. 1—Powrr-Factor Error In Terms oF EQUIVALENT 
Base TEMPERATURE HRROR A Tc FoR Various THREE-CON- 
puctor Paprr-INSULATED CABLES 


In calculating the value for R,;, the author has used 
500 for the thermal resistivity of paper insulation in 
watt-em. units. The surface thermal resistivity of 
lead sheath B in watts per cm. units, is 1200, the same as 
that used by Simons. The heating constant H of the 
duct in thermal ohms per foot is taken as unity in 
accordance with Simons and Atkinson. 

Table I gives the power factor error, A cos 6, caused 
by an equivalent error of 1 deg. cent. in the base tem- 
perature 7c for ten cables. A T7'c = 1 in formula (5). 
In this table, T is the conductor insulation thickness and 
t is the belt insulation thickness with both expressed in 
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64ths of an inch. The column of cos 6 gives what may 
be considered as a basic value of the power factor 
corresponding to the temperature 7). To be sure, 
cables are manufactured having power factors less than 
those listed here, but on the other hand, cables are 
also made having higher power factors. In regard to 
operating voltage H, the table indicates an optimistic 
outlook on the performance of cables. The reason for 
this optimism is that the purpose of this survey is to 
consider power-factor measurements not only for cables 
being manufactured now, but also for possibie cables 
which may be manufactured during the next decade. 

The power factor error A cos 6, is independent of the 
basic power-factor cos @ according to formula (5). In 
other words, had other values been chosen for the basic 
power factor, cos 6, than those listed in the table, the 
power-factor errors, A cos 8, would remain the same. 
This observation leads to an important conclusion. 
If the allowable power-factor error is limited only by 
errors existing in the base temperature 7'c and the 
thermal resistance R,,, then the power-factor error 
must be expressed, not in terms of percentage, but in 
terms of a constant. For example, a power factor 
of 0.05 is known to be correct within the limits + 0.005 
and not + 10 per cent. 

The relation of the power factor error A cos 6, and 
E?/G, is shown in Fig. 1 for various values of A T'c. 
When the power-factor error has been calculated for an 
equivalent temperature error of 1 deg. cent. (A Tc = 1), 
it is very easily obtained for other temperature errors. 
The power-factor error increases in the same proportion 
as the temperature error. For example, if A cos 6 
= 0.0331 when A T7< = 1, then Acos 6 = 0.0662 when 
A Tees 2. 

The curves in Fig. 1 show that the required accuracy 
of power-facto1 measurements increases as the value of 
E?/G, increases. For the sake of illustration, an 
equivalent error of 3 deg. cent. may be assumed in the 
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A conversion of the term A 7'c into its corresponding 
effect on the current carrying capacity of the cable 
may be helpful. The following formula provides the 
solution: 


the 
TN 
I, is the current capacity of the cable when its power 
factor is (cos 6 + A cos @). 

I is the current capacity of the cable when its power 
factor is cos @. 

Fig. 1 supplies values of A cos @ for various cables 
and for various values of A T'c. Table I contains values 
of cos 6) and cos @. Fig. 2 shows the effect of different 
values of A 7c upon the current capacity of the ten 


cos 6) — cos 6 — A cos 0 
cos 6) — cos 9 


(6) 


1.00 = = 
8 
er ts 
0.92 | 9 
0.88 = 
084 £=60 | 
| 
0.80 
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Fic. 2—Tue Errect or A CHANGE IN THE BASE TEMPERATURE 
Upon Current Capacrry or THREE-COoNDUCTOR PAPER- 
INSULATED CABLES 
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cables listed in Table I, when N equals six and when the 
basic power factor is that listed in the table. 


WHEN N EqQuaLs ANY NUMBER 


The subject thus far has been confined to the condi- 
tion of six similar cables in a duct bank. The question 
naturally arises as to how the desired power-factor 
accuracy would change if some other number of similar 
cables in a duct bank were chosen. The change can 
easily be shown by introducing a factor Q. 


base temperature. Under this condition the power Acos 6 = QAcos 6(N = 6) (hs) 
factor of cable No. 9 should be measured with an error Ru (N = 6) 
not to exceed 0.008. On the other hand, cable No. Zz Q = ed Peete (8) 
may have a power-factor error not greater than 0.07. ; 
TABLE I 
THREE-CONDUCTOR CABLE 
To = 90 — E (minimum = 60) To = 20 N =6 ATe =1 f =60 
hs ame oe OD ee ES SS ee ee Ee 
Cir. Mils K.V. °C ; 
Cable No. X10 — 3 oh t EB To Cos 6 Gy Ge Cos 40 Rth E*/G2 A Cos 0 
fed ay 500 ; 8 6 7.6 82 0.053 0.70 1.04 2.05* 8.60 bo. 0.0331 
2 212 16 4 13.2 TMS 0.046 1.29 2.31 es 9.15 75.4 0.0231 
3 . 500 9 5 13.2 iATh 0.046 0.71 iy] 0.678 8.58 156 0.0119 
4 350 19 {6 25 65 0.033 1.29 2.18 0.286 8.74° 286 0.0064 
5 500 9 5 20 70 0.038 0.71 1.06 | 0.246 8.58 | 376 0.0049 
6 350 23 9 35 60 0.029 1.49 2.57 | 0.156 8.75 | 478 0.0038 
te 350 20 10 35 60 0.029 1.45 2.41 0.142 8.79 509 0.0035 
8 350 19 a 35 60 0.029 1.29 2.18 0.130 8.74 561 0.0032 
9 500 18 8 35 60 0.029 1.16 1,86>-|- 0.118 8:53 658 0.0028 
350 | 23 9 45 60 0.029 1.49 2.57 092 8.75 | 790 0.0023 


= 210 


*The column of Cos 69 is, on first consideration, 


more ridiculous than interesting. 


Some of the values are imaginary. This column of figures gives 


the power factor which each cable would have if it had zero current carrying capacity. Those cables for which the figure is greater than unity will carry 


current regardless how great the basic power factor cos 6 may be (cos 6, 


becomes rather low, as for example Cable No. 9, it has a significant meaning. 


to 0.113 at 60 deg. cent. = ont 


of course, will never be greater than unity). 


On the other hand, when the figure 
This cable will not carry current at 60 deg. cent, if its power factor is equal 
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By trial calculation on the ten cables listed in Table 
I, Q was found to be constant, within an average devia- 
tion of 1.3 per cent. The following values of Q can be 
safely used tor the purpose of this paper: 

No=2 4 6 8 10 12 
Ore Shee 30 tl Olt cOumsmn <Du 


The use of Q can easily be seen by referring to Fig. 1. 
The values of A cos 6 for a condition of N = 4, may be 
obtained upon multiplying the values taken from Fig. 
1 by 1.30. Likewise, the values of A cos @ for a con- 
dition of N = 12, may be obtained upon multiplying 
by 0.59. Because Q becomes smaller as N increases, 
the conclusion follows that power-factor measurements 
should be obtained with greater accuracy as the number 
of similar cables in a duct bank increases. 

According to formula (6), the power-factor error 
cos 6 should become less as cos 6 increases in order that 
the ratio I./I may remain constant. If the limits of 
the power-factor error should be based on the condition 
that the error must not affect the current capacity of a 
cable by more than a certain percentage, then evidently, 
the accuracy of power-factor measurements should in- 
crease as the value of the power factor increases. This 
reasoning is not valid. Even though a cable of high 
power factor should be measured with a higher degree 
of accuracy, nothing would be gained in current capac- 
ity because the equivalent error A 7'c would not per- 
mit a gain. The conclusion therefore follows that the 
required power-factor accuracy cannot be based directly 
on a limited change in current capacity. | 


SINGLE-CONDUCTOR CABLES 


A slight modification of Simons’ equation (26) for 
current capacity yields formula (9): 


Bn BkeBia tc Senee Tae Tees 
pte (ees eee Re 


The rati nae 
eratio 


Te= Rin Wor 
Ru 


(9) 


is introduced because the skin effect 


in large conductors becomes appreciable. The term 
Riw is somewhat different from R,, because in the case 
of single-conductor cables the dielectric power loss is 
not assumed to originate on the surface of the conductors 
but actually originates in such a location as to cause a 
temperature drop from conductor to sheath equal to 
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one half the drop it would have if the dielectric power 
loss had originated on the surface of the conductor. 
The value of R,, must be calculated in such a manner as 
to take into account sheath losses which are of relatively 
large magnitude in single-conductor but negligible 
in three-conductor cables. The other terms in formula 
(9) are the same as those in formula (1). 
he ratio of R,./Ra is taken from Simons’ paper’, 
p. 369. R,, and R. were calculated according to his 
method. However, 500-watts per cm. units were used, in 
place of his850-watts per cm. units, as the heat resistivity 
of impregnated paper. 
By introducing the terms A Wo. and A 7c in formula 
(9), the following formula is obtained: 


AW are (10) 
DL = ae 
e? 
Stating A Wo: in terms of A cos @ and G formula (10) 
becomes: 
9 46.5 AT “es 
A cos 2/G Rw (11) 


® 
I 


voltage to neutral in kilovolts. In single-con- 
ductor cable it is the voltage from conductor to 
sheath. 

G = Geometric factor 

ko = 3.4 and f= 60. 

The power-factor error A cos 9, is given in Table II 
when A 7'< = 1, for six different cables when N equals 
6. The center of each of the three cables on a three- 
phase circuit was assumed to be at the apex of an 
equilateral triangle, the sides of which were taken to 
be 12 in. long (S = 12). Cables No. 14, No. 15 and 
No. 16 each has a hollow core of 34 in. diameter in the 
conductor. All the cables are assumed to have a single 
lead sheath the thickness of which is given as U in 
64ths of an inch. The thickness of the insulation in 
64ths of an inch is given as 7’. 

In Fig. 3 the relation of power-factor error, A cos 9, 
to the ratio e?/G is shown for various values of A T7'c. 
As in three-conductor cables, the power-factor error 
is easily obtained for other values of A 7c when it is 
known for one value of A 7c. If A cos 0 equals 0.005 
when A 7, equals unity, then A cos 6 equals 0.01 when 


SoamelsGOM Gite 


I 


TABLE II 
SINGLE-CONDUCTOR CABLE 
Tc = 20 N =6 A“ Te= f= 60 
Cable Cir. Mils ‘ : 
No. X10 —3 Tr U E To Cos 6 G Rth Cos 60 Rin! e2/G A Cos 6 
11 500 40 8 40 67 0.0385 0.93 16.8 0.409 9.4 569 0.0087 
12 500 60 9 _ 66 60 0.029 1.19 aby A 4 0.167 9.2 1213 0.00417 
13 e 750 52 10 75 60 0.029 0.97 20.4 0.114 8.9 1830 0.00285 
14 600 46 10 100 — 60 0.029 O 81 17.9 0.0515 8.7 4130 0.00129 
15 600 46 10 132 60 0.020 0.81 17.9 0.0296 Bik 7180 0.00074 
16 ' 600 46 10 132 60 0.010 0.81 17.9 0.0296 8.7 7180 0.00074 
a ae ee 
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A T« equals 2. The curves show that for high-voltage 
single-conductor cables, the permissible power-factor 
error is much less than it was for the three-conductor 
cables considered in Fig. 1. If the equivalent error 
A Tc, in the base temperature is assumed to be 3 deg. 
cent., then the power-factor error, A cos 6, should not 
exceed 0.0022. This accuracy would be required 
regardless of what the actual power factor of the cable 
may be. 
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The frequency used in the calculations is 60 cycles. 
If some other frequency were used, the permissible 
power-factor error would change. Although the exact 
variation of dielectric power loss with frequency is not 
known, the dielectric power loss may be considered to 
be proportional to the frequency within the limits of 
commercial power frequencies. On this basis, the 
permissible power-factor error, both for single-con- 
ductor and three-conductor cables, varies inversely as the 
frequency. In other words, the greater the frequency, 
the greater should be the power-factor accuracy. 

The effect of A 7c upon the current capacity of 
single-conductor cables can be calculated by formula (6). 
This effect is shown in Fig. 4, when N equals 6 and 
when the basic power factor is that given in Table II. 

If N equals some other number, the power-factor 
error A cos 6 may be obtained by formula (7). In 
this case 


Rin (N 5 6) 
2 aye SR EC 12) 
a (12) 
The values of Q may be considered as follows: 
N-=t3 6 9 
Qyasl750)4 1) 280775 
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132-Kv. CABLE 


Fig. 4 brings out some rather interesting information. 
Each curve has a sudden break at cable No. 16; conse- 
quently cables No. 14 and No. 15 have:some prop- 
erty which is abnormal relative to the other cables. 
This property is the power factor cos 6. Even though 
cable No. 15 has a power factor which is only 0.02 at 
60 deg. cent., this power factor value is relatively much 
higher than the power factor 0.029 at 60 deg. cent. is for 
cable No. 12. Cable No. 15 should have a power 
factor of the order of 0.01 at 60 deg. cent. in order that 
that cable may perform in accordance with experience 
with other cables. The equivalent base temperature 
error A Tc, should be low and also the power-factor 
error A cos 0. Furthermore, the power factor of the 
cable and the heat resistance of the cable and the duct 
line must run very uniform throughout its entire length 
for satisfactory and economical service. 

Fig. 5 shows the power factor-temperature charac- 
teristic A B which cable No. 15 may be expected to 
have,-and characteristic C D for Cable No. 16. Each 
of these characteristics was obtained in actual power- 
factor measurements of finished cables. The dotted 
line EF is the unstable power factor-temperature 
characteristic for Cable No. 15 and likewise the dotted 
line G H is the unstable characteristic for Cable No. 16. 

The current capacity of Cable No. 15 is calculated to 
be 187 amperes when it is operated with a conductor 
temperature of 60 deg. cent. and a power factor of 
0.020 when N equals 6. If this cable had E F in Fig. 5, 


15 


pele 


122) 13\— 16014 
CABLE NUMBERS 
Fig. 4—Tue Errect or A CHANGE IN THE BASE TEMPERATURE 


Uron Current Capacitry or Sinaue-Conpuctor PaApr- 
INSULATED CABLES 


as its power-factor characteristic, it would carry 187 
amperes at any temperature from 40 to 90 deg. cent. or 
more. Nobody knows what temperature the cable 
would choose. ° 

The unstable characteristic H F is obtained with the 
use of formula (11). Instead of using A cos @ as a 
power-factor error, it is used as a power-factor incre- 
ment. For the term AJ7'c, AT > is used because an 
increment change in 7') produces the same effect as an 
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increment change in 7c according to formula (9). 
Formula (11) then becomes: 


A cos 6 -f 46.5 1 3) 
A IE e/G Rin ' 
Formula (13) provides the slope of the characteristic 
EF. The point, cos @ = 0.02and 1) = 60, on the 
characteristic is already known. The characteristic 
is, therefore, established by a point and the slope. In 
the derivation of the slope the change in the resistance 
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132-kv. cable 

One-conductor, 600,000 cir mils 
3/4-in. hollow core 

46/64-in. insulation 


R due to an increase in temperature is disregarded. 
The actual power-factor characteristic of Cable No. 15 
is the curve A B. With a current of 187 amperes flow- 
ing in this cable, its temperature will rise to 60 deg. 
cent. Now, if the current should increase slightly to 
190 amperes, the cable temperature would immediately 
rise indefinitely. Even if the current should drop back 
to 187 amperes when the temperature has reached 70 
deg. cent., the temperature would continue to rise any- 
way because the cable temperature has passed the 
critical point of 68 deg. cent. This temperature is 
generally known as the critical temperature of cumu- 
lative heating. Cable No. 15 is not suited for 187 
amperes, because a small error in the thermal data or 
power factor of the cable would cause. cumulative 
heating. 

The current capacity of Cable No. 16 is calculated to 
be 268 amperes at 60 deg. cent. with a power factor of 
0.01 when N equals 6. With a current of 268 amperes 
flowing through it, this cable with its power-factor 
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characteristic C D, in Fig. 5, would come up to a tem- 
perature of 58 deg. cent. provided no power-factor 
error exists and that all other cable and duct properties 
are known exactly. If, however, a power-factor error 
of 0.002 or an equivalent base temperature error of 3 
deg. cent. exists, the cable would come up to a tem- 
perature of 63 deg. cent. and stay there as long as noth- 
ing changes. A little overload for a few hours might, 
however, seriously jeopardize the life of the cable. 

Fig. 6 tells a similar story except that N equals three. 
The current capacity of each cable at 60 deg. cent. is 
calculated to be 303 amperes for Cable No. 15 and 358 
amperes for Cable No. 16. The power factors are 
0.020 and 0.010 respectively. Cable No. 15 does not 
offer a continuity of service of 303 amperes because a 
small error in the power-factor measurement or in the 
equivalent base temperature might send the tempera- 
ture up to the point of cumulative heating at 90 deg. 
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_ 132-kv. cable 
One-conductor, 600,000 cir. mils 
3/4-in. hollow core 
46/64-in. insulation 


cent. Cable No. 16 looks promising for 358 amperes 
even though a power-factor error of 0.002 might exist. 
If in addition to a power-factor error of 0.002, an equiva- 
lent base temperature error of 4 deg. cent. exists the 
probable error of the combination would be of the order 
of 0.005. Even with this equivalent error of 0.005 in 
the power factor, the cable would probably continue to 
serve with 358 amperes but no overload should be per- 
mitted. Under this condition it would operate at 
65 deg. cent. 
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For the 132-kv. cable, for operation in a three-cable 
duct bank, the power-factor error evidently should not 
exceed 0.002 and the equivalent error in the base tem- 
perature should not exceed four deg. cent. in order to 
obtain a cable service similar to that obtained with 
cables of lower operating voltage. 


CONCLUSIONS 


A survey of the factors which have a bearing upon the 
accuracy required in power-factor measurements shows 
that: 

1. Power-factor accuracy should be stated as a 
constant and not as a percentage. For example, a 
power factor of 0.05 is accurate within + 0.005 and 
not + 10 per cent. 

2. ‘The power-factor accuracy required increases in 
direct proportion to the frequency, and also to the 
specific inductive capacity of the insulation. 
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3. The power-factor accuracy required increases as 
the number of similar cables in a duct bank increases. 

4. The required accuracy increases as the ratio 
E?/G increases, where FE is the operating voltage in 
kv. and G is the geometric factor of the cable. 

5. The required power-factor accuracy cannot be 
defined by percentage limits in the current-carrying 
capacity of a cable. 

6. The required accuracy is relative to the accuracy 
obtained in the measurement of the heat resistivity 
of the insulation, the surface heat resistivity of the 
lead sheath, the ‘‘heating constant” of the cable omer 
and the base temperature of the earth. 

7. For 182-kv. cable the power-factor accuracy 
should be of the order 0.002. 


Discussion 


For discussion of this paper see p. 658. 


IV_—_The Use of the Dynamometer Wattmeter 


for Measuring the Dielectric Power Loss and 
Power Factor of the Insulation of High- 
Tension Lead-Covered Cables 


BY EVERETT 5S. LEE* 


Associate, A. I. E. E. 


Synopsis.—The use of the dynamometer wattmeter for measuring 
the dielectric power loss and power factor of cable and capacitor 
insulation is not new, but dates from about 1890. 

Dynamometer wattmeters as available today are suitable for 
making these measurements. Care and altention must be given to 
their application. 

The usual methods of application are: 

1. Compensated dynamometer wattmeter 
capacitor, 

2. Inductance variation method (phase-defect 
method), with air capacitor, 


method, with air 


compensation 


3. Series resistor and wattmeter method, 

4. Resonance wattmeter method. 

Comparative measurements of dielectric power loss and power 
factor of cable samples indicate that results are being obtained with 
the dynamometer wattmeter wherein the probable departure from 
the true value is within from 10 to 20 per cent. 

There is need for an effective means of standardizing any measur- 
ing equipment. Study of the calorimeter method for this purpose 
seems desirable. 


INTRODUCTION 


RESENT-day purchase specifications for high- 
| Bate lead-covered cables contain clauses lim- 
iting the values of the dielectric power loss and 
power factor of the insulation; these properties must 
therefore be measured either on the factory product 
in reel lengths, or on samples cut therefrom, or on 
both as may be specified. The dielectric power loss 
is the total power consumed in the insulation, and is 
expressed in watts. The power factor of the insula- 
tion is the ratio of the dielectric power loss to the 
product of the voltage across the insulation in volts 
and the resulting total current in amperes. The mea- 
surement of the dielectric power loss and power fac- 
tor of the insulation therefore invoives either (1) the 
measurement of the power, voltage, and current from 
which the power factor may be calculated; (2) the 
measurement of the power factor, voltage, and current 
from which the power may be calculated; or (8) the 
measurement of the power and reactive volt-amperes 
from which the power factor may be calculated. 
The range of the values to be measured for present- 
day, single-conductor cables up to 43-kv. rating, con- 
ductor to sheath, (75-kv. between lines, three-phase), 
and three-conductor cables up to 33-kv. rating be- 
tween treated paper-insulated conductors, is shown in 
the following: 


Values for samples, 10 ft. of lead . 


Range of Impressed Voltage, 5 to 100 kv. 

Range of Temperature, 20 to 100 deg. cent. 

Dielectric Power Loss, 0.05 to 25 watts 

Leading Current Power Factor, 0.002 to 0.10 

Charging Current, 1.5 to 20 mil-amperes 

*General Engineering Laboratory, General 
Schenectady, N. Y. 


Presented at the Regional Meeting of District No. 1 of 
the A. I. EH. E., Niagara Falls, N. Y., May 26-28, 1926. 


Electric Co., 


For factory lengths which frequently extend up to 750 
ft., the values of dielectric power loss and charging cur- 
rent are proportionately greater for the same voltage. 
The values of power factor remain the same. 


The measurement of such low values of power and 
and power factor over a relatively wide range of vol- 
tages extending to high values is not simple, but re- 
quires special equipment. The instruments available 
for such measurements are the dynamometer  watt- 
meter, the electrostatic wattmeter, and a-c. bridges. 
It is the object of this paper to discuss particularly the 
use of the dynamometer wattmeter in making these 
measurements. 


THE DYNAMOMETER WATTMETER 


A dynamometer wattmeter is one which depends 
for its action upon the electromagnetic interaction 
between sets of fixed and moving coils, one set being 
traversed by the circuit current (or a current propor- 
tional to the circuit current) and the other set by a 
current proportional to the circuit potential. The 
external resistor is usually considered as an integral 
part of the instrument potential circuit. Most pres- 
ent-day wattmeters for switchboard and portable use 
are of the dynamometer type, the moving coils being 
supported between jeweled bearings. For measure- 
ments of dielectric power loss in cable insulation where 
the power to be measured is of very low value, a 
sensitive dynamometer wattmeter is used in which 
the moving coils are delicately suspended by a fine 
filament. The deflections are read from a scale set 
at some distance from the instrument and traversed 
by a light beam reflected from a small mirror carried 
on the moving system. There are usually two com- 
plete elements connected in series, one element being 
mounted above the other, the upper and lower ele- 
ments being of opposite polarity thus making the 
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instrument astatic so as to eliminate errors due to 
external magnetic fields. Such an instrument is 
called an astatic reflecting electrodynamometer watt- 
meter, but it is usually referred to in connection with 
cable testing as a dynamometer wattmeter. A 
commercial form of an astatic reflecting electrodyna- 
mometer wattmeter is shown in Figs. 1 and 2. 


USE OF THE DYNAMOMETER WATTMETER 


The use of the dynamometer wattmeter is not new, 
but on the contrary is quite old. Its introduction is 
generally attributed to. Professors Ayrton and Perry 
in 1881. In 1899, Rosa and Smith! published results 
of their measurements of dielectric power loss and 
power factor of capacitors using a resonance wattmeter 
method and using a calorimeter method, and following 
these in 1904 Dr. Rosa? published his further work 
in measurements made upon capacitors and circuits 
of low power factor using a dynamometer wattmeter 
with different methods of application, some of which 
are employed today in measuring dielectric power 
loss and power factor of cables. In 1901, Dr. C. V. 
Drysdale? described a dynamometer wattmeter of 
his own design, and at that time wrote the theory of 


————————— wal 


Fig. 1—Astatic REFLECTING ELECTRODYNAMOMETER 


W ATTMETER 
B Plumb bob F, F Fixed coils (Field coils) 
C, C, C, C Current terminals M Mirror 
D Damping chamber P, P Potential terminals 
E, E Moving coils T Tripod 


Z Zero Setter 


the a-c. wattmeter which is still in use today. In 
the same year Dr. Drysdale‘ described the results of 
his measurements, using his dynamometer wattmeter 
to determine the dielectric power losses in capacitors 
and cables: At about ‘this same time, instruments 
such as shown in Figs. 1 and 2 were developed and have 
been improved with the progress of the art. 

From these early days to the present it is possible 


J. See Bibliography attached hereto. 
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to trace the use of the dynamometer wattmeter for 
measuring dielectric power losses in capacitor and 
cable insulation through the writings of such:men as 
Heinke®, Potts’, Mordey’, Apt and Mauritius’, Sem- 


enza’, Humann”, Hochstaedter", Shanklin?,, Far- 
mer'*, Renneson", Frigon'®, Barbagelata and Eman- 
uele’’, Granier'®, Marbury”, and Bruckman”!, and 


still this list is quite incomplete. The work by Car- 


as 


Fig. 2—Parts or Astatic REFLECTING HEIRS BOE EE 
W ATTMETER 


P, P Potential terminals 
S Suspension 

S’ Spiral 

T Tripod 

V Damping vanes 

Z Zero setter 


B Plumb bob 

Cc, C Current terminals 

D Damping chamber 

E, E Moving coils 

F, F Fixed coils (Field coils) 
M Mirror 


rol’ and others in measuring corona losses in high- 
voltage transmission lines deserves mention in this 
regard. 

The use of the dynamometer wattmeter for these 
measurements is thus seen to be quite firmly estab- 
lished. The theory of the instrument has been ade- 
quately stated by several writers?’,”3,°. Instruments 
are commercially available in which the inherent 
errors have been reduced to the minimum consistent 
with good instrument design. The problem in con- 
nection with measurements of dielectric power loss 
and power factor of cable insulation becomes, Benne 
mainly a problem of correct application. 


APPLICATION OF THE DYNAMOMETER WATTMETER 


In applying the dynamometer wattmeter to the 
measurement of dielectric power loss and power factor 
of cable insulation, means must be provided for sup- 
plying current to the current circuit of the dynamom- 
eter and potential to the potential circuit of the dyna- 
mometer, so that these will represent the cable-circuit 
current and potential in known proportionate value and 
in phase. Dynamometer wattmeters are usually sup- 
plied with a current circuit of suitable rating for direct 
connection into the cable circuit. If this condition is 
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not satisfied and a shunt is required, then compensation 
must be made for any difference that may exist be- 
tween the phase angles of the shunt and the current 


circuit of the dynamometer in addition to the usual , 


compensation for differences in temperature coeffi- 
cients. On the basis that it is desirable to eliminate 
cause for compensation wherever possible, it would 
appear that the use of a directly-connected current 
circuit was preferable. 

The potential circuit of the dynamometer watt- 
meter with the usual external resistor is adapted for 
voltages up to about 150 volts, so that for measure- 
ments at higher voltage it becomes immediately 
necessary to arrange for properly applying the high 
voltage to the potential circuit of the dynamometer 
wattmeter in such a way that the power in the high- 
voltage circuit can be accurately determined. Though 
this same problem is solved simply and universally 
in general instrument practise today by means of 
instrument potential transformers”, the application 
of these alone to measurements of dielectric power 
loss is not so satisfactory because of the phase-angle 
correction involved at the low power factor of the 
measurement”’, 

In this connection Table I is of interest, for it shows 
the maximum allowable departure in phase angle from 
the true value for different percentage errors for dif- 
ferent values of power factor. Since values of phase 
angle for instrument potential transformers are usually 
certified to as being correct within from 3 to 5 minutes, 
itisreasonable to assumethat a departure in phase angle 
of at least 2 minutes from the true value may exist. 
For this condition it is seen that measurements to 
within an error of one per cent are not obtainable 
practically, to within five per cent are not obtainable 
for values of power factor 0.01 and less, and to within 
10 per cent are not obtainable for values of power 
factor 0.005 and less. It follows, therefore, from the 
standpoint of phase angle alone that for the majority 
of these measurements the least error that can be 
reasonably expected will be in the order of 10 per cent. 


TABLE I 


Maximum Allowable Departure in Phase Angle 
for an Error of 


Power 

Rector 1% | 5% | 10% | 25% | 50%| 100% 
_ cos ¢@ () Minutes 

0.002 89°53’ 0. 0.3 0.6 1.6 3.3 7 
0.005 89°43/ ) 1 2 4 9 17 
0.01 89°26 0 2 4 8 17 35 
0.02 88°51’ 0.5 4 8 17 35 70 
0.03 88°17’ 1 5 11 

0.05 Sone! 2 8 

0.10 84°16’ 4 19 


An additional correction must be made for the 
phase angle of the potential circuit of the dynamometer 
wattmeter. Unless the potential circuit is accurately 
shielded, the phase angle is difficult to calculate and 
may introduce an additional error in excess of those 
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shown in Table I. For these reasons, the practise of 
correcting by calculation has been generally abandoned. 


USE OF THE AIR CAPACITOR 
COMPENSATED DYNAMOMETER WATTMETER METHOD 


The errors resulting from calculating corrections 
and from those causes not readily susceptible to cal- 
culation can be almost entirely elinuinated by the use 
of a high-voltage capacitor so designed as to have a 
negligible loss 2:41, and across which the high 
voltage of the circuit may be directly impressed. 
Such a capacitor is usually one with air as a dielectric 
though capacitors with CO» gas under pressure have 
been used. If the loss in the capacitor is zero, then 
when the current circuit of the dynamometer watt- 
meter is connected into the capacitor circuit and volt- 
age is impressed across the potential circuit of the 
wattmeter such as by instrument potential trans- 
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Fig. 3—D1aGRAM or CONNECTIONS FOR COMPENSATED DYNAMOM- 
ETER WatrmeteER Mertruop or Measuring DI®sLECTRIC 
Power Lossps IN CaBLE SAMPLES 


A Power transformer _ J Auxiliary series resistor 

B Instrument potential transformer K Compensating capacitor 

C Air capacitor L Compensating inductor 

D High-voltage plate of air capacitor 1 Dynamometer wattmeter 

E Low-voltage plates of air capacitor N Potential coils of dynamometer 


F Cable sample wattmeter . 
G Guard rings O Current coils of dynamometer 
H External resistor wattmeter 


P Potentiometer for calibrating dynamometer wattmeter 
Dotted lines indicate grounded shielding 


former, the dvnamometer wattmeter should indicate 
zero assuming no loss in the current circuit. It 
probably will not do so because of the combined phase 
angle of the instrument potential transformer and 
the potential circuit of the dynamometer wattmeter, 
but it may be made to do so by changing the reactance 
of the potential circuit until such a result is obtained. 
The dynamometer wattmeter is thus correctly com- 
pensated for existing phase-angle differences. The 
capacitor may now be replaced with the cable sample 
of the same capacitance, and the resulting deflection 
read on the scale of the dynamometer wattmeter. 
The capacitor and the cable sample are connected to 
the circuit at all times. The power in watts is then 
directly calculated from the deflection and the watt- 
constant as obtained with direct current. This method 
is usually referred to as the Compensated Dyna- 
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mometer Wattmeter Method, and since first described 
by Shanklin” in 1916 has been found to give reliable 
results.° The circuit diagram for this method is 
shown in Fig. 3, in which diagram are shown the 
shields and ground connections necessary to be pro- 
vided to eliminate errors due to electrostatic and elec- 
tromagnetic induction. 

By this method the manipulation and corrections 
are reduced to simple form. The dynamometer 
wattmeter can be calibrated in position at any time by 


Fic. 4—Arr Capacitor. THREE-PLATE VARIABLE- 
CAPACITANCE. TYPE 


The middle plate is the high-voltage plate and is 9 ft. long and 5 ft. 
wide. The low-voltage plates are each 7 14 ft. long and 3% ft. wide. The 
_ capacitance range is from 0.0001 to 0.002 microfarad. The maximum 


voltage is 100 kv. 


taking reversed readings on direct current, reading the 
This assures accuracy 
Losses in the current circuit 


values with a potentiometer. 
of watt calibration. 
can be calculated and corrected for if necessary. All 
phase-angle differences are corrected for by the com- 
pensation of the potential circuit. 

The use of the air capacitor is quite prevalent in 
the art today and its use greatly facilitates measure- 
ments made with the dynamometér wattmeter. Two 
commercial forms of such capacitors are shown in 
Figs. 4 and 5, being of the variable and fixed-capac- 
jtance types, respectively. The suitability of any 
given capacitor of this type can be determined from a 
consideration of the design and from tests such as 
those described”. Though the loss is not absolutely 
zero, it is possible to determine its negligibility within 
satisfactorylimits. A valueof phase angle of 0.5 minute 
is considered possible of attainment, and the design 


must be such as to provide this attainment if the 


advantages of the method are to be realized. The 
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error introduced by phase angle of the air capacitor 
is to make the final reading of power to be lower than 
the true value. 

For best results the capacitance of the air capacitor 
should be equal to that of the sample being measured 
so that circuit conditions are maintained as nearly 
identical as possible during compensation and during 
measurements. Such a condition can be obtained 
without undue difficulty for 10-ft.-of-lead samples 
of present-day cables. For long factory lengths, how- 
ever, this condition is practically prohibitive. It is 
therefore necessary either to compensate on a current 
coil of low-current rating and make the measurement 
on a current coil of high rating, or usea shunt. Either 
of these methods introduces corrections which may be 
uncertain. Bridge methods are apparently more sus- 
ceptible to accurate results for such measurements as 
these”*. 

The sensitivity of the dynamometer wattmeter 
varies with the design, and is in the order of from 10~ 
to 10-° watts per millimeter deflection at 110 volts 
when the scale is set at the conventional distance of 
one meter from the instrument. This is also the 


TuREE-PLATE Frxep-CaPAcITANCE 
TYPE 


The plates are the same size as those shown in Fig. 4. Capacitance 
0.0004 microfarad. Maximum voltage 100 kv. This type of capacitor 
used especially in high-voltage bridge. 


Fig. 5—Air CAPAciTor. 


order of the lowest values of dielectric power loss to be 


‘measured (at the wattmeter terminals) in cable samples 


(10 ft. of lead) so that for such values the reading 
error alone may be in the order of 20 per cent since 
the deflection may be only a few millimeters accu- 
rately read to from 0.3 to 0.5 millimeter. For higher 
values of power the reading error expressed as a per- 


~ centage value becomes proportionately less. 


The choice of means of voltage transformation is 
pertinent. A set of instrument potential transformers 
for different voltage ranges is undoubtedly the best, 
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and these are commercially available up to 132 kilo- 
volts. Ratio transformations obtained with these are 
independent of the current in the high-voltage circuit. 
The use of transformer voltmeter coil, though conve- 
nient, requires compensation for every measurement, 
since the transformation is affected by the current in the 
high-voltage circuit. The same applies to the practise 
of taking the potential from the low-voltage side of 
the testing transformer. 

The effect of the earth’s field is eliminated by making 
the dynamometer wattmeter astatic, although this 
is hardly necessary when measuring alternating power. 
Strong external alternating fields such as from high- 
current circuits or reactors nearby may, however, 
seriously affect the dynamometer wattmeter of the 
reflecting astatic type. Hence, it is quite essential 
to see that such external fields are eliminated when the 
dynamometer wattmeter is in use. 

The dynamometer wattmeter accurately summates 
the power due to the like frequencies in voltage and 
current, and therefore should give the true power re- 
gardless of wave form. For cable testing, however, 
where the current circuit of the dynamometer watt- 
meter is in the cable circuit, and where the potential 
circuit of the dynamometer is supplied by means which 
may or may not be affected by the cable capacitance, 
the use of sine wave is highly desirable because of the 
low impedance of the cable to higher harmonics which 
act to distort the current wave. Also, from the stand- 
point of voltage measurement, the applied voltage 
should be of sine-wave form. The prevalence of the 
use of sine-wave generators today for cable testing 
is largely eliminating the need for worry regarding 
errors due to wave form”. 


INDUCTANCE VARIATION METHOD 
PHASE-DEFECT COMPENSATION METHOD 


Another somewhat similar application of the dyna- 
mometer wattmeter and air capacitor is used whereby 
with the capacitor in the circuit the dynamom- 
eter reading is brought to zero by means of induct- 
ance in the potential circuit. The cable sample of 
same capacitance is then substituted in the dynamom- 
eter wattmeter current circuit for the capacitor and 
the dynamometer reading is again brought to zero by 
means of the inductance in the potential circuit. From 
the change in inductance and the resistance of the po- 
tential circuit, the power factor is calculated.2 This 
is frequently referred to as the inductance variation 
method, or the phase-defect compensation method. 


SERIES RESISTOR AND WATTMETER METHOD 

A series resistor may be used with the dynamometer 
wattmeter in either of two ways. First, it may be 
used as a substitute for the instrument potential trans- 
former, the air capacitor still being retained for use in 
compensating the dynamometer wattmeter. In this 
case the conditions of use and possible results would be 
somewhat similar to those when the instrument poten- 
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tial transformer is used. A series resistor has also 
been used instead of the instrument potential trans- 
former and air capacitor, connecting the resistor 
directly across the high-voltage circuit with the poten- 
tial circuit of the wattmeter connected either in series 
with it, or in parallel with a portion of it. Such a 
resistor must be of fixed value, wherein the leakage to 
ground and the reactance are so extremely small as 
to be negligible. For the higher voltages such a re- 
sistor is necessarily large and quite expensive, and 
the problem of shielding is quite complicated. Bar- 
bagelata and Emanueli” speak of a suitable series 
resistor for such measurements as being costly and 
cumbersome, and state that it may have a phase- 
angle correction larger than those being measured. 

The use of a water-column series resistor is being 
employed in these and similar measurenents by some 
observers!?: 2. As used by Barbagelata and Emanu- 
eli!’ the power factor of the cable insulation being mea- 
sured is obtained by calculation from circuit constants, 
one of which is the resistance of the water column. 
A measurement of this value is therefore required under 
each condition of use, except at extremely high volt- 
ages such as 100 kv. and more, where, under certain 
conditions, the value of R may be eliminated from the 
equation expressing the result. Where the resistance 
of the water column changes frequently and requires 
frequent measurement as in most of the work in our coun- 
try today, and where circuit constants enter into the 
calculation of the result, this method does not appear 
to be altogether without objection, particularly if the 
error due to capacitance of the resistor to ground is 
considerable, as it may be. The authors, however, 
describe a form of water-column resistor which 1s 
claimed to be free from capacitance error. 

In this particular regard the work being done under 
the direction of Professor Ryan’ in measuring corona 
losses at high voltages merits consideration, in that . 
a method is given for shielding the water-column 
resistor and adjusting it to eliminate errors due to 
capacitance. This result is obtained by varying the 
resistance of the water-column resistor by varying 
the water flow and thus its temperature, the capaci- 
tance remaining constant. By taking readings of 
the wattmeter for different resistances, the shielding 
can be adjusted to give a zero error. 

Some comparative measurements have been made 
with this method and with the compensated dyna- 
mometer wattmeter method, the results of which are 
shown in Figs. 6, 7, 8 and 9. The dynamometer 
wattmeter with water-column resistor was set up as 
first described’® by Clark and Miller although the 
instrument was connected into the ground side of the 
circuit and the pail was replaced with a continuous 


_ hose connection from the point of high potential down 


nearly to the drain. This hose was banded at inter- 
vals and the bands connected to similar bands on the 
resistor hose to distribute the potential properly. 


. 


oe 
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Under these conditions agreement was obtained with 
measurements of power factor made with the com- 
pensated dynamometer method to within 0.004 on the 
cable sample, Figs. 6 and 7, and within 0.005 on the 
experimental capacitor, Figs. 8 and 9, except at the 
lowest voltage. These departures represent differ- 
ences from the results obtained with a compensated 
dynamometer wattmeter method in the order of from 
20 per cent to 80 per cent. 

The later work as reported by Carrol'® wherein a 
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Fic. 6—CoMPaRATIVE MEASUREMENTS OF DIELECTRIC POWER 
Loss In LENGTH OF EXPERIMENTAL THREE-CONDUCTOR CABLE, 
MEASURING FROM SINGLE-PHASE SUPPLY WITH ONE CONDUCTOR 
“High” AND THE OTHER Two Conpuctors GROUNDED TO 
SHEATH 

* By shielded water column series resistor and dynamometer watt- 


meter method 
© By compensated dynamometer wattmeter method 


salt solution under controlled circulation is used to 
obtain the necessary control of the resistance of the 
potential circuit would also have to be utilized if this 


R 


S 
ro) 
x) 


POWER FACTO 
oO 


G26 tds 15-620 es = - _ 45 50 
KILOVOLTS 


Fig. 7—CoMPARATIVE MEASUREMENTS OF Power Factor oF 
Lencru oF EXPERIMENTAL THREE-CONDUCTOR CABLE, MEASUR- 
ing Dietectric Pownr Losses FROM ‘SINGLE-PHASE SUPPLY 
with One Conpuctor ‘‘Hicu’”’ AND THE OTHER Two ConpDUc- 
Tors GROUNDED TO SHEATH. SAME CABLE AS IN Fig. 6 


* By shielded water column series resistor and dynamometer wattmeter 


method 
© By compensated dynamometer wattmeter method 


method were used for measuring dielectric power 
losses in cable insulation. In making these tests the 
need for greater control of the resistance of the po- 


tential circuit was evident. Short-circuiting one turn. 


of the water-column resistor was tried to obtain the 
desired range, but the resulting values obtained as 


we 
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shown in Figs. 8 and 9 show that error was introduced 
thereby. 

While the use of the water-column resistor in mea- 
surements of dielectric power loss and power factor of 
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Fig. S—ComMPpaRATIVE MiASUREMENTS OF DIELECTRIC POWER 
Loss IN AN EXPERIMENTAL CAPACITOR 


O By compensated dynamometer wattmeter method 

A By Shering bridge method 

* By shielded water column series resistor and dynamometer wattmeter 
method 

*’ By shielded water column series resistor and dynamometer wattmeter 
method, with one turn of series resistor short-circuited 


POWER FACTOR 


1 15 20 
KILOVOLTS 
Fic. 9—Comparative MEASUREMENTS OF Pow®R‘F'ACTOR OF AN 


EXPERIMENTAL Capacitor. SAME CAPACITOR AS IN Fia. 8 


© By compensated dynamometer wattmeter method 

A By Shering bridge method 

e By shielded water column series resistor and dynamometer wattmeter 
method 7 

*’ By shielded water column series resistor and dynamometer method, 
with one turn of series resistor short-circuited 


cables doubtless has merit and warrants further in- 
vestigation, it does not appear to be inherently more 
accurate than the present established methods, such as 
the use of the instrument potential transformer and 
air capacitor. 


RESONANCE WATTMETER METHOD 


The resonance wattmeter method as early described — 
by Rosa! and as used recently by Marbury” for 
measuring dielectric power losses and power factor 
in capacitors has merit, but would doubtless be some- 


626 


what difficult of application to cables because of the 
wide range of capacitance of samples of different rating 
and cables of different lengths. The accurate deter- 
mination of the losses in the inductance to be sub- 
tracted from the wattmeter reading for the various 
conditions of measurement would entail the use of 
detailed equipment which would not simplify the 
measurements. 


MEASUREMENT OF VOLTAGE AND CURRENT 

In all of the above methods, the voltage and current 
must be measured, since the dielectric power loss is a 
function of the voltage and since the power factor is 
calculated from the value of dielectric power loss, ap- 
plied voltage, and resulting current. 

Values of voltage may be read with sufficient accu- 
racy with a portable direct-reading voltmeter, the high 
voltage being transformed either by instrument poten- 
tia] transformer or by transformer-volt coil. 

The current, usually of low value, is best read with 
a reflecting astatic dynamometer ammeter, which 
may be a separate instrument or may be the dyna- 
mometer wattmeter used for the measurement of dielec- 
tric power loss, connecting the potential circuit, with 
a suitable shunt, in series with the current circuit. 


MEASUREMENTS ON THREE-CONDUCTOR CABLES 


The discussion thus far has been confined to the 
dynamometer wattmeter itself and to its application 
in a single-phase circuit. The measurement of dielec- 
tric power loss and power factor of three-conductor 
cables presents more difficulties. In general, two 
methods are used at the present time: (1) direct mea- 
surement from three-phase supply" and (2) calculation 
of the three-phase results from tests made from single- 
phase supply'*: ”°. 

Probably the simplest method suggested for making 
the dielectric power loss measurements from three- 
phase supply is to measure the power input to the 
transformers from the low-voltage side with the cable 
sample connected to the high-voltage side and then 
disconnected therefrom, the difference of these read- 
ings giving the value of dielectric power loss in 
the cable insulation. Unfortunately, the latter is 
too small to be accurately measured by this method 
except at the higher temperatures. Even under these 
conditions, the final result is the difference of two 
comparatively large values differing by only a small 
amount which is not highly accurate. 

It thus becomes necessary to make the measure- 
ments on the high-voltage side. Although the princi- 
ple of compensating the dynamometer wattmeter for 
circuit effects is still applicable, as in the single-phase 
circuit, it cannot be applied directly to each phase 
because the current circuit of the dynamometer watt- 
meter must be connected into the cable circuit between 
the grounded neutral point and the high-voltage wind- 
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ing of each transformer separately. Thus, the cur- 
rent due to capacitance to ground of the high-voltage 
winding, and between high-voltage and low-voltage 
windings, traverses the current coil of the dynamometer 
wattmeter but not the cable sample or the air capac- 
itor. Ina small transformer, error due to this cause 
may not be large. In a large transformer, shielding is 
absolutely necessary between the high-voltage and low- 
voltage winding. Fig. 10 shows the difference in power 
factor of a cable as measured with a shielded and an 
unshielded transformer of 100-kv-a. rating at 100 kv., 
the transformers being similar in other respects, the 
current coil of the dynamometer being connected be- 
tween ground and the high-voltage winding. Other 
sources of error largely indeterminable are also present 
to varying degree, such as voltage unbalance and inter- 
phase effects which are not susceptible to correction, 
thus rendering the result somewhat uncertain. 

Farmer“ has described and used a method employ- 
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Fig. 10—ComparisoN OF VALUES OF PowrER FACTOR OF A 
THREE-CoNDUCTOR CABLE SAMPLE WHEN MEASURED WITH 
CuRRENT Com, or DyYNAMOMETER WATTMETER CONNECTED 
BEetweEeEN “GROUND” anD HicH-VOLTAGE WINDING OF TRANS- 
FORMER, AS IN A THREE-PHASE CIRCUIT 


Rating of transformers 100 kv-a. at 100 kv. One transformer shielded 
between high- and low-voltage winding; the other transformer unshielded. 
Transformers identical in other respects. Note that measurements are 
at comparatively low voltage, and that differences are increasing consider- 
ably with voltage increase. 

* Unshielded transformer 
© Shielded transformer 


ing the dynamometer wattmeter in a three-phase cir- 


cuit, later modifying the set-up to provide for com- 
pensation with an air capacitor, shifting the instru- 
ment from phase to phase, measuring both the dielec- 
tric power loss and the reactive volt amperes, the 
power factor being determined from the ratio of the 
two. 

The method of calculating the dielectric power loss 
from measurements made from single-phase supply" 26 
has the advantage of employing the simpler single- 
phase measurement which is subject to greater ac- 
curacy and certainty in final result. It has the dis- 
advantage of the uncertainty of the calculations embody- 
ing the resulting phenomena in the cable exactly. 
Check measurements between those made from three- 
phase supply and single-phase supply in general show 
good agreement, neither method giving consistently 
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lower or high values. Farmer™ states that the mea- 
sured value is frequently considerably lower than the 
ealculated vaiue. Figs. 11 and 12 show comparative 
results in this regard, obtained in two different labora- 
tories on two different samples of cables cut from the 
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Fig. 11—ComparativE MEASUREMENTS IN Two DIFFERENT 
LABORATORIES OF DieLectRic Powrr Loss In Two DIFFERENT 
Caste Samptes Cur From THE SAME LenaTH oF CABLE 


Cable rated three-conductor, 500,000-cm., 9/64-in. x 5/64-in. 
paper insulation, lead-covered 
* Laboratory A. Sample No. 1. Results calculated from measure- 
ments made from single-phase power supply by compensated dynamometer 
wattmeter method 
© Laboratory B. Sample No. 2. Results obtained by measurement 
with dynamometer wattmeter in a three-phase circuit 


treated- 
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Fig. 12—ComparaTIvE MEASUREMENTS IN Two DirreRENT 
LaporatTories oF Power Facror or Two DirrERENT CABLE 
Samptes Cut FROM THE SAME LENGTH OF CaBLE—SAME CABLE 
as IN Fia. 11 


* Laboratory A. Sample No. 1. Results calculated from measure- 
ments made from single-phase power supply by compensated dynamometer 


wattmeter method 
O Laboratory B. Sample No. 2. Results obtained by measurement 


with dynamometer wattmeter in a three-phase circuit 


same length. Agreement of power-factor values is 
within from 0.002 to 0.004. The per cent of difference 
from the mean is 20 per cent over the entire range of 
values. Figs. 18 and 14 show results of similar mea- 
surements made on the same sample of cable in the 
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a 


same two laboratories. Agreement of power-factor 
values is within 0.002. The maximum per cent differ- 
ence from the mean is 2) per cent; remaining values 
show closer agreement, and at some points actual 
agreement. On the assumption that the different meth- 
ods give values subject to approximately the same er- 
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Fic. 13—Comparativs MrasuremMerts 1n Two DirrerEent 
Laporatories or Dirtectric Power Loss IN THE SAME 
CABLE SAMPLE 


Cable rated three-conductor, 350,000-cm., sector, 10/32-in. x 5/32-in. 
treated-paper insulation, lead-covered 
* Laboratory A. Results calculated from measurements made from 
single-phase power supply by compensated dynamometer wattmeter 
method 
O Laboratory B. Results obtained ‘by measurement with dynamometer 
wattmeter in a three-phase circuit 


VOLTS PER MiL (AVERAGE) BETWEEN CONDUCTORS 
nee 10 20 30 40 50 60 70 80 90 100 


0.5 


DIELECTRIC POWER LOSS—WATTS PER FOOT 


0 10.2220 F 30 HA0i 50) EON 70 
KILOVOLTS 


Fig. 14—Comparative MrasurEMENTS IN Two DIFFERENT 
LABORATORIES OF Power Factor OF THE SAME CaBLE SAMPLE— 
Same CaBLe as IN Fie. 13 


* Laboratory A. Results calculated from measurements made from 
single-phase power supply by compensated dynamometer wattmeter 
method 

O Laboratory B. Results obtained by measurement with dynamometer 
wattmeter in a three-phase circuit 


rors, these results indicate the departure from the 
true result for both methods to be in the order of from 
10 to 20 per cent. 


ACCURACY OF MEASUREMENT 
In the absence of known means for definite compari- 
son, the accuracy of these measurements must be de- 
termined in other ways. Comparison of mea- 
surements made by independent methods is helpful. 
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It has been shown”* that for single-conductor cables 
measured by compensated dynamometer wattmeter 
method and by Schering Bridge method that agree- 
ment in power factor has been obtained within 0.002. 
This is at a value of power factor in the order of 0.005, 
thus the resulting departure from the average value by 
the two methods is about 20 per cent. Note that the 
percentage error may seem somewhat high, but this 
is characteristic of this means of expression where the 
base values are small. However, the agreement in 
absolute value is very good. 
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Fig. 15—ComparatTivE M@®AsSuREMENTS IN Two DiFrFrEeRENT 
LABorRATORIES OF DinLEcTRIC Power Loss IN THE SAME 
Caspiy SAMPLE—CABLE Ratep SinGLtE-Conpucror. 500,000-cm., 
Rovunp, 5/8-In. Trearep-Parrer Insunation, Leap-CovERED 
* Laboratory A. Compensated dynamometer wattmeter method 


O Laboratory B. Phase-defect compensation dynamometer wattmeter 
method 


Figs. 15 and 16 show results of measurements made 


on the same sample of single-conductor cable in two 


different laboratories using the compensated dynamom- 
eter wattmeter method and the inductance variation 
dynamometer wattmeter method (phase-defect com- 
pensation method) respectively. Agreement is within 
0.02 watt in 0.1 watt for dielectric power loss, and within 
a power factor of 0.001 at a value of power factor in 
the order of 0.005. This indicates departure from the 
average value for the two measurements to be in the 
order of 10 per cent. The curves of Figs. 11 to 14 show 
similar results for two methods of measuring three- 
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conductor cables where the departure from the average 
value for the two methods is in the order of from 10 
to 20 per cent. 

CONCLUSION 


An appeal has been made for greater attention to 
the question of making these measurements, large 
differences—as much as 100 per cent—on a percentage 
basis having been reported.*? The discussion given 
above shows that these measurements are now being 
regularly made with dynamometer wattmeter methods 
giving results wherein the probable departure from the 
true value is within from 10 to 20 per cent in percentage 
value. Such results are not obtainable with ease, but 
only after intense application and using available inter- 
comparisons as a means of eliminating possible unknown 
errors. 

In this regard a usable means of definite comparison 
is quite desirable. Much thought has been placed on 
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* Laboratory A. Compensated dynamometer wattmeter method 
O Laboratory B. Phase-defect compensation dynamometer wattmeter 
method 


procuring a suitable comparator which could be used 
for standardizing any measuring outfit for dielectric 
power loss and power factor. No satisfactory means 
has yet been made applicable. 

As far as the author knows no attention has been 
paid to the calorimeter method as being useful for such 
a comparator. Such a method was used early in the 
the art in connection with measurements on capacitors 
and has since been successfully applied with satisfying 
results. Though the difficulties of such a measurement 
with cable samples are more severe than with capac- 
itors, nevertheless it is felt that there is a field for 
such a measurement and for which definite: specifica- 
tions could be drawn up as a comparator, which would 
enable different measuring equipments to be ade- 
quately standardized. The possibilities of devel- 
opment work in this regard are quite worth the effort. 
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V__Three Methods of Measuring Dielectric Power 
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Synopsis.—The paper presents a brief description of the 
methods of measuring dielectric power loss and power factor in 
commercial use at the Electrical Testing Laboratories. 

The several methods are handled individually and their ad- 
vantages and disadvantages listed. 


and 
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Appendixes are included on the use of the shunted electro- 
dynamometer as an ammeter, determination of compensation, 
effect of incorrect compensation in the wattmeter shunt, effect of 
slightly unbalanced voltages on three-phase measurements, a three- 
phase wattmeter switch and shielding, grounding, etc. 


INTRODUCTION 


HE very fact that a symposium on methods of 

measuring dielectric power loss and power factor 

has been arranged is an indication that such 
measurements offer considerable difficulties, partic- 
ularly when applied to present-day dielectrics. The 
purpose of this paper is to describe and discuss the 
methods now employed at the Electrical Testing 
Laboratories for such measurements. 

Originality is not claimed for the methods described, 
but they have been improved and adapted as need for 
them has arisen. Experience has shown each to be 
satisfactory for the class of work for which it has been 
developed. 


GENERAL 


The three general methods to be described and the 
measurements for which they are adapted are as 
follows: 

1. Compensated Wattmeter Method 

a. For single-phase measurements on cables 
b. For three-phase measurements on cables 
2. Phase-Defect Compensation Method 
a. For high-voltage single-phase measure- 
ments on cables 
b. For single-phase measurements on low- 
voltage condensers of high capacitance 

3. Transformer Bridge 

a. For single-phase measurements on very 
low capacitances (short pieces of cable, 
oils, compounds, sheet materials, etc.) 

la. The Compensated Wattmeter for Szngle-Phase 
Measurements. 

This method consists in a direct measurement of the 
dielectric power loss in watts when an alternating 
potential is applied to the cable under test. As there 
is always a certain amount of “leakage” power in the 
test circuits and instruments, a measurement is first 
made of this “‘leakage”’ before the cable is connected for 
test. This “‘leakage’’ loss is then subtracted from the 
total loss with the cable or other dielectric in circuit in 
order to obtain the “‘net”’ or actual loss in the material 
under test. 


1. Both of Electrical Testing Laboratories, New York City. 
Presented at the Regional Meeting of District No. 1 of the 
A. I. HE. E., Niagara Falls, N. Y., May 26-28, 1926. 
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This direct measurement is made using a shunted 
reflecting electrodynamometer wattmeter in connection 
with a potential transformer. The phase angle of the 
potential transformer and the self inductance of the 
potential coil of the wattmeter are compensated 
for by the use of a shunted condenser of the proper value 
in the potential circuit of the wattmeter. The self 
inductance of the current element of the wattmeter 


€ REACTIVE 
TRANSFORMER 


is compensated for by the use of a shunted condenser 
in the wattmeter shunt. A diagram of the complete 
circuit used is shown in Fig. 1. 

The equipment used in making such measurements is 
as follows: 

1 Insulating transformer 

1 Testing transformer 

1 Voltage transformer 

1 Reflecting electrodynamometer wattmeter 

1 Compensated wattmeter shunt 

1 Voltage-circuit resistance with compensation 

1 Calibrating load 

1 Lamp and scale 

1 High-resistance voltmeter 

1 Frequency meter 

1 “Reactive” insulating transformer 


When using this method the wattmeter is calibrated 
on low voltage against a resistance load. In this 
operation the voltage circuit resistance is adjusted to 
give some even scale constant such as 0.001-watt loss 
in the high-voltage circuit per millimeter scale deflection. 

After the calibration is completed the resistance in 
the compensation circuit is set for its correct value for 
the first test voltage. Since the burden on the potential 
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transformer is practically constant from day to day, 
regardless of the sample under test, the value of com- 
pensating resistance necessary for various test voltages 
can be determined in advance by the methods de- 
scribed in Appendix II. 

For speed in testing it is the usual practise to take a 
complete set of “leakage’’ readings covering the full 
range of test points and follow this immediately by 
“cable on’ readings made at the same test voltages. 
These readings are referred to as ‘‘active’’ readings as 
distinguished from the “‘reactive’’ readings referred to 
below. 

In order to determine power factor it is then necessary 
to measure either the current. Appendix I, or the 
apparent power, reactive volt-amperes. It is the 
practise at these Laboratories to determine the reactive 
volt-amperes in this case rather than the current. 
With a three-phase, Y-connected supply and the test 
set operated on one phase, a transformer with a ratio of 
./ 3 to one connected across the remaining two phases 
furnishes a potential supply which makes it possible to 
read the reactive volt-amperes directly. In this case, 
as well as in the power readings, ‘‘leakage’”’ readings 
and “‘cable on” readings are made for all test points. 
These readings are referred to as “‘reactive’’ readings. 

A typical set of data is as follows: 


Voltmeter indication............ 20 
True voltage—kv...........--.. 10 
Compensating resistance......-.-- 249 
Active Reactive 
‘Leakage’? Measurements 
Dynamometer indication........ —33 —67 
SURE hoe © Sey ae, Pen Carag er ries cee 1 1 
Pofnimolecuoties. ae jects ae —33 —67 
“‘Cable On’’ Measurements 
Dynamometer indication........ 112 168 
STRaTTES oo., Sener eearsia) ee Sa oui totes 1 50 
etal denectiOMs. vcs ssn ls leer 112 8400 
Leakage defiection..........-.--: —33 —67 
INehdeHOcHON so. 6: 2c aes 145 _ 8467 
Net volt-amperes.........------:: 0.145 8.467 
Gotamrenibssseey- cits 2 2)- => 2h 0.0171 
Power factor, per cent.:......--. NATE 


The time required for an operator to take complete 
data on a test requiring six test voltages is about one- 
half hour. During this time he can make all com- 
putations as indicated in the sample data, these 
computations being made while waiting for the watt- 
meter to assume a steady deflection. 

The sensitivity of this equipment is, of course, fixed 
in the calibration and remains constant throughout the 
test range. 

The accuracy depends chiefly on the accuracy of 
compensation. With the present methods of deter- 
mining compensation it is believed that an accuracy of 
+ 0.05 per cent in power factor should be obtained. 

This type of equipment is sensitive to external con- 
ditions. The loss read by the wattmeter varies as the 
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square of the applied voltage, so that small voltage 
variations multiply in their effect on the loss reading. 
The reactive volt-amperes vary directly as the fre- 
quency and as the voltage, hence these conditions must 
be constant and correct. 

Dielectric power loss and power-factor measurements 
should be made using sine-wave potential. With this 
method, however, the power loss is measured for the 
wave used, whatever its form may be. 


Advantages: 
1. Rapid operation—five minutes per test point including 
time for computations 
2. Simple operation 
3.. Not affected by wave form of supply 
4. High sensitivity 
Disadvantages: 
1. Accuracy of method depends on accuracy of compensation 
2. Particularly susceptible to variations in supply voltage 


1b. The Compensated Wattmeter for Three-Phase 
Measurements. 

This method consists in a direct measurement of the 

dielectric loss in watts when a three-phase alternating 


HIGH TENSION LEADS -LEAD SHEATHED 


INSULATING STEP 
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Wi Agen O 
TRANSFORMERS | |S WANG: 
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WATTMETER 
SWITCH YI 


ipites 92 


voltage is applied to the sample of cable under 
investigation. 

The method is essentially the three-wattmeter method 
for the determination of power in a three-phase, four- 
wire circuit. This method has been simplified by the 
use of one wattmeter in connection with a specially 
designed switch for connecting the wattmeter in each 
of the three circuits as desired. A complete diagram of 
this circuit is shown in Fig. 2. 

The operation of this equipment is essentially the 
same as that described in Method la. Since it is very 
difficult to obtain balanced three-phase voltages, it 
has been found that best results are secured by holding 
the voltage constant on one phase, rather than trying 
to adjust to the correct voltage on each phase. The 
reasoning back of this is to maintain the conditions 
constant for each test point. When working on an 
unbalanced system this would not be true if the voltage 
were adjusted on each phase when the wattmeter is read. 

The equipment used in making these tests is the same 
as that described in Method 1 a, except that three 
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insulating, three testing and three potential trans- 
formers are required together with the special wattmeter 
switch, Appendix V. 

A typical set of data from one of these tests is as 
follows: 


Voltmeter indication............. 29 

True line-kv.. ft scroeiene aeaticte os 10 

Compensating Petite cee: : 279 

Active Reactive 
“Leakage’’ Measurements 

Dynamometer Indication Ph. I... —24 96 
é i Se 0 141 
“ & LL 2 120 
s oun —76 Bol 

Sy OWUE aA ata a eee co ey an eyeliner G 1 1 

Totalidenectione eraser ric —76 357 

“Cable On’? Measurements 

Dynamometer Indication Ph. I... —36 87 
: ¢ A Ih Wee 107 81 
i i eet —42 79 
$ See oume 29 247 

Siu Gate Py See ad Sa le 10 200 

MotaledehloctiOneasasyiee as ele ayo 290 49400 

lheakage deflection..........---.. « —/6 +357 

IN|GucolCuOl ean se ao oo aso or 366 49043 

INetivolteamperess. tna ee te ec O00 49 .043 

Wotanoen tat stay. ae elses she ents ake ereeoigets 0.0075 

Power factor, per cent........... 0.75 


The advantages and disadvantages of this method 
are essentially the same as those described in Method 
la. 


2a. Phase-defect Compensation Method for High- Voltage 
Measurements. 

This method consists in a determination of the power 
factor or phase angle of the sample under test by a 
direct comparison of its apparent phase defect angle 
with that of a ‘“‘no-loss” air condenser. 

In this method a reflecting type electrodynamometer 
wattmeter, connected as for measuring watts loss, is 
made to read zero by changing the phase of the current 
in the potential circuit by inserting inductance of known 
value. Such a balance is obtained, first, against a 
“no-loss” air condenser, and then against the sample. 
From the difference in shift necessary the power factor 
or phase angle of the sample is obtained. 
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Complete connections used in this test are shown in 
Fig. 3. 

The equipment used is as follows: 

1 Testing transformer 

1 Reflecting electrodynamometer wattmeter 

1 Dynamometer shunt 

1 Voltage circuit resistor with compensation 

1.50-to 250-milhenry constant resistance tapped 

inductor 

1 6- to 50-milhenry variable inductor 

1 Lamp and scale 

1 High-resistance voltmeter 

1 Frequency meter 

1 High-voltage variable air condenser, ‘“‘no-loss”’ 

In using this method the sample and the ‘no-loss’’ 
air condenser are kept connected to the transformer at 
all times in order to maintain the relative phase posi- 
tions. For convenience in computing, the potential 
circuit resistance is kept constant at a value in ohms 
equal to 6 times the frequency in cycles per second. 

In order to determine the dielectric power loss the 
charging current is measured, using the electrodyna- 
mometer as an ammeter, AppendixI. Then from the 
charging current, the power factor and the test voltage, 
the dielectric power loss is computed. 

A typical set of test data and computations is as 
follows: 


Voltmeter indicationie... ©... een ie ee eee ; 20 


Cable (Condenser Connected ae to Ground) 10 


Potential circuit resistance. . spe 1131 
Observed Thdictanes=ADinsct a pe SS As, Ai SM ee ee 44.0 
« ——=Reversen..«. ds. ca eaetens tees 43.8 
e f SSA VELAl Once temic stam aeeetere errs 43.9 
Ammoter sltintan os meeetecn ois ares aie ae ieee eee 5 
Amiméter:reading, 4 eye es ak ee eer eee eer 452 
Tie} MULAM Peres... cere ts o-c5 «0a age ee 2.74 
Condenser (Cable connected directly to ground) 
Observed inductance—Direct.....................0-5. 35.0 
C: C —=ROVErsO.).. os see's nee Oe ee OOO 
y oe =SAVOPARO). 6 4 eM wiokied cua ait 30.0 
Differenceani inductances. +17 one cia cece ee 8.6 
Power factor ofseataple) per centa... eden ieiie eee 0.29 
Dielectric power loss, watts....>5.................... 0.079 


To determine the constant of the ammeter the electro- 
dynamometer is calibrated against a resistance load. 
This connection is obtained with the selector switch 

“calibrate.”’ 


Fig. 4 is the vector diagram for this method where 

E = Test voltage 

I, = Current to air condenser 

I, = Current to sample 

= Voltage applied to potential circuit 

I, = Current in potential circuit when balanced 
against air condenser 

I, = Current in potential circuit when balanced 
against sample 

$, = Apparent phase defect angle of air condenser 

$2 = Apparent phase defect angle of sample 
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The computation of the power factor is based on the 
following theory. If LZ, is the inductance setting for 
zero reading on the air condenser, the phase shift of the 
current in the potential circuit in order to obtain the 
balance is 


a) Diy 
tan d1 = —p (1) 


Likewise, if L». is the inductance setting for balance 


Kras 4 


against the sample, the phase shift of the current in 
the potential circuit is 


Le 
tan ¢2 = sae (2) 


Since these are all small angles, the tangent is 
numerically approximately equal to the sine of the angle. 
Then, if 6 is the phase-defect angle of the sample 
(difference between the actual angle and 90 deg.) 


wt xitansda = ian Ge aan (end aval 713) 
or 
100 w 


Power factor = 100 sin 6 = R (L.— Ly) (4) 


But R has been made equal to 3 w 
Therefore, 


L.— Ly P 
Power factor = Tage = (5) 


when L» and L, are read in millihenries. 

The computation of the power factor is so simple 
that it is readily made while waiting for the ammeter 
to assume a steady deflection. 

Computation of the charging current depends upon 
the ammeter connection used. See Appendix I for 
methods of using the electrodynamometer as an 

ammeter. 
~The time to take a set of readings covering six-test 
voltages is approximately one-half hour, during which 
time the power-factor values are also computed. The 
remainder of the computations may take as much as 
an additional 20 min. 


The sensitivity of this equipment, when used for 
power-factor measurements, varies with the test voltage 
and the charging current to the sample under test. 
It is naturally more sensitive under higher currents and 
voltages. 

When making the power-factor balance, voltage 
variations cause changing sensitivity, although at 
balance voltage variations have no effect (assuming no 
change in power factor with voltage). Likewise, fre- 
quency variations affect the sensitivity on power-factor 


‘measurements as well as change the apparent defect 


angle. On current measurements any variable causing 
a varying charging current (voltage or frequency) 
causes a variable reading, which is particularly objec- 
tionable since the deflection varies approximately as 
the square of the current. 

The accuracy of this method is dependent chiefly 
upon the operator and upon the ‘“‘no-loss’’ condenser. 
A careful operator should be able to make measure- 
ments to within + 0.05 per cent power factor. The 
losses as computed from the current and power factor 
should be well within + 5 per cent accuracy. 

In this equipment errors in wave form introduce an 
error in the power factor since it is computed on the 
basis of a sine wave. For harmonics which do not run 
above five per cent in value, this is negligible. 
Advantages: 

1. Rapid operation 

2. Simple operation 
Disadvantages: 

1. Variable sensitivity 

2. Accuracy dependent on operator and on ‘‘no-loss” 

condenser 

3. Frequency and voltage must be maintained constant 
2b. Phase-Defect Compensation Method for Measure- 

ments on Low-Voltage Condensers of High Capaci- 
tance. 


The measurement of losses in low-voltage condensers 
of high capacitance (such as are used for power-factor 
correction) may be accomplished by a modification of 


TO S 
SUPPLY = 


Method 2a. The method then consists in a determina- 
tion of the power factor of the test condenser by a 
comparison of the apparent phase-defect angles with 
different known values of resistance in series with it. 
The diagram of connections is shown in Fig. 5. Here 
again a reflecting type electrodynamometer wattmeter 
is used, connected as for power measurement, and made 
to read zero by changing the phase of the current in the 
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potential circuit by inserting inductance of known value. 
Such a balance is obtained for each of two or more 
known values of resistance in series with the test 
condenser. 

In employing this method the following equipment is 
used: 

1 Resistor having two or three steps 

1 Reflecting electrodynamometer wattmeter 

1 Lamp and scale 

1 Variable inductometer 

1 Voltage circuit resistor 

1 Voltmeter 

1 Frequency meter 


Then, if 
X = Series resistance of test condenser 
C = Capacitance of test condenser 
R = Resistance in condenser circuit (not including X) 
L = Inductance of current circuit (usually that of 
current coil of wattmeter) 


1 = Total inductance of voltage circuit 
r = Total resistance in voltage circuit 
wo =27f, 
Fig. 6 shows that at balance 
w 1 X+R 
i pa Sipe 6) 
— -— wl 
w C 


When 1,, 7; and Iz, r. are the inductance and resis- 
tance values at balance corresponding to R, and Re, 
respectively, the following equations can be deduced. 


Som fe Rol, — 71 Ry ls (7) 


Ti i, — 1) bi 


x i ls 
rR) a? yrs ey red ds 


(8) 


Tf r, can be kept equal to r2, equation (7) reduces to 


(9) 


On the other hand, if a variable inductor is not avail- 
able and r must be varied, equation (7) reduces to 


DOYLE AND SALTER: 


Transactions A. I. HK. E. 


To R,- r, Ry 


(si 10) 


A= (10) 
This latter arrangement produces one peculiar condition 
in that the sensitivity of the meter may change more 
rapidly than the phase angle of the potential circuit 
thus causing the electrodynamometer indication to 
become greater for a time as the balance point is 
approached. 

A typical set of observed data and calculated results 
are shown below: : 


Test voltagze,.vOl tse eieterier rer ieee 
Frequency, cycles per sec........------ 60 


Current-coil inductance, henrys......... 0.008 
Voltage-coil resistance, ohms........... 8000 
Resistance of current coil and leads, ohms 18 
“Test” resistance in current circuit, ohms 0 10 
Total resistance in current circuit, ohms. . 18 28 
Inductance of voltage circuit, millihenrys 400 588 
Series resistance of test condenser, ohms. one 
Capacitance of test condenser, Wf...... 22.6 
Power-factor test condenser, per cent.... 2.81 
Loss in test condenser, watts........... 46.3 


Advantages: 

1. No standard condenser needed 

2. Settings only indirectly affected by frequency 
Disadvantages: 
il. Sensitivity variable 

2. Constants of circuits must be known accurately 


3a. The Transformer Bridge. 
By this method the capacitance and equivalent 


ah 
ee! 


TO 
RECTIFIER MOTOR 


shunting resistance are determined by comparison of 
the test sample with a “‘no-loss’”’ air condenser. Each 
is inserted separately in one circuit of the bridge while 
the other circuit of the bridge containing known 
capacitances and resistances is adjusted until the cur- 
rents in the two circuits are equal in magnitude and op- 
posite in phase. From these values of capacitance and 
resistance the power factor and dielectric loss are 
computed. 

A diagram of the circuit is shown in Fig. 7. The 
detector used consists of a synchronous commutator 
and a d-c. galvanometer. The rectifier is provided 
with two sets of brushes spaced 90 electrical degrees 


May 1926 


apart so that when properly set the bridge may be 
balanced for either component (active or reactive)— 
each practically independently of the other. 

The balance circuit is unique in the use of a four-dial 
100,000-ohm resistance box in connection with a 
universal shunt in order to simulate a continuously 
variable resistance of 0- to 500-megohm range. This 
is obtained by connecting the shunt across the detector 
and using the movable point as a connection for the 
resistance circuit. 

Under certain conditions the resistance component 
required of the balance circuit is negative. Such a 
condition is provided for by an additional winding on 
the balance transformer as shown in Fig. 7. 

The equipment used in this bridge consists of 


1 D-c. reflecting galvanometer 
1 Lamp and scale 
1 Svnchronous commutator 
1 10,000-ohm galvanometer shunt 
- 1 2000-ohm galvanometer shunt 
1 4-dial, 100,000-ohm resistor 
1 3-dial, 1 micro-microfarad mica condenser 
1 1000-micro-microfarad variable air condenser 
1 High-resistance voltmeter 
1 Voltage regulator 
1 Smal] step-down transformer 
1 Testing transformer 
1 High-voltage variable air condenser 


In this method, also, both the sample and the air 
condenser are kept connected to the testing transformer, 
each being connected directly to ground when not 
connected into the test circuit. This maintains circuit 
conditions constant at all times. 


A set of typical test data is as follows: 


Air 
Condenser Sample 
Capacitance reading.........-.-----: 0.2048 0.4378 
Resistance reading. ...<......2.----+ 84000 42100 
Shunbmsed. tote ec Deas ae gama ich ia r= 8 20 5 
LST COP CPSP acl Rah nan oS 0.0077 0.0288 
Power factor of sample, per cent...... 211 


: The tangent of the apparent defect angle, ¢, is com- 
puted as for a parallel circuit 
l 


oCRS a) 


tan @ = 
where 
wan a f 
C = Capacitance read 
R = Resistance read 
S = Multiplying power of shunt 
The defect angle of the sample is then the difference 
of these two angles, and since the angles are small, 
Power factor = tan ¢2— tan ¢1 
where 
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o, = the apparent defect angle of the air condenser 
and 


o>. = the apparent defect angle of the sample 


The capacitance of the test sample is obtained from 
the capacitance read by 


CSG Xr. (12) 
where 
C, = Capacitance of sample 
C = Capacitance read 
r. = Transformer ratio between test and balance 


circuits. 


The time required for readings is about three minutes 
per test point. This includes the time for balances 
against both the air condenser and the sample. 

Computations are not readily made during the test 
so that the time required for complete results on a test 
of six test points would be about one-half hour. 

The sensitivity of this equipment is a function of the 
current in the test circuit and the galvanometer used. 
Since a d-c. galvanometer of medium high sensitivity 
(500 meg.) is used, the resultant sensitivity is high. 

Accuracy is such that capacitances of the order of 50 
micro-microfarads can be measured to within better 
than one per cent, while the power factor can be deter- 
mined within + 0.05 per cent (absolute value). 

The bridge is extremely sensitive to leakages, so 
that all high-potential parts must be completely 
shielded and all low-potential wiring metallically 
sheathed. 

Frequency and voltage change affect the results only 
in so far as they change the properties of the test 
sample. 

Potential waves of other than sine characteristics 
affect both the test and balance circuits alike and cause 
error only if neglected in the computations—the bridge 
determines the capacitance and resistance components 
for the wave applied. 


Advantages: 
1. Rapid operation 
2. Simple operation 
3. Very high sensitivity 
4. Measurement range 
Capacitance 1-1000 micro-microfarads 
Power factor 0-100 per cent 
5. Independent of frequency and voltage variations 
6. Accuracy high 
Disadvantages: 
1. Very sensitive to leakages 


Appendix I 


THE Usk OF THE REFLECTING ELECTRODYNAMOMETER 
AS A UNIVERSAL SHUNTED AMMETER 


There are two methods of using the reflecting type 
electrodynamometer as a universal shunted ammeter. 
The first is that shown in Fig. 8. In this case only one 
coil is shunted and, providing the dynamometer has a 
uniform watt scale, the instrument follows the law, 
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AS=K? orl = 
A or K 


(13) 
where 

A = the deflection in millimeters 

S =the multiplying factor of the shunt 

K = the ammeter constant 

I = the current 
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It is preferable under some circumstances to shunt 
both coils as shown in Fig. 9. The instrument then 
follows the law, 

S+~/A 
K 

In this latter case, if the instrument can be calibrated 
to be direct reading on one shunt the product of the 
reading on this scale and the shunting value gives the 
current on any shunt. In the first case it is necessary 
to compute the constant over the range used and then 
the current which is a longer process. 


AS? = K2. Port = (14) 
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DETERMINATION OF COMPENSATION 


a. Using a ‘‘no-loss’’ Air Condenser. 

To determine the correct wattmeter compensation 
for a given voltage, set air-condenser plates as close 
together as safe operation permits and read the watt- 
meter deflection for a series of values of ‘“‘compensation 
resistance.”’ These results when plotted, with watt- 
meter reading as abscissas and the square of the 
“compensation resistance’ as ordinates, will give a 
straight line. Similar sets of data are then taken fora 
wider setting of the air condenser. These straight lines 
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should then all cross at a point, corresponding to the 
correct value of compensation, at which point the 
wattmeter reading should be a constant regardless of 
the condenser spacing. 

While this method is described as for a ‘‘no-loss”’ air 
condenser, it applies equally well for a ‘‘constant-loss” 
variable condenser. lLeakages play no part, providing 
they are constant for each voltage. 


DOYLE AND SALTER: 


Transactions A. I. E. E. 


This procedure, while applying to single-phase 
equipments in particular, is readily adapted to three- 
phase equipments. In this case, each phase is handled 
separately as for single-phase determinations and then 
the average of the three values used as the correct 
three-phase compensation. 


b. Using a Built-up Three-Phase Load. 

A second scheme, sometimes more convenient for 
determining three-phase compensation, is to take three 
single-phase loads of approximately the same capaci- 
tance and loss, say three pieces of single-conductor 
cable, on which determinations can first be made 
by single-phase test methods. These loads can then 
be combined into a three-phase load and the ““compensa- 
tion resistance’ adjusted until the loss measured under 
three-phase potential equals the sum of the losses 
measured at a corresponding single-phase potential. 


Appendix III 


EFFECT OF INCORRECT COMPENSATION IN WATTMETER 
SHUNT 


Incorrect compensation in the wattmeter shunt will 
introduce no error if the phase defect compensation 
method is used. Any such phase error will affect both 
balances of the wattmeter alike and hence be eliminated 
when the difference is taken. 

In the straight wattmeter methods, however, incor- 
rect compensation in the wattmeter shunt will cause an 
error unless the potential circuit compensation: values 
are obtained as in Appendix II. Mathematical 
analysis and actual tests have shown that any error 
caused by incorrect compensation in the wattmeter 
shunt appears as a constant angular error independent 
of shunt position. 


Appendix IV 


EFFECT OF SLIGHTLY UNBALANCED VOLTAGES ON 
THREE-PHASE MEASUREMENTS 


When making three-phase measurements the natural 
tendency is to adjust the voltage on each phase just 
before taking a reading. This, however, means that 
when the three-phase supply is slightly unbalanced the 
three readings are taken for three different voltages on 
the cable as a whole. It has been found a better 
practise to hold the voltage on one-phase constant 
during all the measurements on all phases and let the 
others remain slightly high or low in voltage. In this 
way, readings on the three phases correspond to a given 
condition though they will not correspond to a balanced 
condition. 

Again, any unbalance in voltages means that there 
may be slight phase shifts sufficient to make it im- 
possible to analyze the individual wattmeter readings 
and get any idea of conditions in the insulation of each 
of the three conductors forming the load. In fact, it is 
not unusual to get negative readings on one phase, 
though the total is positive in value. 


May 1926 


Appendix V 
THE THREE-PHASE WATTMETER SWITCH 


To determine the power loss and reactive volt- 
amperes in a three-phase test circuit, using one watt- 
meter, requires a large amount of switching. Fig. 10 
shows the operations to be made. Points X, Y and Z 
must all connect to G, either directly or through the 
current element of the wattmeter. With the current 
element of the wattmeter inserted between X and G, 
the potential element must connect to A and X, while 
the potential element for reactive volt-ampere measure- 
ments must connect to B and C. When the current 
element of the wattmeter is moved to connect between 
Y and G, the point X must again be connected to G 
and all the potential connections changed accordingly. 

All of this switching with ordinary knife switches 
makes a very complicated and unwieldy arrangement. 
Accordingly, there has been developed at these Labora- 
tories a simple-switching element which accomplishes 
in a single operation all. of the necessary switching 
when changing from one phase to another. A diagram- 
matic view of this switch is shown in Fig. 11. The 


STEP-UP STEP-DOWN 
TRANSFORMERS 


= 


2 ACTIVE) 
REACTIVE 4 


5 


REACTIVE WATTMETER 
TRANSFORMER 


Fig. 10 


circles represent circular studs mounted in and insulated 
from the switch base. Connections are made to these 
studs as shown, the letters and numbers corresponding 
to those in Fig. 10. The upper or movable part of the 
switch rotates about the center and carries the spring 
contacts H and K which bear on the fixed studs. This 
switch in 60-deg. rotation provides correct connection 
of the wattmeter in each of the three phases. 
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Appendix VI 
SHIELDING, GROUNDING, ETC. 


In connection with all measurements made at high 
potential, shielding and guarding are important factors. 
In the three methods described in this paper, shielding 
is essential. All high-voltage parts, leads, etc., must be 
well shielded. All low potential wiring is best when 
done with metal-sheathed wire. 


Shielding is most readily done when one side of the 
testing transformer and the transformer tank can be 
grounded. All the single-phase test equipments de- 
scribed in this paper are operated with one side of the 
testing transformer grounded. The grounding of the 
transformer and shielding protects the operator against 
contact with high-voltage parts. 

As an additiona! protection to the operator, these 
testing equipments have been designed as “one-man 
sets,” that is, they are built for complete operation bya 
single operator. All are equipped with safety switches 
which make it necessary for the operator to be in his 
place at the instrument table in order to put voltage on 
any of the equipment. 


Discussion 


For discussion of this paper see p. 658. 
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V1I—Compensation for Errors of the Quadrant 
Electrometer in the Measurement of Power Factor 


BY D. M. SIMONS: and 


Associate, A, I. E, E. 


Synopsis;—In a previous paper, the writers developed the equa- 
tions for the main errors in the quadrant electrometer for the measure- 
ment of power factor, and checked their equations experimentally, 
the main sources of error being the unavoidable shunting capacity 
to ground of the test specimens and the charging current from the 
electrometer needle to the quadrants. In the present paper, methods 
of experimental compensations and elimination of these sources of 


WM. S. BROWN! 


Associate, A. I, E. E. 


error are described. Methods of compensation for capacity to 
ground have been presented before, and in this paper merely some 
additional refinements are given. The method of compensation for 
errors due to the charging current in the needle circuit vs believed to 
be new; the method is described herein, the equation vs derived in full, 
and an experimental check is given of the accuracy of the equation. 


I. INTRODUCTION 


N a previous paper”, the general equations of the 
electrometer have been given, both for the ordinary 
deflection method and for a new null method where 

the deflection is brought back to zero by inserting 
resistance in series with the electrometer needle. In 
order to save space, the previous work will not be 
described here, but the compensation for errors will 
be covered, practically as a continuation of the previous 
article. The following symbols will be used. 


E = Voltage on the load taken as numerically 


equal to the transformer voltage 


I = Load current or charging current of the 
specimen 

I, = Charging current flowing from the needle to 
the high quadrant 

I; = Charging current flowing from the needle to 
the low quadrant 

a = Resistance across the electrometer quadrants 

To = Resistance inserted in the needle circuit in the 
zero method, 7. e., the potential resistance 

Ci = Total capacity to ground of the high quadrant 
and all connected parts 

C, = Capacity in the needle circuit 


cos @ = Power factor of the load 
cos wy = Power factor of the circuit in which I; flows 


nN = Ratio of the transformer voltage to the needle 
voltage 
= Frequency 
w =27 7 


In the former paper it was shown that the main source 
of error was due to the capacity to ground of the “high 
quadrant” and all connected parts, including the capac- 
ity to ground of the high quadrant itself, all connected 
leads, the distributed capacity of the quadrant resis- 
tance, and the capacity to ground of the low-voltage 
electrode of the test specimen, the last usually being a 


1. Both of the Standard Underground Cable Co., Pitts- 
burgh, Pa. 
2. The Quadrant Electrometer for the Measurement of 


Dielectric Loss, D. M. Simons and W. S. Brown, Trans. 
A.J. E. E., 1924, p. 311. 

Presented at the Regional Meeting of District No. 1 of the 
A. I.E. E., Niagara Falls, N. Y., May 26-28, 1926. 


large percentage of the total. Stated differently, a 
large part of the reading, either by the deflection or 
null method, is due to the capacity to ground. It was 
further shown that errors would be introduced by the 
charging current from the needle to the high quadrant, 
if the load current is so small that the needle current is 
no longer comparatively negligible. 

In the previous paper, equations were given to include 
the effect of these two sources of error as well as others. 
In the present paper it is proposed to give methods of 
experimentally compensating for these two errors, so 
that these terms will disappear from the general equa- 
tion, and so that the final reading may be taken as if 
these errors did not exist. This also means a great 
increase in accuracy, since in general the power factor 
of the unknown will constitute a large part of the read- 
ing, if compensation is made. Without compensation, 
the power factor of the unknown load may be a very 
small part of the total reading, and therefore any errors 
may have a disproportionately great effect upon the 
accuracy of the power factor measured. 


II. NEUTRALIZATION OF CAPACITY TO GROUND, C, 


Considerable errors may develop in the measurement 
of power factor if a large part of the reading is due to 
capacity to ground, C;. For that reason, there is 
often a real necessity for compensating for the greater 
portion, if not all, of the capacity to ground. This can 
be done in large part by raising the potential of the 
shield surrounding the low-voltage electrode of the test 
specimen to the same potential as that of the electrode 
itself. For example, in the measurement of small 
specimens of cable, the sheath must be surrounded by a 
grounded shield in order to avoid stray currents. If 
this shield is insulated and raised to the potential of the 
sheath, the capacity to ground of the sheath will be 
ineffective. 

If desired, compensation may be even more perfect 
than that. If the quadrants consist of tinfoil pasted on 
glass, other sheets of tinfoil of the same size could be 
pasted on the other side of each piece of glass opposite 
the high quadrants and insulated from the instrument. 
All leads to the high quadrant are normally surrounded 
by grounded guards, which for this purpose should be 
insulated. The guards of the quadrants and of the 
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leads may now be connected to the shield surrounding 
the low-voltage electrode of the test specimen, and all 
raised to the potential of this electrode. This will 
compensate for all capacity to ground except the dis- 
tributed capacity to ground of the quadrant resistance 
which is normally very small. When n equals 2, under 
these conditions practically all of the reading will be 
due to the power factor of the load. 

Some experiments in compensation were performed 
where the load used was a short piece of cable. Fig. 1 


Auxiliary 
Specimen 


=r { 
f Electrometer 


Auxiliary 
Resistance 


Fic. 1—D1acram or CONNECTIONS FOR COMPENSATION FOR 


Capaciry To GROUND IN QUADRANT ELECTROMETER 


gives the diagram of connections. The conductor 
of a similar piece of cable was connected to the high 
voltage and its sheath grounded through a resistance 
whose value was such that the potential drop across 
it was the same as that across the quadrant resistance. 
The sheaths of both specimens were therefore at the 
same potential. Compensation was then accomplished 
by connecting the sheath of the auxiliary specimen to 
the guard surrounding the load specimen. 

The accuracy of compensation can be checked by a 
method suggested by R. W. Atkinson. A key and 
condenser in series are inserted between the sheath 
of the auxiliary specimen and the guard surrounding the 
load specimen. A rough adjustment of the resistance 
in series with the auxiliary specimen is then made and a 
balance or deflection taken. If compensation is cor- 
rect, no change in the balance or deflection will result 
on closing the key. If any change does occur, the 
resistance in series with the auxiliary specimen can be 
adjusted until the reading is independent of the position 
of the key. If a key were used without the series con- 
denser, the balance would probably be too sensitive, due 
to possible differences in power factor of the load and 
auxiliary specimen. 

Compensation for capacity to ground may be very 
advantageously applied to the method outlined in 
Section 5 of the former paper, where two balances are 
required, one on a zero-loss standard S and one on the 
unknown X, the total capacity to ground being kept 
constant. This can bé accomplished in the following 
way. ’ Insulate the guards of both S and X and connect 
them to the low-voltage electrode of the auxiliary 
specimen. Connect S to the high voltage, and the high- 
voltage lead of X to the low-voltage electrode of the 
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auxiliary specimen, balance on S, compensation being 
made by means of the auxiliary resistance, series con- 
denser and key. Then connect X to high voltage, 
connecting the high-voltage electrode of S to the low- 
voltage electrode of the auxiliary specimen, balance 
on X, compensating again. A different value of 
auxiliary resistance, of course, will be required if the 
charging currents of X and S are not the same. The 
difference between the two r2 C2 w’s will give the power 
factor of X. The great advantage of this method lies 
in the fact that the capacity to ground of the instrument 
and leads does not have to be compensated for, and the 
difficulty of the shunting capacities, C, and C is 
entirely eliminated. 


Ill. NEUTRALIZATION OF THE NEEDLE CHARGING 
CURRENT, I, 


The method used to neutralize the effect of I, is 
shown in the diagram of connections, Fig. 2. The 
essential difference between this and the ordinary con- 
nection is that a graduated variable condenser C; and a 
variable resistance r3, are inserted in parallel between 


’ the low quadrant and ground. The procedure follows: 


1. Connect the low-voltage electrode of the test 
specimen to the high quadrant, leaving the high-voltage 
electrode floating, a convenient quadrant resistance 1; 
being inserted as usual. An equal resistance, rs, is then 
inserted between the low quadrant and ground and 
sufficient capacity Cis cut in until the instrument reads 
zero. 

2. Apply high voltage to the specimen. Inasmuch 
as during the previous balance the total capacity to 
ground of the high quadrant was higher by Ca» (see 
Section 6 of first paper), this amount of capacity must 
be deducted from C;. The deflection is now brought 
back to zero by the potential resistance 7. as usual (or 


Load 


Fig. 2—D1aGraM OF CONNECTIONS FOR NEUTRALIZATION OF Jh 


a deflection taken), and the power factor may be ob- 
tained by the following formula: 


n—2 IE i 


cos @ + 101 ow — —G_ oa +71Caw 


Tn 11 
E 


in which Ca is the capacity between the high and low 
quadrants themselves, and C, is as usual the capacity to 


= 19 Ce (63) (1) 
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ground of the high quadrant and all connected parts, 
when the low quadrant is grounded. Cj, therefore, 
includes Cz. Cz is in most cases absolutely negligible, 
especially if the quadrants are made of tinfoil on glass, 
and the last term on the left is usually negligible. It 
will therefore be seen that equation (1) is practically 
identical with equation (6) of Part II of the previous 
paper, and that all effects of the charging current Ty 
have been neutralized. Furthermore, the equation is 
entirely independent of the load current if n equals 2, 
and therefore, if the compensation is made, the method 
of balancing first on a standard condenser and then on 
an unknown condenser could be made regardless of the 
relative sizes of the two condensers, except as influenced 
by the changes in capacity to ground as explained in the 
previous paper. 

Another obvious method of avoiding the effects of J; 
might be briefly mentioned. If the charging current 
to the high quadrant is approximately equal to that of 
the low quadrant, and the losses are the same on both 
sides, all effects due to them should be removed if the 
ground were placed at the midpoint of the quadrant 
resistance, instead of grounding one set of quadrants. 
We believe that there is one great difficulty with this 
method. The low-voltage terminal of the test trans- 
former would, of course, have to be insulated. All 
stray currents therefore from the high-voltage end of 
the transformer to ground would return to the low- 
voltage terminal of the transformer through the ground 
connection and therefore through the lower half of the 
quadrant resistance, thereby introducing an. indeter- 
minate and, possibly, large correction. 


IV. DERIVATION OF EQUATION FOR NEUTRALIZATION 
OF I, 


In the previous paper, an analytic method using the 
symbolic notation has been used. As stated in each 
case, the equations have also been derived geometrically 
from the vector diagrams with a perfect check. It 
appears that the present derivation is considerably 
simpler by the geometric method. At first thought, 
some of the geometry may appear too free, but it is 
believed to be justified because the actual vector dia- 
gram, if drawn to scale for a high-voltage measurement, 
especially with n equal to 1 or 2, would be so elongated 
that, for instance, all the vectors from the needle 
potential points, R, T, etc., to either quadrant are 
practically identical-in absolute value. It is believed 
that practically all the substitutions about to be made 
are equivalent to the assumption that the angles are 
all so large or small that their sines or cosines, as the 
case may be, are equal tounity. An additional reason 
for confidence is that practically this same process 
and same assumptions completely checked the other 
equations derived analytically after the assumption 
that certain sines and cosines were equal to unity. 

The vector diagram is shown in Fig. 8. AB is the 
transformer voltage. A N is the load voltage, the load 
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current being the vector of reference. Angle X A N = 
angle A N M = cos ¥, the load power factor. B is the 
grounded point. The potential resistance, r2, in Figs. 
1 and 2 is connected to the transformer at any point, 7’. 

In these first two figures 7; and C, are as usual the 
quadrant resistance and the unavoidable shunting 
capacity and r. and C; are as usual in the potential 
circuit. It will be assumed that a resistance rs, shunted 
by a capacity C;, has been inserted between the “low 
quadrant” (the one usually grounded) and ground, no 
assumptions being made as to their present values. 
Let I, and I; be the charging currents from the needle 
to both the high and low quadrant respectively, and 
let cos y and cos w’ be the power factors of these two 
currents respectively, as referred to the voltage between 
needle and quadrant. 


Fig. 3—Vector DiaGRAM FOR THE NEUTRALIZATION OF Ip 


Returning to Fig. 3, NJ’ is the resultant voltage 
across the quadrants to be mentioned later. O is the 
midpoint of the transformer high-voltage winding, 
and T is the point at E'/n to which r. is connected. 
T R is the voltage drop across ro, and R D, perpendicu- 
lar to it, is the effective needle voltage—assuming that 
C, is the capacity of the instrument itself, though 
actually an auxiliary potential condenser is used as 
explained in Section 8 of the earlier paper. 

If there were no capacity to ground from the high 
quadrant and connected parts (C; = 0), the drop 
across the quadrant resistance r; due to the load current 
I would be in the direction N J, parallel to A X. Due 
to the capacity C,, the drop lags by an angle a and may 
be represented by NJ. RN is the voltage between 
the needle and the high quadrant, angle y being angle 
RNH. The direction of I, is therefore NL, HN L 
being a straight line. The drop across the quadrants 
due to I, lags behind this by the same angle a, and 
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therefore the drop due to this current is NE. Sup- 
posing r; and.C; to still be zero, the drop across the 
quadrants is N B, the vector sum of NJ and NE. 
If resistance and capacity are now added between the 
low quadrant and ground, namely r; and C;, the dia- 
gram changes. RJ’ is the voltage between the needle 
and low quadrant, angle RJ’ H’ is angle y’, and J’G 
is the direction of J, the charging current to the low 
quadrant. The drop across the resistance r; due to 
I; lags behind this by an angle a’’ (not equal to a, 
unless 7; = 73, and C, =C3;). The total quadrant 
voltage due to J and J, inr,, and J, in r; is the resultant 
of N B and B J’, or is equal to N J’ as stated above, 
making the angle a’ with N J. 

The condition of zero deflection of the instrument is 
that the voltage across the quadrants shall be perpendic- 
ular to the voltage from the needle to the midpoint 
of the quadrants, 7. e., RD is the perpendicular bi- 
sector of N J’, and the proof centers about the triangle 
O’ DR, including the condition mentioned above and 
the fact that O’ R is perpendicular to R D. 

Take S as the midpoint of N B, and draw D S, which 
will equal one-half of J’B. Draw OS, cutting TR 
produced in J’. Draw DO’ parallel to OS. 


OBS EF /2 
PB = Ein 
Therefore, 
i eae 
OT? -OB=—TRB = aa 
Therefore, 
OT n— 2 7 iol 
0h ee SB 
Now, 
i 
SB=NB/2= ara (if cos BJC and cos 
B N Care taken as unity) 
Therefore, 
TT Lopea a + fh) 1 (2) 
n 2 
Now, . . . 
TR-=r. times current in potential circuit 
ns H T2 (OF, (63) (3) 
nN 


(Since the potential voltage T to D may be confused 
with T B or E'/n in scalar value) 
Now, 


Iir 

BAGG DS SB /2 mr (4) 
(O’ Dand O S are parallel by construction, and in the 
actual diagram D S and O' T’ are practically parallel) 


Angle O’ DR = 90 deg.-— 6 + a+ 0’ (5) 
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(This may be seen by drawing a line DZ from D 
perpendicular to NI. OS is parallel to A N because 
O and S are the midpoints of A B and NB by con- 
struction, and DO’, drawn parallel to OS, is also 
parallel to AN. Angle O’ DZ, therefore, = 90 deg. 
— o. DR is perpendicular to N J’, and DZ to NI 
by construction. Therefore, angle ZDR=a-+a’). 
O'R O'T’+T/T+TR 
ODT ae E/n (6) 


Substituting, (2), (3), (4), and (5) in (6), we obtain 
sin(90—-¢d+a+a’) =cos¢?+sina + sina’ 


n 1,73 n-2 (I+I]h) ri’ 
2B nee E + 1r2Cz (7) 


Si On ha 


sin a = 7,C, w, and therefore only sin a’ remains to 
be determined. 
An auxiliary angle y will be introduced. 
AN Io = angled seh: 
CC’ CB+BC' 
NGC NB 
B N C’ is unity and C’ B Cis practically a straight line) 
JBsmCJB+J’BsinC'J'B 
NB 
But NBS ee iti be ae i andebaale ta 
Angle C J B=angle C N E=180 deg.—y— y+a+a’ 
Angle C’ J'B =angle RJ'C’ —-angle RJ’B = 
(180 — y’ ae oy) ce ape Wes al’ 
Therefore, 
sina” = 
I, 7, sin(180—y— y+ta+a’)+Iir; sin(y’— y—a’’) 
(I te T;,) Ti 
Simplifying, dropping the sines of large angles and 
cosines of small ones, and rearranging terms, we obtain: 


y = angle 


sin a= CN) Be=0N-C"Sifscos 


- (8) 


, Ne Inn +Tirs 
sin a’ = Te COs me Tat aie cos Y 
Lie I, 3 ‘ Li tee yi 
+ 7 sin a — Tans COS We io sin @ (9) 


Since y and y’ are circuit constants, and sina 
= 7,C,; w, and sin a’’ = r3 C3 w, the only unknown is 
the auxiliary angle y, which must be evaluated. 

From the figure, 


N D 


(Tr, + In 71 — I113)/2 
COSR n= TS RT Ape ps wih iii ae eg ae 


E/n 


Substituting (10) in (9), and (9) in (7) and alge- 
braically simplifying: 


(10) 


I i 
cos + (14+ )nGio +> cos ¥ 


n— 2 (fini 


its oy) 
5 E ea Gs 0 apg COs 
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Ii 13 n(I Inve +12re— Ir rs’) 
oUt 70,0) aro me 


This is the general equation for cos } in terms of the 
circuit constants including a resistance and capacity 
between the low quadrant and ground, no assumptions 
having been made as to their relative values. 

In the actual process of neutralizing the charging 
current I, as described in Section 3 of this paper, the 
first step was to insert rz between low quadrant and 
ground, making 73 = 1. Thus r; is then shunted by 
C; until the electrometer reads zero, the high-voltage 
electrode of the load not being connected. This 
means that the electrometer is measuring two equal 
loads, one through each set of quadrants at full voltage 
E/n on the needle. The losses measured on each side 
must, therefore, be equal. Therefore, from equation 
(3) of the previous article: 


I BEA Oh che popeen lt 
¥ , cos wy + Pe: 1 Osan 5 
Se eee Mere. 
ingen Lycos weer Lats 2@+—s_ (12) 
Dividing by E I/n: 
I, I, C 
Te cos ¥ +7 7,010 
I; , I, n(IP—Iy?)r 1 
aan, cos y’ + T r,C30 + OBI 
(13) 


And, since r3 = 11, (11) reduces to: 


I, I, 
cos@ +710, 0 + SER erp he te 


n— 2 (I + T;) Heat 


mee eee 
5) E = fo Ge @ = I cos p 


nr, (I1,+12—- I?) 
2EHI 


If (13) be subtracted from (14), the equation reduces 
to equation (6) of the other article, except for a practi- 
cally negligible term I; 1:/E. 

If this were so, our object would be accomplished, 


I, 
Par raia le? w — (14) 


inasmuch as all terms containing the charging currents | 


from the needle and the power factor of these currents 
would be removed. It was tried out experimentally 
on a known load and did not check. Finally, the error 
in reasoning was discovered. It has been assumed that 
C, and C; are the same in equations (13) and (14) 
respectively and also that C, is as usual the total 
capacity to ground of the needle and all connected 
parts. This is true if the capacity between the quadrants 
themselves is negligible, and only in that case. If this 
capacity, which is an essential part of the total capacity 
to ground, in the usual connection, is not negligible, 
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then raising the potential of the low quadrant will 
diminish the capacity to ground of the high quadrant 
by a certain fraction of the capacity between quadrants, 
which will be called Ca. The fraction of Cq which will 
be taken away is inversely proportional to the poten- 
tial of the quadrants, or since equal resistances r; and 
r. are used, inversely proportional to the currents 
flowing in these resistances. 

We will, therefore, define C: as the total capacity 
between high quadrant and ground, when the low 
quadrant is grounded, and C, as the total capacity 
between low quadrant and ground, when the high 
quadrant is grounded. C; will therefore be the same 
as in all our other equations. The values of Cyand"@3 
given in the equations of this appendix are, therefore, 
different from this definition as explained above, inas- 
much as they are capacities when equilibrium is reached. 

Equations (13) and (14), as shown below, must, 
therefore, be rewritten and obtain equations in which 
these capacities agree with their definition in the 
beginning of this paragraph. 

(13) becomes 


son I, ay WS 
ij cos y + es ri (Cr Sea) A a Ca 

I I FT n (I? — 12 
Peay +P (OOo Sar 

(15) 
(14) becomes 
I; I, I, 

cos @ + 7 60s y+ (bse! 1 (C.-- 701) 


n—-2 (I + Ih)ri if 
Se te Ge Ge ee 


2 E I 
qT, r+HT, nr, (II, + 1,2-— I?) 
+1601) o- 2B 
! . (16) 
If (15) be subtracted from (16) the following is obtained: 


n—-2 Ir 

cos@4+71Ci Oreos be me +7riCq ot tar, Cr w 
(17) 

This is the same as equation (6) of the former paper with 

the exception of the fourth and fifth terms, which in 

most instruments would be negligible, and therefore the 

effect of I, has been practically neutralized by our 

method. 


V. EXPERIMENTAL PROOF OF NEUTRALIZATION OF J; 

As mentioned in Section 4, it was thought at first that 
the method of neutralizing the effect of J; outlined in 
Section 3 was practically perfect. It was tried out 
experimentally, a balance first being obtained on air 
condenser No. 1 in the usual manner, and then a 
balance was obtained after the procedure given in 
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Section 3 was performed. It was expected that the 
balance after J, had been neutralized would be smaller 
than before, primarily due to the elimination of the 


I, 
teria at Gy, Ge 


ij Instead of that, 


however, the 


potential resistance required after the neutralization 
process had been performed was larger, which was 
puzzling. The effect of the capacity between the 
quadrants themselves, namely Cy, was then realized, 
and the derivation was changed as in Section 4. Finally 
equation (1) was obtained, including the effect of the 
capacity between quadrants. In our instrument, the 
quadrants instead of being tinfoil on glass, as is often 
the case, were cast aluminum plates, about 3¢ in. 
thick, with a beading along both the outside and inside 
and a rib at one point, which altogether made a by no 
means negligible area between adjacent quadrants, 
the separation between quadrants being about 1% in. 
Cq was calculated on the basis of ¢-in. separation 
and the effective area between quadrants, and was also 
calculated from the balance described by means of 
equation (1), all other quantities being known. These 
two values of Cq checked to within about 10 per cent, 
which seems quite satisfactory, inasmuch as the actual 
capacity between quadrants could not be calculated 
accurately. 

It was not convenient to measure this actual capacity 
and the easiest method of checking equation (1) was 
actually to shunt a known condenser between quadrants 
and measure its capacity by a series of readings, in- 
cluding our procedure for neutralizing I;,. 

The four following readings were taken, at 14,000 
volts with half voltage on the needle, 100,000-ohms 
quadrant resistance, r; and at 60 cycles. 

1. Air condenser No. 2 alone with no compensation. 

2. Air condenser No. 2 alone with J, neutralized. 

3. Air condenser No. 2 with an additional condenser 
of capacity Ca shunted across the quadrants, no 
compensation. 

4. Air condenser No. 2 with the additional condenser 
Cx across the quadrants, I, neutralized. 

‘By “with I, neutralized” in the readings 2 and 4 
above, is meant that the process outlined in Section 
3 was performed, namely that the low-voltage electrode 


of the load was connected to the high quadrant with 


the high-voltage electrode point floating. A resistance 
of 100,000 ohms was then inserted between the low 
quadrant and ground, and shunting this a variable 
capacity was connected, which was so adjusted that 
the reading of the electrometer was equal to zero. 
This variable condenser which was graduated and cali- 
brated, was reduced in capacity by an amount equal 
to the C., capacity of the load, and the high voltage was 
then connected to the load, and a balance performed by 
means of the potential resistance as usual. 
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Following are the values of potential resistance used, 
and also rz C; w 


Reading Mie 12 C, w 
1 18,570 ohms 0.02950 
2 LO GOO ma SS 031013 
3 2100 sae 0.03988 
4 31,600 “ 0.05020 


Remembering that the power factor of air condenser 
No. 2 is zero, the two following equations, according to 
equation (8) of the other and equation (1) of this: 
paper, are obtained from the readings 1 and 2 
respectively. 


i I 
0+ csv +(14+ )nce 


J § In 11 
+(1+-) 42 = 0.02950 cas) 
Let 
O+nCiw +m1Caw + Fe = 0.03113 (19) 


Remembering that during readings 3 and 4, the total 
capacity to ground as defined is equal to C, + Ca, 
and that the total capacity between quadrants is 
Ca + Ca, the two following equations are derived from 
both the equations (8) and (1) and the readings 3 
and 4, 


Tk Laan 
0+ T cosy t+(1+— )n(Gi+0y o 
I I 
iy bance _ rae = 0.03988 (20) 


: I 
Foe (Chee ome NC OREN! (y's + =0,05020 (21) 


Subtracting equation (19) from equation (18): 


T Lie 
aoe 7 11a 


I vf 
cosy + F101 wo + 


= — 0.000163 
Subtracting (21) from (20) 


(22) 


ih y§ 
cos ¥ + 11 (C1 + Cr) w—7y(Ca+Cas) wo 


J AM _ _ 9.01082 (23 
. as A) 
Taking equation (23) from equation (22), 
F 
r. Cx o(1— +) = 0.00969 (24) 


Knowing that r; equals 100,000, Z, equals 30 micro- 
amperes, and J equals 0.568 milliamperes, and solving | 
for Cs, the following is obtained. 
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C, = 2.71 < 10- farads 
It will be noted that Ca may also be obtained by 
subtracting equation (18) from equation (20), this 
being the ordinary method of measuring capacity as 


described in Section B of the previous paper. Making 
this subtraction 
I; 
(1+ =) CMO Gls. (25) 


From equation (25) we may calculate that Ca = 2.61 
< 10-° farads. 
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In order to check further their accuracy the authors 
sent the condenser C's to an outside electrical laboratory 
whose measurements of the capacity were 258i LO 
farads. This check is not perfect, but it is believed to 
be quite satisfactory, especially in view of the difficulty 
with which the preliminary balance of the neutral- 
ization process with no voltage on the load was 
made, due to the lack of sensitivity of this 
instrument. 


Discussion 
For discussion of this paper see p. 658. 


VII—Some Aspects of the Dielectric Loss 


Measurement Problem 
BY B. W. ST. CLAIR! 
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Synopsis.—This paper points out some of the difficulties of 
making accurate power measurements at very low power factors. 
It deals with the lack of reference standards of known and constant 
power factor, especially for moderate sized samples and at high voltages. 
It also points out that a method of measuring an added loss as a 


check on a given test outfit’s accuracy vs not a check at all, although 
it has been used as such in several instances. Reference 1 made to 
calorimetrical methods of calibrating a testing outfit and to special 


forms of resistors that have very low time constant and are suitable 
for this class of test work. 


OWER measurements at very low power factors 

are admittedly quite difficult. The literature of the 

subject is quite voluminous, and many schemes, 
most of them modifications of two or three fundamental 
ones, have been proposed and used by various ob- 
servers. It is not unusual to get widely varying 
results when a given sample is tested by different 
methods in different laboratories. Unfortunately, the 
real difficulties of this kind of measurement are not so 
widely appreciated by general testing engineers as 
perhaps they should be. It is the function of this 
short paper to point out some of these difficulties. No 
attempt is made, however, to haveit cover the complete 
field of dielectric measurements. 


A most difficult feature of this general problem 


centers around the lack of a reference standard of known 


loss. For work on very small samples, and at relatively 
high frequencies, this statement might be challenged. 
For power frequencies and for apparatus such as cables 
and condensers, there is no suitable reference standard, 
especially when consideration is given to the relatively 
high voltages under which tests must, be made. With- 
out an adequate reference standard, there can be no 
definite assurance that the results obtained by a given’ 
test set are correct, except as inference can be drawn 
from various auxiliary tests on the equipment or on the 
apparatus in test. ; 
1. General Electric Co., West Lynn, Mass. 


Presented at the Regional Meeting of District No. 1 of the 
A. I.E. E., Niagara Falls, N. Y., May 26-28, 1926. 


An air condenser, or an air condenser plusa known 
series resistance, has been repeatedly suggested as a 
suitable standard. There are two real difficulties in 
this suggestion. One is the difficulty of building an air 
condenser of adequate size and voltage rating, and the 
other is in knowing the losses of the condenser or 
proving the lack of losses at the high voltage necessary 
for tests on finished apparatus. Air condensers of small 
size and for low-voltage ratings have been built, but 
they do not lend themselves to either bridge methods 
or wattmeter methods on many of our present-day 
engineering samples. A number of air condensers de- 
signed for low loss at moderately high voltages has 
been built and are in service. Their capacitance, 
however, is quite low, especially when compared to reel 
lengths of cable or to condensers for power-factor cor- 
rection. It is possible to build up a bridge with an air 
condenser as one of the arms, but the results of the 
bridge tests are still uncertain because of the 
very large ratio of the resistance arms necessary if the 
test work is on sizable samples and at the more usual 
voltages; and also there is no ready means of checking 
the results of distributed capacity and capacity between 
various high-voltage parts of the bridge and ground. 
A complete demonstration of the dependableness of a 
bridge scheme might lie in the interchangeability of the 
standard air condenser and the test sample. At 
present this is almost hopelessly impossible, at 
least with samples of moderate size. 

Air condensers at present are also inadequate as 


— ay 


E 
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reference standards for wattmeter methods. If a 
wattmeter is checked against a known air condenser at 
low voltages, it cannot be used at high voltages with any 
real assurance that the calibration can be translated 
from the low-voltage values. The currents that 
would circulate in the windings of wattmeters from air 
condensers at low voltage would be very different from 
those from actual cable samples or from static con- 
densers. A calibration by air condenser is then 
generally carried over to another winding of the 
dynamometer with no really definite way of proving 
that this change can be made without change of 
instrument constants or characteristics, or the calibra- 
tion is carried over to a much higher voltage without 
assurance that no change has occurred. 

Another line of attack has been to eliminate all the 
known causes of error and then to attempt to prove the 
over-all accuracy of the equipment by checking a 
sample and then checking the sample with a known loss 
added to it as a series resistance. If the results cor- 
rected for the known losses were about the same as the 
results on the sample alone, the assumption was made 
that the measuring outfit gave correct results. 

There are several reasons why this is not a depend- 
able check of the test apparatus. It large changes are 
made in the losses, so that the dielectric loss plus the 
added losses are large in comparison with the dielectric 
losses, the difference is obtained by subtracting two 
large quantities. With only ordinary precision in the 
measurement of these large quantities the difference is 
subject to large uncertainties. Unless the change is 
made very great there is no check possible because of 
certain peculiarities of the trigonometric functions 
over the range of angles with which this paper deals. 

From zero to five deg. the sine and tangent are for 
this purpose identical and have a linear relationship to 
the angle, thus 

gin. X-—10 0174. X 

tan X = 0.0174 X -(1) 
where ya 
X is expressed in degrees. 

Now 5 deg. corresponds to a power factor of 8.7 per 
cent which is larger than is usually met in dielectric 
work on finished apparatus at power frequencies. The 
usual range is from 0.1 per cent to one or two per cent. 
The phase angle mentioned here is the departure of the 
current from an exact quadrature position with its 
voltage. Thus, the power factor of the sample is 
represented by the sine of this angle. Because of the 
linear characteristics and identity of the tangent and 
sine functions the addition of resistance to the test 
sample results in a change of angle proportional to this 
resistance and also in a change of power factor pro- 
portional to this resistance. 

If the sample had no loss the phase angle would be 
zero. If to this ideal capacitance should be added a 
series of resistance R, the phase angle of the combina- 
tion of capacitance and resistance would be 
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a =tantowCR (2) 
where 
w = 2 7m frequency 


C = capacitance of sample 
Rk = added resistance 
The power factor of this group is also w C R, thus 
power factor = sina = tana=awCR 
and the losses in this resistance are equal to 
I-R = Tsin'a (3) 
The normal losses of a condenser or cable or other 
dielectric sample can be considered as due to a series 
resistance added to a pure capacitance. Thus one 
speaks of the equivalent series resistance of a 
given sample. Its magnitude is such that I? R losses 
would equal the dielectric losses. This resistance is 
denoted by R,, so that the phase angle of the sample is 
6. eatin ROR s (4) 
where 
R, is this equivalent resistance 
and its power factor is 
sin 6 = tani = (oC Ri 
The addition of resistance R to a sample of equivalent 
resistance R, results in a change of phase angle just 
equal to what the phase angle would be if the sample 
had no loss, that is, if R, were zero. This can be 
easily shown: 
phase angle = tan wC (Rk + R,) (5) 
Because of the linear characteristic of the tangent 
function this can be written as 
phase angle = tan (wCR)+tan'(wCR,) (6) 
The difference between this and equation (2) is 
tan-! w C R, which is equation (4) 
The wattmeter deflection when the sample is tested 
alone is 
W =EIsin(6 + ¥) (7) 
E is applied voltage 
T is current in the series circuit of the wattmeter 
y is the phase displacement of the armature current 
of the wattmeter from its voltage. The difficulty of 
knowing the value of this angle is the chief difficulty in 
securing correct results in wattmeter methods at these 
low power factors. lt is due to several things and may 
lag or lead its voltage. It is due to the inductance of 
the potential circuit resistance and of the armature 
of the wattmeters, to the capacitance currents flowing 
between various parts of the potential circuit and 
ground, and to eddy currents in the wattmeter structure 
or windings. The general tendency is to reduce this 
angle to as near zero as possible by careful attention to 
the set-up of the test equipment. . It remains, however, 
a more or less unknown quantity as the accurate 
determination of the inductance of the resistances is 
made only with difficulty and the capacity currents 
cannot be computed. 
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Equation (7) for the wattmeter deflection becomes 
W =ET (sing + sin y) 
(At the small angles which are to be considered, the 
cosine can be taken as unity.) 
When the series resistance R is added to the circuit, 
the wattmeter deflection becomes : 


Wate Sin (0 10 aiegy) 
which reduces to 

W, =EI (sina + sing + sin y) 
The difference in the two deflections is 
W,.-—W=EIsina 


which is just equivalent to the J?P loss in the resistance 
R, Equation (3). 

Throughout this discussion, J is supposedly un- 
changed by the addition of R. In practise this is true. 

At first, if viewed on a non-mathematical basis, 
this result seems paradoxical. A wattmeter incor- 
rectly measuring a circuit of unknown loss has a correct 
increment to its indications when a known loss is added 
to the circuit. If there were no loss (7. e., no phase 
angle) in the sample and if the phase angle of the 
wattmeter potential circuit were zero, the wattmeter 
would indicate zero. Its indications are directly 
proportional to these angles. Any angle in either 
circuit causes a deflection (positive or negative) that is 
proportional to the angle. The wattmeter can then 
be thought of as an instrument with an unknown zero 
point and a linear scale. The addition of a known 
quantity to the circuits of an instrument of this type 
results in a correct increment of indication without 
affording a clue to the total quantity being measured 


(8) 


Kies 1 


by the instrument. From the foregoing statements 
it is apparent that a wattmeter, although indicating 
incorrectly, will correctly show differences in two 
samples of the same capacitance. If the first sample 
is replaced by a second of identical capacitance the 
change in indication of the wattmeter is the difference 
in loss of the two samples, but no clue is given to the 
absolute magnitude of loss of either sample. 

This discussion has been applied to wattmeters 
where the armature is allowed to deflect. A similar 
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treatment with the same result applies to those cases 
where phase changing methods are used to reduce the 
wattmeter deflection to zero. 

To reduce the unknown phase angle of the potential 
circuit to as low value as possible the general tendency 
is to use guarded circuits of some sort. There are three 
main points to consider in laying out the potential 
circuit of an equipment of this sort—inductance of the 
resistances, distributed capacity and capacity to earth 
and other parts of the circuit. Some forms of ‘‘non- 


inductive’ windings have rather large distributed 
capacitance. Some also have residual inductances 
that though low are difficult to compute. It is also 
difficult to measure these residual inductances as the 
time constant must be very small. If the phase angle 
isnot to exceed 1 min. at 60 cycles, the time constant must 
be less than 7.7 X 10-7 sec. At any event the phase 
angle should be known to at least 1 min. if the over-all 
accuracy of the outfit is to be good when working on 
equipment likecondensers. Theerror 1 min. causes 14 per 
cent error in losses when working with samples having 
a power factor of 0.2 per cent and 3 per cent when 
working on samples of 1 per cent power factor. 

A form of resistor that has low leakage, fairly low 
distributed capacitance, low inductance that is easily 
amenable to calculation, and is easily insulated for high 
voltage is the resistance card quite common in a-c. 
indicating instruments. A scheme of guard circuits 
that has proven very effective has been devised for this 
form of resistor. Every card is individually shielded as 
well as the case containing a group of cards. The 
general scheme is shown in Fig. 1 and the diagram 
of connections in Fig. 2. 

In wattmeter methods either the potential losses or 
the I? R loss in the series circuit of the wattmeter must 
be measured. In general, the series loss is by far the 
smaller of the two so that the scheme of connections 
shown in Fig. 3 is preferred to those of Fig. 4. If 
attempts are made to use very small samples, the 
inductance of these series windings may become 
excessive and must be allowed for in the computation 
of results. 

The difficulties due to the absence of satisfactory 
no-loss standards of adequate size and voltage rating 
can be overcome in some cases where the test samples 
are of appreciable size so that the losses are large 
enough to measure by calorimetrical methods. 


While fairly satisfactory results are possible, the 
testing work must be of very high order and unusual 
care must be taken to prevent the acceptance of 
erroneous results. Several different calorimeter methods 
have been used or proposed. In some of them the 
volume and temperature rise of water flowing over the 
sample in a suitable case have been used. In others 
the temperature rise of various parts of identical 
casings, one of them with an actual sample and the 
other with a resistor of known value, have been used 
as reference accuracy standards for dielectric-loss 
measuring outfits. In another method, identical tem- 
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Fic. 5—CAaLorimeter TEsts oN STATIC CONDENSER DIELECTRIC 
LosszEs 


perature gradients with dielectric losses as one heating 
element and a resistor on direct current asthe other have 
been used to demonstrate the accuracy of a testing 
equipment. This method is somewhat more elaborate 
than the others, and in the hands of a careful experi- 
menter and with sufficiently good temperature condi- 
tions and thermometers may yield very good results. 

A photograph showing a test of this sort under way 
is shown in Fig. 5 and a diagram of the calorimeter is 
shown in Fig. 6. 

The wholeequipment was installed in a room the tem- 
peraturevariation of which throughout the calorimeter 
tests wasnot greater than 0.2deg.cent. The temperature 
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rise of the water jacket and of the oil above the arbi- 
trary reference temperature was determined to 0.002 
deg. cent. This generally required six or eight hours. 
Immediately thereafter, the condenser was removed 
from circuit and resistances that had been built into the 
same case were connected to a d-c. circuit. The losses 
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in these resistances were varied until the same tem- 
perature distribution was reached. 

At this point it was assumed that the a-c. losses and 
the d-c. losses were the same. All readings were taken 
at a distance by telescope to prevent body radiation in- 
fluencing the thermometers. Accurate speed control of 


Reactor 


iG aa/, 


the circulating pump was also in effect although the 
pump did not add appreciable heat to the water stream 
and the connections were very well lagged to prevent 
undue radiation into the constant temperature room. 
Another source of disturbance is the change of wave 
shape of the current in the test sample. Because of the 
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very low losses and the relatively large capacitance the 
tendency is to accentuate seriously any harmonics that 
may be present in the voltage wave. 

The higher the harmonic the greater the amplification 
of that harmonic in the current wave. The phase 
position of the harmonic will also tend to advance be- 
yond its normal position in the voltage wave and the 
losses due to the harmonics will in general be enhanced. 
This tends to reduce the leading tendency of the har- 
monic so that its phase shift is unknown. If the losses 
are measured correctly with appreciable wave distor- 
tion, the results are not those to be expected from sine 
wave currents of the fundamental frequency and 
measured voltage. This distortion of the wave also 
causes unknown error in the indications because of the 
unknown amplitude and phase position of these har- 
monics. A generally useful procedure that obviates 
this trouble is to obtain the required voltage rise by 
resonance or to use a reactance of very large value in 
series with the sample, if resonance is unadvisable. 
When the samples are small, resonance or a close 
approach to resonance is impossible or difficult at 
power frequencies. A circuit, diagram is shown in 
Fig. 7. 

In many checks of dielectric loss the shape of the 
power-factor curve with voltage is of more interest than 
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is an exact knowledge of the actual loss. There is 
fortunately a fairly simple check that can be applied 
to a given wattmeter or bridge outfit to show its relative 
accuracy at varying voltages. This test consists in the 
selection of four samples of identical capacitance and 
apparent loss. These samples after check at a given 
voltage are connected in series multiple and tested at 
twice the original voltage. This results in applying the 
original potential to each sample. The combined 
capacitance is equal to each of the original samples. 
Because of the identity of the samples and the applica- 
tion of the original test voltage, the power factor of the 
group should be the same as the original four samples, 
and the measured losses should be just four times the 
loss of any unit at the original voltage. Thus, with an 
outfit to work to 2500 volts, a comparison of the relative 
voltage errors of the 400- and 800-, the 600- and 1200-, 
the 800- and 1600-, the 1000- and 2000-, and 1200- and 
2400-volt points might be made. If nine identical 
samples were available, a check of the 400- and 1200-, 
and the 800- and 2400-voltage errors might be made, 
using three series multiple groupsand three times 
normal voltage. 


Discussion 


For discussion of this paper see p. 658. 


VI11—Zero Method of Measuring Power with the 
Quadrant Electrometer 


BY W. B. KOUWENHOVEN* 
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Synopsis.—This paper describes a zero method of measuring 
power by means of the quadrant electrometer developed by the 
authors, and which we believe to be new. Zero deflection of the 
electrometer is obtained by opposing the torque produced by the a-c. 
load by means of a counter torque set wp by continuous potentials 
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introduced into the electrometer circuit. The continuous potentials 
required are small in value and easily handled. 

We have derived the equations that apply to the method and 
checked their correctness by experimental observations on resistance, 
capacity, and inductive circuits. 


Pees importance of the quadrant electrometer as an 
instrument for measuring the power factor and loss 
in dielectrics and cables is well-recognized. The 
quadrant electrometer wattmeter has also proved 
valuable in measuring iron losses in small specimens. 
The usual connections for using the quadrant electrom- 
eter as a wattmeter are shown in Fig. 1. In Fig. 1, 
N is the needle; Nos. land 2 are the respective quadrant 
pairs which are enclosed in the case of the electrometer. 
The deflection of the electrometer is proportional to the 
vector product of the load voltage V and the voltage 
drop across the quadrants, 1 and 2, caused by the load 
current J flowing through the non-inductive resistance 
R,. If it is impossible to apply full voltage to the 
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Fig. 1—Quaprant ELECTROMETER WATTMETER 


needle of the electrometer, a fractional part of thesupply 
voltage may be applied to the needle as indicated by the 
dotted line in Fig. 1. Right and left deflections are 
taken at each load by means of the reversing switch 
or commutator, M, and the power consumed by the load 
is given by equation (1)!. 


V\2 
1+R(—-) 2-0 
IV cos¢ = = 2b R, n(B— a) — ; PR, 
(1) 
*Associate Professor of Electrical Engineering, The Johns 
Hopkins University. ‘ 


+Charles A. Coffin Fellow, The Johns Hopkins University. 

1. For references see bibliography appended. 

Presented at the Regional Meeting of District No. 1 of the 
A. 1. E. E., Niagara Falls, N. Y., May 26-28, 1926. 


Where 

I = Load current in amperes 

V = Load voltage in volts 

cos g = Power factor of the load 

R, = Value of the non-inductive resistance in 
ohms 

n = The factor by which the voltage applied to 
the needle must be multiplied to give the 
load voltage V 

a = Deflection of the electrometer with the 
commutator vertical 

B = Deflection of the electrometer with the 
commutator horizontal 

R = An electrometer constant called the needle 
constant 

by = An electrometer constant 


The quadrant electrometer wattmeter may be used 
as a deflection instrument as described above, or it may 
be used as a Zero instrument by a method developed by 
Simons and Brown?. Simons and Brown showed that 
the deflection may be reduced to zero by the insertion 
of a resistance in the needle circuit of the instrument. 
The insertion of the proper value of resistance enables 
one to bring the voltage applied to the needle in quad- 
rature with. the voltage drop across the resistance R, 
and thereby reduce the deflection to zero. The power 
factor of the load may then be calculated from equation 


(2)’. 


2-—n TE dese 
tTo€yg WO = cos g + 2 V (2) 


where 

r. = The resistance inserted in the needle circuit 

C2 = Thecapacity of the needle circuit 

f = Frequency 

w= 2rf at 
and the other symbols have the same meanings as those 
used in equation (1). 

The zero method of Simons and Brown possesses cer- 
tain limitations, as pointed out by them,’ on capacity 
loads of low power factor where nis large. This method 
is difficult to use on loads of high power factor because 
of the large value of resistance required for insertion in 
the needle circuit, and is not applicable to inductive 
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circuits unless the needle voltage is reduced to a small 
fraction of the load voltage. 


I. THEORETICAL 


Zero or balance methods are in general more accurate 
than deflection methods, and their advantages are too 
well known to require discussion here. This paper 
describes a new zero method of measuring power and 
power factor with the quadrant electrometer. The 
method is applicable to inductive, resistance, and 
capacity loads and is independent of the value of the 
fractional part (1/n) of the load voltage applied to the 
needle. 

The zero method described here depends upon the use 
of continuous potentials to reduce the deflection of the 
electrometer to zero. A continuous potential is ap- 
plied to the needle in addition to the a-c. load voltage 
and a second continuous potential is introduced into the 
quadrant circuit in addition to the drop across the 
resistance R,, caused by the alternating-load current. 
The polarity of these two continuous potentials is 
arranged so that their effect opposes the deflection 
caused by the alternating potentials applied to the 


Fic. 2—Connections ror ZERO MrtHop A 


needle and quadrants respectively. The deflection is 
reduced to zero by adjusting the value of the continuous 
potentials to the proper value. The advantage of the 
method lies in its simplicity. 

A number of arrangements of the connections for 
introducing the continuous potentials into the circuits 
of the electrometer have been investigated. Three of 
these arrangements, called, A, B, and C, respectively, 
are described in the paper. 

Zero Method A. ‘The diagram of connections for 
zero method A is given in Fig. 2, where E' equals the 
continuous potential introduced into the needle circuit 
of the electrometer and e is the continuous potential 
introduced into the quadrant circuit; V and J repre- 
sent the a-c. voltage and current, respectively, and FR, 
is the non-inductive resistance. 

Three methods of reducing the deflection caused by 
the a-c. load present themselves; (1) vary both E and e; 
(2) vary E, e constant; (8) vary e, H constant. Theo- 
retically it makes no difference by which of these 
methods zero deflection is obtained, but from practical 
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considerations it is simplest to vary e, which is on the 
grounded side of the instrument, keeping E in the high 
potential side constant. The variation in e is obtained 
by using a potentiometer rheostat as shown in Fig. 2. 

In making a measurement, two readings are taken in 
order to eliminate certain electrometer constants. 
The operation is as follows: Assume that the commu- 
tator M is in a vertical position, and that the a-c. 
circuit is closed. As theinstrument begins to deflect, the 
value of the continuous potential e is adjusted by means 
of the potentiometer until the deflection equals zero. 
The value of the potential H and of ¢; are noted. 
Then the commutator is placed in a horizontal position 
and the torque due to the a-c. power is again balanced 
by adjusting the continuous voltage applied to the 
quadrants. Let e, equal the value of the continuous 
quadrant voltage under these conditions. The ex- 
perimental results show that the two values of the 
quadrant continuous potentials, ¢1 and és, are very 
nearly equal and, in the equations, the average value e 
is used without introducing any appreciable error. 

Before shifting the commutator from a vertical to a 
horizontal position, the a-c. circuit and the battery 
circuit of quadrant voltage e are opened. This pre- 
vents the electrometer needle from deflecting exces- 
sively and reduces the time between readings. 

Equation (3) gives the general equation of theelectrom- 
eter which was derived by Kouwenhoven in a previous 
paper. 


1+ RV.) 0= _ WA oe oe V2 +b: VoVi 
—b: Vo V2 +60 Vo + 1 (Vi = V2) (3) 
Here 
V, = The instantaneous value of the voltage applied 
to the needle. 
V, = The instantaneous value of the voltage ap- 
plied to the quadrant pair No. 1 
V. = The instantaneous value of the voltage ap- 
plied to quadrant pair No. 2. 
6 = Resulting deflection (a — £) 
a = Deflection with the commutator vertical 
8 = Deflection with the commutator horizontal 
R = Needle constant of the electrometer 


bi, coandc, = Electrometer constants 
Let v equal the instantaneous value of the load voltage 
V, and 7 equal the instantaneous value of the load 
current I; then with the commutator vertical, we have 
VY,=v+i71Rki-E 
Vi=-@ 
V, = 7R i 
With the commutator horizontal, the values of 
Vo, Viand V, are 
Vo =o aR i es E 
V3 — a Ri 
Vo=— @2 
Substituting these values of Vo, Vi and V2 in the 
general electrometer equation (3) and solving, we obtain 


= 


—" oe 
oie ie 
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equation (8), the derivation of which is given in the 
mathematical part of the paper. 


e2 
Ee —-—— 
IR 2 
IV cose + me Sree a kp (8) 
1 


where k is an electrometer constant with a value of 


Cy : 
ie as shown in the mathematical part of the paper. 


2 


The term, serpent of equation (8) is a correction term 
and equals half the loss in the resistance, R,, which is 
measured by the electrometer. 

‘If the polarities of the batteries E' and e are reversed 
with respect to those shown in Fig. 2, we find that the 
power consumed by the load is given by equation (9). 


IVcosg + = 


5 R, sis 


é 
Bee 


Equations (8) and (9) involve only the single electrom- 


Fig. 3—ConnectTions ror ZERo METHOD B 


eter constant, k. The other electrometer constants, 
that must be determined if the instrument is to be used 
as a deflection wattmeter, are eliminated. 

A study of equations (8) and (9) shows that this con- 
stant k may be eliminated if we take the mean of two 
sets of readings, the first set being taken with the 
connections as shown in Fig. 2, and the second set with 
the batteries E and e reversed. The constant k, how- 
ever, can be evaluated very easily as shown in the 
experimental part of the paper, and the value of the 


term k = determined in each case. 

Equations (8) and (9) were checked experimentally 
and the results are given in the experimental part of the 
paper. — 

Zero Method B. The diagram of connections for 
zero method B is given in Fig. 8. Two readings are 
taken for this connection also; in the first the commuta- 


KOUWENHOVEN AND BETZ: ZERO METHOD OF MEASURING POWER 651 


tor is vertical, and in the second horizontal. When 
the commutator is vertical 
V.o=v+71R,-E 
1 =.0 
and 
Vo2=t1Ri +e 
With the commutator horizontal, V» has the same value 
as before, but now 
Vi= 71h +e 
and 
V2 + 0 
Proceeding as in connection A, we find that the power 


Fic. 4—Connections ror Zero Mertruop C ComMMUTATOR 
VERTICAL 


Fig. 5—Connections ror Zero Mrtruop C CoMMUTATOR 
HoriIzonrTaL 


consumed by the load is given by equation (12) which 
is derived in the mathematical part of the paper. 


e? 
IV lec sar ae Jeet taal HAD) 
cos g + 5 ES R, _ R, ( 
Reversing the batteries EH and e, we obtain 
e2 
om Pore cin hy copseabiniges Fs 
COB Ona eee R, ay rd (13) 


Experimental proof of the correctness of equations 
(12) and (13) is given in the experimental part of the 
paper. 

Zero Method C. The diagrams of connections for 
zero method C are given in Fig. 4 and Fig. 5, in which 
the potentiometers for varying e are not shown. | 

Zero method C, as may be seen from Fig. 4 and Fig. 5, 


65 


is a combination of the two previous zero methods, A 
and B. A study of equations (8) and (12) shows that 


2 


the terms are of opposite signs; therefore, this 


term may be eliminated from the final result by com- 
bining the two methods. 

In taking a measurement the operation is as follows; 
with the commutator vertical and the quadrant d-c. 
voltage in the grounded side of the quadrant circuit, 


= R, 
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as shown in Fig. 4, a balance is obtained between the 
torque due to the alternating and continuous voltages. 
Then the commutator is placed horizontally and the quad- 
_ rant d-c. voltage is thrown to the high side of resistance, 
R,, as shown in Fig. 5, and a balance again obtained by 
adjusting the quadrant continuous voltage. 
With the commutator vertical as in Fig. 4, we have 
VY. =v+iR,-#H 
Wa =— @é 
V2 = aR, 
and for Fig. 5 
Ve =v + a R, = EH 
Vi=iRi +e 
Vz=0 
Substituting these values in the general electrometer 
equation (3) and solving, we obtain (15) the derivation 
of which is given in the mathematical part of the paper 
PR, Ee e 
IVcosg + 5 Se re 
If the polarities of the two batteries H and e are 
reversed, we get the relation (16): 
TR, 


(15) 


IVcosg + 


Test data are given in the experimental part of the 
paper to prove the correctness of equations (15) and 
(16). 

The battery e may be thrown from one side to the 
other side of the circuit by means of two double-pole, 
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double-throw switches, or a single, four-pole, double- 
throw switch, and the connections shown in Fig. 4 
and Fig. 5 are combined in a single switching arrange- 
ment shown in Fig. 6. Itis possible to use zero methods 
A, B, or C by means of the connections shown in Fig. 6. 
A single-pole, double-throw switch, S, is shown in 
Fig. 6 in the needle circuit. This switch when thrown 
to the left connects the needle directly to the line and 
permits bringing the mechanical and electrical zeros 
into coincidence. When the switch S is thrown to the 
right the battery His connected in the needle circuit. 
When the four-pole, double-throw switch shown in 
Fig. 6 is closed on the side marked A, the connections 
are such as to give zero method A. When closed on the 
opposite side, B, connections are made for zero method 
B. For zero method C, the four-pole, double-throw switch 
is closed on side A when the commutator M is vertical 
and on side B when the commutator is placed horizontal. 


2 


2 


Method C eliminates the term from the equa- 
tion and is therefore simpler to use from the standpoint 
of calculation. We-can determine k by taking several 
electrometer readings in a circuit the loss of which is 
known. The constant k, is evaluated by this method 
in the experimental part of this paper, for the quadrant 
electrometer used in the tests. 

It is also evident from equations (15) and (16) that 
k may be eliminated if we take the means of two sets of 


a) 
Fig. 7—FRACTIONAL VOLTAGE ON NEEDLE FOR ZERO Metuop C 
CoMMUTATOR VERTICAL 


readings as described under method A, the first being 
taken with the polarities of the batteries as shown in 
Fig. 6, and the second with the batteries reversed. 

We can simplify the equations for the purpose of 
calculation by writing them in a slightly different form. 
For example, we can write equation (15) in the form of 
equation (17). 


IR, (EH — k)e 
IVcos¢g + Sh Oe BSN (17) 
Zero Method—Fractional Voltage on the Needle. Any 


one of the three methods described may be used with 
fractional voltage applied to the needle. Method C 
requires the least amount of calculation and is probably 


-- 
, 

¥ 
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the simplest method to use; therefore it will be the 
only method discussed with fractional needle voltage. 
The connections are shown in Figs. 7 and 8. 

With the commutator vertical as in Fig. 7, we have 


(hE, 
n 
Vi=-—e 
Vo=4 Ri 
and for Fig. 8 
LR 
ks ee gy 
nN 
V,=¢2Rh,+e 
V.=0 


where n equals the factor by which the a-c. voltage 
applied to the needle must be multiplied to give the 
total alternating voltage of the circuit. 

Substituting these values in the general equation (3) 
of the electrometer, and solving, we obtain (18) the deriva- 
tion of which is similar to that of equations (15) and (16) 


Fic. 8—FractionaL VOLTAGE ON NEEDLE—ZeERo MeEtuop C 
CommutTatToR HorIzoNTAL 


which are derived in the mathematical part of the paper. 


It is evident from a study of equation (18) that if n 
equals 1, it reduces to equation (17). 

The correctness of equation (18) was also verified 
experimentally. 


— nN 
IVecosg + 5 Ihe = 


II. EXPERIMENTAL 

The electrometer used in these tests was a Dolezalek 
quadrant electrometer. 

Determination of the Constant, k. The constant, 
k= cae was determined by using a resistance load 

1 

in the circuit of Fig. 6. The load consisted of a non- 
inductive resistance, Ro, whose value was 260916 ohms. 
Method C was used in determining the constant. The 
applied a-c. voltage was 201 volts at 60 cycles. The 
continuous voltage, HE, that is inserted in the needle 
lead, was made up of three 22.5-volt Radio B batteries. 
Its value was measured with a 150-volt d-c. voltmeter. 
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The continuous voltage that is inserted in the quadrant 
circuit, was taken from a six-volt storage battery con- 
nected to a potentiometer rheostat. The value of the 
continuous quadrant voltage, e, that is actually used in 
the circuit was measured by a 3/15/150-volt Weston 
Laboratory Standard d-c. voltmeter. The voltmeters 
used in the experimental work were checked against a 
Weston Standard Cell. 

The quadrant electrometer was set up and adjusted 
until its electrical and mechanical zeros coincided. Then 
the load was applied and readings were taken at dif- 
ferent values of R,, the non-inductive resistance across 
which the quadrants are connected. Two readings of 
é were made at each setting of R,; e, with thecommuta- 
tor in a vertical position and e, with the commu- 
tator in the horizontal position. The value of e was 
adjusted each time until the deflection was reduced to 
zero, and e; is the value of the quadrant voltage for 
zero deflection and the commutator vertical, and e, 
for zero deflection and the commutator horizontal. 

The readings are given in Table I below: 


TABLE I 
ZERO METHOD C—RESISTANCE LOAD Ro 
Commutator 
A-c. Average 
Supply Load Ri E | | = e 
yoltage | Ro-ohms ohms volts ei-volts €o-volts volts 
201 260916 500 69.4 1.128 1.121 1.1245 
1000 69.45 2.284 2.208 2.246 
2000 69.45 4.63 4.31 4.47 
1000 69.4 2.29 2.20 2.245 
500 69.4 1.127 1.120 1.1235 
1000 69.35 2.284 2.205 2.245 
2000 69.4 4.62 4.32 4.47 


The value of the alternating current in the circuit and - 
the total loss measured by the electrometer, which in 
this case is the loss in the load Ry plus one-half the loss 
in R;, were calculated for each set of readings. From 
these results the constant, k, was determined from equa- 
tion (15) as shown in Table II. Its value was found 
to equal 0.8154. 


TABLE II 
DETERMINATION OF CONSTANT k 


| Resistance — 


Load Ro 
ze r( Ry + ue 
R Bae a ra) 
aly, eee) Ri \ 2 
Zero- 
Method C Watts Ee nee 
R, ohms calculated Ri Ri k 
500 0.1544 0.1561 0.0017 0.7559 
1000 0.1540 0.1560 0.0020 0.8905 
2000 0.1531 0.1552 0.0021 0.9395 
1000 0.1540 0.1558 0.0018 0.8020 
500 0.1544 0.1559 0.0015 0.6673 
1000 0.1540 0.1556 0.0016 0.7130 
2000 0.1531 0.1552 0.0021 0.9395 
Average, 0.8154 


Experimental Proof of Zero Method A. Experimental 
proof of the correctness of the theory involved in zero 
method A and of equations (8) and (9) that apply to 
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this method was obtained by using a resistance load as 
described in the determination of the electrometer 
constant k. The connections shown in Fig. 2 were 
used in this test, except that the polarity of the two 
batteries are opposite to that shown in the figure. 
Therefore, equation (9) applies to this test. 

The results of the test are given in Table 1lt-7. The 
watts consumed by the load R, and the loss in the re- 
sistance R, were calculated from the values used in the 
circuit as was the case in Table IT. 

A comparison of the results given in the last two 
columns of Table III shows good agreement between 
the calculated watts and the watts as measured by the 
electrometer. 

As stated in the theoretical part of the paper, the 
constant k need not be determined if two sets of readings 
are taken, one with the battery polarities as shown in 
Fig. 2, and the other with the polarities reversed. 
In order to check this conclusion from ‘the theory a 
number of sets of readings were taken at different 
values of R;, using the resistance load, Ro, of 260916 
ohms. The results for two sets of these readings are 
given in Table IV. 

A comparison of the average watts as measured by the 
electrometer with the calculated watts shows an excel- 
lent agreement, and proves that this method may be 
used if desired to determine watts consumed by a load. 
A disadvantage of this method lies in the fact that four 
readings are needed. 

In most cases, it is better to determine the electrom- 
eter constant k and calculate the power consumed by 
the load from a single set of readings. 
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The experimental results prove that Method A and 
the equations that apply are correct. 

Experimental Proof of Zero Method B. The experi- 
mental proof of the correctness of the theory of zero 
Method B and of equations (12) and (13) was also 
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Fig. 9—Capaciry Loap (Zero B Meruop) 


obtained using a resistance load, Ro. The connections 
used are those given in Fig. 3, and equation (12) 
applies to this test. 

The results of this test are given in Table V and a 
study of the last two columns shows that there is a good 


TABLE III 
ZERO-METHOD A—RESISTANCE LOAD Ro 
Electrometer 
watts 
Commutator Ri 
P?\ Ro+ aS) ; 
Load Average és : +ke 
A-c. Supply Ro Ri E || = G Watts 2 
voltage ohms ohms volts e; volts e2 volts volts calculated Ri 
202 260916 100 69.1 0.23 0.216 0.223 0.1563 0.1556 
202 500 69.0 1.148 Lele 1.13 0.1559 0.1565 
202 1000 69.1 2.318 2.254 2.236 0.1552 0.1538 
203 2000 69.0 4.72 4.6 4.66 0.1562 0.1572 
203 4000 69.0 9.68 9.42 9.55 0.1544 0. 1553 
TABLE IV 
A-C. SUPPLY VOLTAGE = 203 VOLTS 
. Electrometer Reading 
Commutator Calculated 
e watts 
a H A Z \| = Average Ee-~o 
emarks 1 e1 e2 e Average Pr (x i 
Batteries ohms volts volts volts volts Ba te ha 2 
As in Fig. 2..... 100 69.1 0.298 0.16 0.229 0.1582 ay ES 
2 4 5 0.1575 
Reversed. .....- 100 69.1 0.31 ‘0.144 0.227 0.1568 } eke 
Asin Fig.2..... 2000 69.0 4.81 4.64 4.725 0.1574 
4 : , On 
Reversed ...... 2000 69.0 4.72 4.6 4.66 0.1564 } 564 0.1562 


J 
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agreement between the calculated watts and the watts farad standard mica condenser. The results obtained 


as measured by the electrometer. by the three methods checked closely, and are given 
The experimental results prove the correctness of the here for methods B and C only. 
theory involved in Method B. Data taken by method B, using the connections of 


Experimental Proof of Zero Method C. Experimental Fig. 2, are given in Table VI. 


TABLE V 
ZERO METHOD B, RESISTANCE LOAD R) 
Electrometer 
Commutator Calculated watts 
a watts eo 
-C. Load 11 = Average Eet— -— 
Supply Ro R, E ey e2 e rR ( Ry om 2 Le 
voltage ohms ohms volts volts volts volts soe 2 ) Ry 
201 260916 500 69.35 1.12 eT! 1.115 0.1544 0.1541 
1000 2.208 2.20 2.204 0.1540 0.1535 
2000 4.33 4.31 4.32 0.1531 0.1527 
1000 2.214 2.192 2.203 0.1540 0.1535 
proof of zero method C follows from the results of PR 
4 ° 5 1 
the tests of methods A and B and also from the measure- In order to eliminate the correction term 5 


' ments made to determine the value of the constant k 


which are given in Tables I and II. Therefore, no the electrometer‘ watts are plotted against the values of 
further readings will be given for the measurement by f&, as abscissas. These points lie on a straight line as 
method C of the power consumed in a resistance load. shown in Fig. 9. If this line is extended to the ordinate 
Capacity Load. Tests were made to determine the axis it will cut the axis at a value equal to the watts lost 
loss in a condenser using zero methods A, B and C. in the load.’ From Fig. 9 we see that the loss in the 

The condenser used in these tests was a 1/10 micro- condenser is 0.00125 watts. 
A test was made with the same condenser using 


TABLE VI method C. In this test the loss in the condenser was 
CAPACITY LOAD, ZERO-METHOD B calculated from the formula 
A-C. Applied Voltage =199 Volts at 61 cycles 
3s (E-ke TR, 
Commutator IV cos Oe 
Electrometer reading R 1 2 
i Reel rege lon oi ae The current I equaled 0.00754 ampere as calculated 
= P Lie: ae : 

Ri E e1 es e . watts from the constants of the circuit. The readings are 
TASTE ie at ah Phd NS decal DE cod es given in Table VII and the average loss was found to 
200 69.0 | 0.016 | 0.027 | 0.0215 0.00733 equal 0.00127 watt and the power factor was 0.085 per 
300 0.044 0.05 0.047 0.01069 : 
pos eg Or) patna Pap a 6 oases cent. The results of the tests by the two methods are 
500 0.13 0.118 | 0.124 0.01692 in close agreement. 

Scheel eS a 
TABLE VII 
° CAPACITY LOAD, ZERO-METHOD C 


A-C. Applied Voltage = 200 Volts at 60 Cycles 


Electrometer 


Commutator 
— watts PR 
lI = Average (E —k)e Esa ey loss 
R E e1 €2 e ep Rare! 
epaa volts volts volts volts a watts condenser 
$e 200 69.0 0.023 0.018 0.0205 0.00698 0.00569 0.00129 
0.043 0.00977 0.00853 0.00124 


TABLE VIII 
A-C. Applied Voltage = 62 Volts at 60 Cycles 
Electrometer 
reading. (Loss 
: ‘ in Inductance plus 
R E os ae e PR -) 
: 1 
Method ohms volts volts Ee 2 ke 2 
cen x =- —1.392 0.575 
200 69 1.707 117.8 1.456 
. 200 1.6695 115.2 +1.393 —1.361 0.576 
200 1.6955 117.0 0 21.382 0.578 
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Inductive Load. Readings were taken with an 
inductive load using all three zero methods. The load 
consisted of an inductance of about 8. henrys and 1650 
ohms resistance. 

In this test the polarity of the batteries was such that 
equation (8) applies to the results of method A; equa- 
tion (12) to method B; and equation (15) to method C. 

The results are given in Table VIII and the loss as 
calculated includes half the loss in the shunt resistance 
R,, which was the same for each method. 

A comparison of the results of the three methods given 
in the last column of Table VIII shows that they give 
the same loss for the circuit within + 0.3 per cent. 

The experimental results prove conclusively the 
correctness of the equations as derived, and that the 
methods may be employed to measure the loss at any 
value of the power factor leading or lagging. 

Il]. MATHMETICAL 

Derivation of Equation (8), Method A. Equation (8) 
is obtained by substituting the instantaneous values 
of the potentials applied to the needle and quadrants in 
the general equation (3) of the electrometer. The 
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With the commutator horizontal the values of Vi 
and V. change as stated under zero method A, and by 
substituting these new values of V; and V.. in the terms 
of equation (3) and integrating, we may determine the 
values of these terms for the commutator horizontal. 

The signs and the values of the terms in equation (3) 
for the two positions of the commutator are given below 
in (4) and (5). 


Pos of | Equa VALUE OF TERMS 
Comm. | No. ¥ 
by by = ’ = 
(3) carro as Vi 5 V2? + bi Vo Vi — bi Vo Va + ceo Vo ter Vi — C1 V2 =(1L+R Vo?) 8 
by bi . 
|| (4) ro ohn on =F 3 TI? hy => bai 3 —bi(Ri I V cos ¢+J? Ry) —co H—c1 e1—0 =(1+R V°?)°a 
Ss by B by . 
= (6). |- 5 PR2+ 5 e2+bi(RiI V cos ¢t+l? Rv) —bi Bee —co H—0O+¢) e2 =(1+R V,?) B 
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electrometer reads the integral of these voltages over a 
complete period 7’. 
With the commutator vertical in Fig. 2 we have 
Vo = 0 + aR ‘ha E 


Va = — 41 
V2 =7tRhi 
where » =vVJ2Vsinwt 
and (me 27 ain (ot ¢) 


Substituting these values and integrating over a 
complete period, we get the values of the terms in 
equation (3) as follows: 


aft by ets (ire 9 [2 sin? 
Dis os doe D aeite ie sin? (wt+ ¢) dt 
=-+ : PR? 
fe 
Trois OO ig erat . Sl V2Vsin wt 


+ R, Wael sin (wt+¢) — E\|- e,| dt = +b,He 


Taking the algebraic sum of equations (4) and (5) 
we get equation (6). 
(1 + RV?) (6 — Q) = 2b,R,I Vcos¢ 


+6? R?- b,H (€1 = €2) +5 —_ (e? + €”) 
+ ¢1 (@1 + 2) (6) 
The experimental results show that e; and e2 are 
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without introducing any appreciable error. Since the 


nearly equal and that we may write e = 


deflections a and 6 are each zero, we may write equation 


(6) equal to zero and solve for the power consumed by 
the load. . 


Tan, ne c e 

IVecos¢ + = 2 
¥ 2 Ri Bah 
Equation (7) contains two of the electrometer con- 
stants b, and ¢;, which may be combined as previously 


described, in a single constant k = ar: Under these 
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conditions we may write equation (7) in the form 


HiGite e 
IR ELD € 
IVcos¢ + — = 45 

Pe od R Loi aewhaw 

If we reverse the polarities of the two batteries, EH 

and e, and proceed as in determining equation (8) we 

find that the power consumed by the load is given by 
equation (9). 


rapped 
IVcos¢ + feeliec a 


2 Ry py Ry 2 

Derivation of Equation (12), Method B. The relations 
giving the power consumed by the load with the con- 
nections as in Fig. 3, method B, are derived from equa- 
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elimination of this term may be accomplished in 
method C, for example, by reversing the polarity of the 
battery in the needle circuit, instead of reversing e as 
described under this method. This, however, intro- 
duces another correction term in the equation which 
involves FE and is, therefore, not to be recommended. 


The importance of the correction term, k Fa 
1 
can be reduced by use of larger values of the needle 
battery EH. This reduces the value of e needed to 

balance the torque of the a-c. voltages. 


IV. ERRORS 
The sources of error present in any quadrant electrom- 
eter have already been ably discussed in an Institute 


tion (3) in a manner similar to that used in finding (8). paper”. The more important are: 
Pos. of | Equa. VALUE OF TERMS 
Comm. | No. 
7 Po een ee ? , 
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Taking the algebraic sum of equations (10) and (11) 
and solving for the power consumed by the load we 
obtain equation (12) for connection B. 

e 
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Derivation of Equation (15), Method C. Method C isa 
combination of methods A and B, as stated above. 
With the commutator vertical equation (4) of method 
A holds and with the commutator horizontal we have 
equation (10) of method B. Taking the algebraic sum 
of equations (10) and (4) we obtain equation (14). 

(1 + RV°?) (@— a) = 26,R:IV cose 


TV cosp+ 3 = 


(12) 


+b, PRyY—biE(e:+e2) va (€;— €2) +¢1(€1+@2) =0 

‘ (14) 

Assuming that ¢; is very nearly equal to e the fourth 

term of the equation becomes negligible and we can 

write that the power consumed by the load is 
TR; Ee e 


VECOS C9 a Fiaieubaaliia (15) 


e 
The Correction Term, ky Several methods are 
' ¥ 1 


. e 
possible for eliminating the correction term, k Ra 


in addition to those mentioned in the paper. The 


1. A study of the diagram of connections of the 
quadrant electrometer shows that the electrostatic 
capacity formed by the two quadrant pairs and their 
leads is in parallel with the non-inductive resistance R,. 
Therefore, the drop across R, and this condenser in 
parallel with it will not be in phase with the current. 
This error is naturally greater the higher the value of R,. 
Taking this into account we find that the equation® for 
method C is as follows: 


2-—MN 
LV. cose scored Ra aE one eaves? 


n(H—k)e 
> R, 19) 
where ¢, is the electrostatic capacity of the quadrant 
pair circuit in farads. 

In measuring the loss in the 1/10 microfarad con- 
denser by methods B and C it was found possible to 
work with a value of R, as low as 200 ohms and still 
obtain good accuracy. Tests of this same condenser 
by the deflection method require a value of R, of the 
order of 1000 ohms to obtain satisfactory deflections. 
It is evident that the error introduced by the capacity 
of the quadrants depends upon the value of R,, and 
that it is reduced in amount by the use of this zero 
method. 

2. Further study of the quadrant electrometer 
circuit shows that the charging current I, from the 
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needle to the high quadrant flows through R, in addition 
to the load current, I. 

This source of error is very small in low voltage 
electrometers and may usually be neglected. 

3. The theory of the electrometer is based upon the 
assumption that the resistance of the needle circuit is 
zero, and the needle charging current flows through a 
pure capacity. 

The use of the battery, EH, in the needle circuit 
introduces a resistance, but its value in our tests was so 
small compared to the capacitance of the needle circuit 
that its effect was negligible. 

4. If fractional voltage is applied to the electrometer 
needle, the e.m.f. of the portion of the transformer 
winding to which the needle circuit is attached, may 
differ in phase from the total voltage in the circuit. 
This source of error may become very important at 
low values of the power factor of the load, and in such 
cases must be corrected for’. 


References 


1. Kouwenhoven, ‘“‘The Quadrant Electrometer,”’ 
A. I. BE. E., Sept., 1925, p. 973. 

2. Simons and Brown, ‘“‘The Quadrant Electrometer for 
Measurement of Dielectric Loss,” Trans. A. I. E. E., Vol. 43, 
1924, p. 311. 

3. Simons and Brown, ‘‘The Quadrant Electrometer for 
Measurement of Dielectric Loss,” Trans. A. I. KE. E., Vol. 43, 
1924, p. 313. 

4. Orlich, Ztsch. f. Instrumentin Kunde, 
oo: j 

5. Whitehead, ‘‘Gaseous Ionization in Built-Up Insulation,” 
Trans. A. I. E. E., Vol. 42, 1923, p. 921. 

6. Kouwenhoven, ‘‘The Quadrant Electrometer,” [Equation 
(47)|. Paper presented before the Annual Convention of the 
A. I. E. E., at Saratoga Springs, June, 1925. 


JOUR. 


Vol. 29, 1909, p. 


Discussion 
SYMPOSIUM ON DIELECTRICS AND POWER- 
FACTOR MEASUREMENTS 


(WHITEHEAD, CurTIs, Hanson, Len, Dorin AND 
SaLtTpER, Simons AND Brown, St. Criarr, KovweEn- 
HOVEN AND Betz) 


Nraaara Fatus, N. Y., May 26, 1926 


P. L. Hoover: I should like to discuss briefly power-factor 
measurement in connection with bridge methods. There may 
be some doubt as to the accuracy of any bridge in measuring 
power factor, for, as Mr. Lee has pointed out, power factor is the 
ratio of the total power loss to the product of the voltage and the 
current. Now if a tuned vibration galvanometer is used for 
detecting the balance point of the bridge, only the losses due to a 
single frequency and not the total losses are measured. For- 
tunately in most cases the error that is introduced in this con- 
nection is probably very small and negligible. Nevertheless, 
most a-c. bridges cannot be regarded as precision power-factor 
bridges, since the power-factor balance is so critically dependent 
on an accurate capacity balance. For instance, with the Wien 
or the Schering bridge, if the capacity balance is off by one per 
cent the power factor may be off by as much as 50 or 100 per 
cent. Experimentally this means that the capacity balance must 
be made to a much greater precision than isrequired for the power 
factor. Such an experimental condition is to be avoided if 
possible. 


‘material for adequate discussion at this time. 
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A new type of bridge which is in use at the Harvard dngineers 
ing School and which was described recently before the Institute® 
avoids this difficulty. In this new bridge, a mutual inductance 
between the galvanometer circuit and one arm of the bridge 
measures the difference in phase of the two sides of the bridge 
so that the mutual inductance may be calibrated directly in 
power factor. Furthermore. with this new bridge the power- 
factor balance is not so critically dependent on an accurate 
capacity balance and it may thus be regarded as a precision 
power-factor bridge. 

E. W. Davis: The problem of making dielectric loss measure- 
ments on reel lengths of cable asa part of routine testing in the 
process of the manufacture of a cable requires a method of great 
simplicity and of an accuracy equal to that of the knowledge of 
the variables involved. The use of direct-deflection wattmeters 
from the above point of view offers one of the simplest metheds 
of making such measurements. 

Two direct-deflection wattmeters recently developed for this 
service have been thoroughly tested and found satisfactory. 

One of these meters is of the single-pivot type with no damping; 
the other, of special suspension construction wherein jewel and 
pivot friction losses have been reduced to a minimum. The 
constants of these instruments have been obtained to a great 
degree of accuracy and have been found to remain constant 
over the range of operation of the meters. Both meters have a 
very small phase angle between the current and potential circuits, 
an angle considerably smaller than is ordinarily found in com- 
mercial instruments. One of the meters is designed with an 
inverted scale so that while the maximum reading is 0.2 watt, a 
minimum of 0.01 watt can be read easily and accurately. Check 
measurements made between these instruments and an Irwin 
dynamometer, usually used in such tests, show the existing 
errors. to be negligible. Results of tests on hundreds of reel 
lengths in our factory check very satisfactorily with tests made by 
more complicated methods in our laboratory. 

The lack of suitable standards for the ealibration or checking 
of various dielectric-loss sets has for some time been appreciated. 
Attempts are being made to construct or use suitable standards of 
glass or similar material. The use of such standards does not 
seem to promise high precision of determination of accuracy, 
but for the present the accuracy may be sufficient. 


By use of the same cable sample and very careful determina- 
tion and control of temperature, duration of application of 
voltage and mechanical handling of the sample, ete., we have 
checked three separate methods (two dynamometer and one 
bridge method) and found them to give results within five per 
cent of each other. This of course is not high precision but for 
the present seems to be sufficient. 

The calorimetric method of checking dielectric losses discussed 
by Mr. St. Clair offers a wide field for investigation, but the 
chances of error are great and the complication and time required 
reduce it to a very special laboratory test. 


The use of identical samples and various series-multiple con- 
nections of them does not work out very well in practise due 
to the impossibility of obtaining exactly identical samples, which 
of course means uneven distribution of voltages for the various 
series connections tried. 

The paper by Mr. Hangon on the “Accuracy Required in the 
Measurement of Dielectric Power Factor’ offers too much 
With the tre- 
mendous variation of the thermal and electrical constants of 
insulating materials and with the still greater variation of the 
thermal characteristics of the medium in which the cable is 
installed, it is rather difficult to conceive why such great ac- 
curacy in the power-factor measurement is required. Purely as 
a laboratory measurement, such accuracy might be desirable. 
As a factory routine test we do not believe that such accuracy is 
necessary. 

A dynamometer-wattmeter method of measuring dielectric 
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losses which is radically different from those discussed in this 
series of papers, was suggested by Prof. Dawes, of Harvard, some 
years ago and used for a short time in our laboratory. 

In this method, the wattmeter and also the ammeter are in 
the high-tension leads, enclosed in suitable metallic shields which 
are placed on insulators. The shield for the wattmeter is made 
sufficiently large to hold the compensating resistances and 
capacitances. 

The potential circuit is supplied by potential transformers, 
the ease of which is also on insulators and at line potential. 
All leads are shielded as well as ends of the cable sample. 

By this method, all leakage currents are eliminated or at least 
prevented from affecting the meter readings. No run is neces- 
sary to determine set losses. By grounding the high-tension 
lead and the low tension of the potential transformers supplying 
the wattmeter through a second potential transformer. the poten- 
tial differences between coils in the meter is reduced to a 
minimum. 

I. M. Stein: I should like to suggest that a complete bibliog- 
raphy be made a part of this symposium. Some authors have 
given references that they have used in their papers, but no one of 
the papers gives a complete bibliography. 

Mr. St. Clair’s talk of shielded resistances brought to mind a 
recent publication of the Bureau of Standards. This is Scientific 
Paper No. 516, “‘A Shielded Resistor for Voltage-Transformer 
Testing.” The Bureau of Standards designed and has been 
using for potential-transformer testing for a number of years, a 
shielded resistance that should be of interest in some dielectric- 
loss measurements. 

J. D. Stacy: We have used the phase-defect, compensation, 
dynamometer-wattmeter method in the measurement of power 
factor of capacitors very successfully, making several thousand 
measurements per year. The initial calibration of the instru- 
ment was laboratory work involving the method described by 
Mr. St. Clair. Our general results in the use of this instrument 
have been very satisfactory. 

Delafield Du Bois: What we need most is a means of judging 
the merit of any given testing set, so that we may not only 
determine if an installed equipment is satisfactory for its con- 
tinued use, but may also determine the most satisfactory new 
test set to install. 

I can do no more than outline what such a measure of merit 
might he in the hope that some one will perfect it. 

In judging the merit of a test set there are three primary 
considerations: accuracy, convenience and cost. 

Obviously, accuracy must meet a certain minimum for com- 
mercial testing, but greater accuracy than this is usually desirable. 

Under the heading of convenience, many things may be listed, 
but the most important are speed and the skill required to test. 


Cost should include not only the first cost, but the cost of such . 


spare parts as might be necessary to carry in stock in order to put 
the set back in service following a puncture of insulation during 
test. 

Accuracy, convenience and cost may each be expressed numeri- 
cally so that the sum of the three numbers will be the figure of 
merit of the test set considered. 

The simplest means of reducing accuracy to a number is by 
establishing a standard test sample, such as the one Mr. Doyle 
has constructed. If a test set can measure the power factor of 
this test sample to within, say, B per cent accuracy, the 
figure of merit for accuracy will obviously be a function of B 
such, for instance, as (C—B)D=A where C and D are well 
chosen constants. The actual values of Cand D to be acceptable 
will, of course, have to be worked out by conference. 

To arrive at a figure of merit for convenience let EH be the 
time in man-minutes required to make two tests under widely 
different conditions. Then the figure of merit for convenience 
will be a function of E, suchas (F — E)G = H. 

If the skill required by the tester is greater than that of the 
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usual laboratory assistant, Z should be corrected in proportion 
to the increased cost of testing. 

If the number of tests per day can be estimated, cost can be 
reduced to a fixed charge per test. This can be expressed in 
equivalent man-minutes, and the figure of merit for cost I 
would be a function of these man-minutes similar to that used in 
determining the figure of merit for convenience. 

If the constants C, D, FandG are well chosen, then A + H 
+ J = M willexpress the merit of the set. 

This is only a suggestion but I believe it expresses an actual 
need. 


Brian O’Brien: In classifying dielectric losses is it desirable 
to distinguish between (1) normal conductivity and (3) anoma- 
lous conductivity? The weight of evidence would indicate that 
no measurable electronic conduction similar to metallic conduc- 
tion occurs in dielectrics, and that all conduction here is of an 
electrolytic character, that is, ionic, even when the conduction 
obeys Ohm’s law. If this be true, the distinction between class 
(1) and class (3) lies only in the magnitude of the disturbing 
factors which cause departures from Ohm’s law. If such a 
distinction is useful for the practical treatment of the subject, it 
might be well to emphasize the fact that the two losses are prob- 
ably identical as regards the fundamental phenomena. 


Granting that no measurable hysteresis effect occurs in dielec- 
tries in the sense of a lag in polarization independent of time as 
found in magnetic materials, and that thus no permanent polari- 
zation of the dielectric as a whole will, in general, exist, this 
does not necessarily exclude the possibility of permanent polari- 
zation of the molecules of the dielectric. Kelvin and others have 
shown that such a polarization may exist without manifesting 
itself as a polarization of the whole dielectric. Therefore in 
dismissing dielectric hysteresis this possible molecular polari- 
zation and its effects on other forms of loss, such as absorption, 
must not be overlooked. 

N. L. Morgan: Mr. Lee referred to the method of measuring 
dielectric loss by the use of the wattmeter and the water-tube 
multiplier. We have been using this method since 1917. The 
water-tube multiplier which we have been using consists of a 
straight quarter-inch glass tube about five ft. long and fitted with 
short brass tubes for making the taps. The ratio of the taps is 
1,2and4. Sufficient common salt is dissolved in the water to 
obtain the most convenient conductivity. 

The form of the water-tube resistance used by Mr. Lee, I 
understand, was of the coiled-hose type used by Ryan and others. 
I think that the form of the resistance may be the reason 
why the check tests shown in Figs. 6, 7, 8 and 9 do not 
agree. In this resistance, I assume that the hose is coiled. 
There is an appreciable capacity between turns, and the capacity 
current passes through the potential coils of the dynamometer. 
The resistance is shielded against capacity to ground, but not 
against capacity between turns. This would also account for 
the large discrepancy between the curves of Figs. 8 and 9 obtained 
by using the full resistance and a portion of it respectively. 

In the circuit I am using, the variation of the resistance of the 
multiplier with temperature is of no consequence. An ammeter 
is placed in this cireuit and this current and the line voltage are 
observed at the time of reading the deflection of the dynamom- 
eter. Then variation of the multiplier current can be placed 
in the equation of power, which is 


W=KDE/a 


where . 


ll 


power 

a constant 

deflection of dynamometer 
time voltage : 
current in the potential circuit 


We have not found that shielding of the water-tube against 
capacity to ground is necessary on cable of greater lengths than 
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five ft., if grounded metal is not closer than three ft. to the 
resistance. 


The accuracy has been very good. We have sent cables to 
various laboratories and they have checked within close limits. 
As for convenience, a2 man can take five readings in about ten 
minutes. The parts, outside of the transformer and dynamom- 
eter, cost about 20 cents. 

I should suggest that when using this method the potential 
coil be compensated for eddy currents as described by Rosa in a 
bulletin of the Bureau of Standards, otherwise the constant K 
will vary with the line voltage Z. I should suggest also that 
when determining the constant of the dynamometer, alternating 
current be used instead of direct. I think that with these 
precautions and proper shielding of the dynamometer and low- 
tension leads this method of measuring dielectric loss is suffi- 
ciently accurate for commercial testing. 

R. Notvest: In connection with Dr. Whitehead’s paper it 
seems to me that in describing the process of deterioration of 
composite dielectrics, the tendency prevails to investigate 
symptoms only and to pay little attention to the primary cause. 
In other words, all has been concentrated upon the heating 
effect and gaseous ionization which are secondary phenomena 
only when certain investigations led to the belief that a piezo- 
electric effect is the primary cause. 

Very little work has been done in this field. Madame Curie 
has been the pioneer; also the 1919 A.J. HE. E. Transactions 
contain a very valuable paper on the subject by A. M. Nicholson 
of the Western Electric Co. 

It is a fact that practically all insulation materials, with the 
exception of glass (an undercooled colloidal liquid), contain more 
or less erystalline substances. This is true of the many grades 
of porcelain, marble, lava, soapstone and slate, The multitude 
of synthetic insulation materials consist mainly of an electric 
inert mineral filler embedded in a plastic or semiplastie matrix 
of either a natural or artificial gum of the phenol-resin type. 
Any erystalline substance subjected to a mechanical stress will 
produce a potential parallel to an optical axis and when sub- 
jected to an electrostatic stress, will develop a certain amount 
of kinetic energy at right angles to the direction of the stress. 
Since there is a tremendous quantitative difference in the value 
of the piezoelectric effect of the various mineral substances 
utilized for insulation materials, in some instances the effect 
can be identified only through a superfine and tricky arrange- 
ment of the means of observation; yet a piezoelectric effect 
contributes to the deterioration of the paper insulation of power 
eables since cellulose always contains a certain amount of SiOz, 
silicie acid. . 

Under the direction of Dr. Booth of Western Reserve Uni- 
versity, I have spent considerable time within the past few years 
in investigating this problem and hope to be able to present a 
paper soon covering the subject. 

The matter can be expressed as follows. Whenever an in- 
sulation material is of, or has in its structure, crystalline sub- 
stanees, it is subject to a piezoelectric effect. Where such 
crystalline substances are embedded in a plastic or semiplastic 
matrix and exposed to an electrostatic stress, the individual 
crystals have a tendency to reorient themselves so that some 
optical axis (the one having the highest piezo effect) is at right 
angles to the direction of the potential pressure. When the 
direction of the electrostatic stress changes rapidly, a gradual 
‘microscopical opening of the structure takes place, increasing the 
amount and volume of voids and through molecular friction 
and the emission of charged particles from the crystals them- 
selves, ionizing the occluded or infiltrated gases which in time 
causes the mechanical rupture and breakdown of the specimen. 

J. B. Whitehead: We have had in foregoing meetings a 
number of excellent papers on the quadrant electrometer as a 
high-tension wattmeter. We have two such papers in this 
program, but the greater number are devoted to the electro- 
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dynamometer wattmeter. I have worked a great deal with the 
former, and have found it of great value and accuracy above a 
certain value of phase difference; but in the very low range, it 
suffers the serious disadvantage that the fractional value of 
voltage on the needle introduces a phase error, troublesome to 
determine and to eliminate. While I have not worked exten- 
sively with the electrodynamometer, it would appear that it is 
subject to the same type of error, as well as others of electro - 
magnetic character, in the voltage circuit. 

I have been working recently with the Schering bridge, and I 
prefer it to all other methods for the measurement of very low 
loss and power factor at high voltage. It is very rapid and the 
possible errors are easy to detect and to eliminate; they arise 
principally in neutral capacity between the two sides of the bridge 
and to ground. Errors of this type are easily found and suitable 
screening will eliminate them. Particular attention must be 
given to the use of guard electrodes for both the sample under 
test and the air condenser, and to a screening system maintained 
at all times at the same potential as the test electrodes. This 
may readily be accomplished by resistance in the ground con- 
nection of the guards and their screening systems. Too little 
attention has been given to this source of error. I have found, 
for example, that 1200 ohms in a certain case was necessary in 
the guard-to-ground connection to ensure equality of potential 
with the test electrode. This connection in many cases is made 
directly to ground. In the case mentioned, a change of 100 ohms 
in 1200 was sufficient to unbalance the bridge. The principal dis- 
advantage of the method is the.requirement of a high-voltage 
air condenser, the capaity of which, for best accuracy, must 
inerease with the capacity of the specimen to be measured. 
Thus the Schering bridge in its simple form is not suited to the 
measurement of the loss in long samples of cable. With a 
suitable air condenser and for relatively short cable lengths it 
possesses very great advantages. 


Referring to Mr. Lee’s historical review of the use of the elec- 
trodynamometer wattmeter, I wish to point out that in 1891, 
when I entered Rowland’s laboratories, I found that in ecollabora- 
tion with Prof. Louis Duncan, he had developed a number of 
types of electrodynamometer, and was at that time investigating 
the value of the instrument for the measurement of dielectric - 
loss. Inasubsequent paper in the American Journal of Science 
he described a number of valuable methods for its use. Row- 
land’s instruments were subsequently developed and sold by a 
well-known firm of manufacturers of electrical instruments. 


H. L. Curtis: I should like to ask Prof. Kouwenhoven if 
the resistance of the battery in the electrometer method is 
negligible. It seems to me that in the final analysis it 
would have to be mentioned. 

Mr. Hoover, in speaking of the bridge methods, stated that by 
a mutual-inductance method the sensitivity obtained in measur- 
ing the out-of-phase current was greatly increased. I regret that 
there are not a number of papers at this meeting on bridge 
methods. The bridge methods have much in common, the only 
difference being in the manner of making the adjustments. In 
all bridges it is necessary to vary the magnitude and phase of the 
current in one arm. What it amounts to is that the potential 
at the terminals of galvanometer is the same at each instant. 
There are a number of ways by which this can be accomplished. 
The Schering bridge has been used lately somewhat. This 
varies the phase by varying a condenser in parallel with the re- 
sistance in onearm. The adjustment, however, can be accom- 
plished just as well and quite as conveniently by using the Rosa 
method where an inductance is in series with the resistance. 
The compensation can also be accomplished by putting a, resis- 
tance in series with the condenser, or by a variable mutual 
inductance properly placed. 

I cannot see that with any of these bridge methods or with 
the electrodynamometer method you are going to get away 
from the fact that you have to compensate for the magnitude 
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of the current as well as its phase. If you try to avoid compen- 
sating one of these, you throw the burden on some other measure- 
ment. I also don’t see that by using a mutual-inductance 
method you are necessarily going to gain in sensitivity over what 
you would obtain by any other method. 

Mr. St. Clair mentioned the question of using two condensers 
in series as a check on the accuracy of measurement. 1 have 
always found that a very unsatisfactory method. It may work 
if you are using very large condensers where you can get them 
close together in value of capacitance and where the capacitance 
to ground is relatively unimportant; but with small condensers, 
the method of checking by using two in series is something which 
I have always found extremely difficult and feel that the check 
would be less satisfactory than some of the direct measurements 
which might be made. 

There is one point in connection with Dr. Whitehead’s sug- 
gestion about the potential of the guard plate of the condenser. 
It is essential that the potential of the guard plate and the guarded 
plate shall be the same at every instant. Generally, this con- 
dition is very closely approached by using a resistance between 
the guard plate and the earth, but if for any reason a phase angle 
is introduced in the measuring arm, an equal angle must be intro- 
duced also in the compensating arm. 


C. F. Hanson: The particular phase of Mr. Lee’s paper 
which I wish to bring to your attention is in regard to shunts 
generally supplied for use in connection with the dynamometer 
wattmeter. 

The use of a shunt in measuring the power factor of a sample 
of cable 10 ft. long is not necessary, but it is necessary in measur- 
ing the power factor of a cable 500 ft. long, particularly if the 
same wattmeter is used for both jobs. The charging current of a 
500-ft. cable may be of the order of one ampere corresponding to a 
voltage of 100 volts per mil, whereas the charging current of a 
10-ft. sample of another cable may be only 0.002 ampere corre~ 
sponding to a voltage of 40 volts per mil. A wattmeter which is 
sufficiently sensitive to measure power factor when 0.002 ampere 
is flowing, will not have sufficient current capacity to measure 
power factor when one ampere is flowing. A shunt is therefore 
necessary. 

A shunt is usually constructed of two resistances and a ¢a- 
pacitor of convenient dimensions. ‘The capacitor is connected 
in series with the current coil of the wattmeter. The first resis- 
tance is connected in parallel with the capacitor. The magnitude 
of this resistance and the capacitor is so chosen that the current 
coil circuit behaves like a pure resistance at a given frequency. 
It is then a simple matter of connecting the second resistance, 
in the form of an Ayrton shunt, across the current-coil circuit 
containing the shunted capacitor. ca 

The combination of the shunt and wattmeter coil may have a 
resistance of approximately 200 ohms when the shunt is set on 
10, and 20 ohms when the shunt is set on 100. In other words, 
with a shunt setting of 10, a resistance of 200 ohms is connected 
in series with the cable and in some cases the error introduced 
may amount to 0.002 in the power-factor reading. With a shunt 
setting of 100 the error is only 0.0002, and is of no significance. 
The shunt settings chosen in this case typify those which might 
be used in an ionization test (the increase in power factor as the 
voltage stress is increased from 20 volts per mil to 100 volts per 
mil). Usually, by acquainting himself with his power-factor 
apparatus, the operator can avoid the foregoing error to a great 
extent if he exercises discrimination in the choice of his shunt 
setting. 

One difficulty with most shunts is that the resistance coils in 
them are not provided with sufficient means for dissipating heat. 
This deficiency usually results in extraordinarily rapid deterio- 
ration. 

~The paper by Messrs. Doyle and Salter states that, in the case 
of three-phase measurements, they carefully control the voltage 
on a particular phase at the time when power factor is being 
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measured on that phase. This voltage control does not eliminate 
a phase error, referred to in Appendix IV, which arises from 
inequality of voltage on the three phases. A similar error arises 
under two other conditions. The first is the condition of less 
insulation thickness on one conductor than on each of the other 
two, even though equality of voltage exists on all three phases. 
The second condition exists when the voltage vectors of the three 
phases are not equally spaced by 120 deg., even though the 
magnitude of the vectors may be equal and the insulation of the 
three conductors may be the same. 

In Fig. 1 herewith are shown the vector relations between 
charging currents flowing in the cable and the voltage applied 
to each conductor. The three voltage vectors are equally spaced 
at 120 deg. and the cable is symmetrical including equality of 
insulation thickness on the three conductors. The cable is 
considered to have zero power factor. The vectors H, and HE; 
are of equal magnitude but H, is greater in magnitude. In 
other words, transformers No. 1 and No. 3 are supplying voltages 
of equal magnitude but transformer No. 2 is supplying a voltage 
of greater magnitude. 


Fic. 1—Tue Vector RELATIONS OF CURRENT AND VOLTAGES 
in A TareE-Conpucror Caste WHEN It Is CONNECTED TO A 
TaHrEn-PHasE, Y-CONNECTED TRANSFORMER BANK 


Fig. 1 is shown for a Y-connection of the supply transformers. 
The common point of the transformers is connected to the sheath 
of a three-conductor cable and to earth. © The high-voltage 
terminals of the transformers are each connected to a conductor 
of the cable. The various vectors shown are as follows: 


E, is the voltage to neutral on conductor No. 1. 
E, is the voltage to neutral on conductor No. 2. 
E, is the voltage to neutral on conductor No. 3. 
i,;-5 is the charging current flowing from conductor No. 1 


to sheath. 

ig-s is the charging current flowing from conductor No. 2 
to sheath. 

iz-, is the charging current flowing from conductor No. 3 
to sheath. 

E,_, is the voltage between conductor No. 1 and conductor 
No. 2. : 

E,_; is the voltage between conductor No. 2 and conductor 

No. 3. 

E;-1 is the voltage between conductor No. 3 and conductor 

No. 1. 


i:-2 is the charging current flowing from conductor No. 1 
to conductor No. 2. 

in-3 is the charging current flowing from conductor No. 2 
to conductor No. 3. 
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is the charging current flowing from conductor No. 3 
to conductor No. 1. 

qT; is the vector sum of 7-5, 71-2 and %3_; and is the total 
current flowing into conductor No. 1. 

I is the vector sum of 79-s, %2-3 and %_2 and is the total 
current flowing into conductor No. 2. 

Tz is the vector sum of 73-5, 73-1 and 7_,; and is the total 

current flowing into conductor No. 3. 


As the cable is considered to have zero power factor, the vector 
I, should be in quadrature with the vector H,. The quadrature 
position is shown by the dotted line. Fig. 1 shows that J; is 
less than 90 deg. ahead of H;. This condition exists because 
the vector HE, is greater than H, and #;, and indicates the error 
that will exist in the power factor asread on conductor1. As the 
vector J; is in quadrature with the vector H, no error will exist 
in the power factor as read on conductor No. 2. The error 
of the power factor as read on Gonductor No. 3 will be of equal 
magnitude as the error existing in the conductor No.1 power 
factor but of opposite sign. 

The dielectric loss as read on conductor No. 2 will be abnor- 
mally high because the charging current J; is erroneously high. 
On conductor No. 1 dielectric loss will be abnormally high be- 
cause of the erroneously high power factor. On the other hand, 
on conductor No. 8 dielectric loss will be abnormally low because 
of the erroneously low power factor. 

In Fig. 1 of the paper by Messrs. Doyleand Salter the shielding 
problem is considerably simplified if the ground is removed from 
the lead sheath of the cable, and connected to the low-voltage ter- 
minals of the transformers. Any current then leaking over the 
transformer bushings and bus insulators will not flow through 
the current coil of the wattmeter but will return directly to 
the grounded terminals of the transformers. 

In their Fig. 2, the ground cannot conveniently be removed 
from the lead sheath of the cable because it is not convenient 
to connect the current coil of the wattmeter into the high-tension 
lead from the transformer to a cable conductor. Therefore, 
in this case, the transformers must be insulated from ground. 
The case of each transformer should be connected to its low- 
voltage terminal. Likewise, all metal shields of the insulators 
of each bus should be connected to the low-voltage terminal of 
the transformer respective to the bus. Currents leaking over 
the transformer bushings and bus insulators will then return to 
the low-voltage terminals of the transformers without passing 
through the current coil of the wattmeter. These precautions 
are indicated in their Fig. 2 but hardly with sufficient clearness. 


E. S. Lee: We have been told that there are no standards 
for these measurements. The question then is, how do we know 
we are accurate when we obtain a value? 

In the General Electric Company, we used the dynamometer 
wattmeter first and obtained certain values. We had an op- 
portunity to compare these with others observed more or less 
directly and they looked about right. Then we set up a Schering 
bridge and a year ago I reported our results. At that time I 
said that with the usual observers day in and day out we would 
check in general within about 0.002 on power factor, that is, 
0.2 of one percent. But we might expect at any time a difference 
of perhaps 0.004. 


I always have wanted to see if we could not use some other 
method. In the paper he presented Mr. St. Clair told 
you of a calorimetric method which was used by himself 
and others in standardizing measurements made ‘on capacitors. 
This was not an easy problem, either. It seems that there are 
difficulties at 2500 to 3000 volts, just as there are at the higher 
voltages. 

From this work, it was found that the calorimeter method 
enabled these measurements as carried on in different labora- 
tories to be standardized. Thus it occurred to us to apply 
similar methods to cables. 

Two pieces of three-conductor cable, each 35 ft. long, were 
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placed horizontally in a closed box as represented diagrammati- 
cally in Fig. 2 herewith. The box was 21 ft. long enclosing the 
central portion of these lengths. 

Thermocouples were systematically placed along and around 
the sheaths of the cables over an 8-ft. length, the “hot” junctions 
being placed on one cable and the “‘eold” junctions on the other. 

With copper-ideal thermocouples and a galvanometer of sensi- 
tivity 6.5 x 10-° amperes per millimeter deflection at one meter 
scale distance, it was found that by using nine thermocouples in 
series for each unit, a temperature difference of 1/75 of 1 deg. cent. 
between the sheaths was indicated by a deflection of one em. on 
the galvanometer scale. In watts, this means that one cm. 
deflection indicated a difference of power dissipation of 0.005 
watts per ft. 

Measurements were made by applying three-phase potential 
to one cable, and circulating direct current through the condue- 
tors of the other cable until there was thermal equilibrium with 
the same sheath temperature as indicated by zero deflection of the 
galvanometer. The d-c. watt input was then calculated and 
considered to be equal to the dielectric a-c. power loss. 

At this time we have only completed one test, the results of 
which are shown in Table I. 

There are three tests: Nos. 1, 2 and 3. 

Tbe values of three-phase power loss calculated from single- 


Fig. 2—Scurmmatic DiaAGRAM SHOWING Layout ror DETER- 
MINATION OF DreLEecTRIC Powrr Loss In CaBLes BY Com- 
PARISON OF HEATING 


phase measurements in watts per foot are: 0.266, 0.276 and 
0.275, or an ay erage of 0.272. 

By comparison of heating, the measured power loss in watts 
per foot for tests Nos. 1, 2 and 3 are: 0.297 which compares with 


0.266; 0.289 which compares with 0.276; and 0.280 which com- 


pares with 0.275. The average is 0.282. 

The differences are a little larger on the individual tests, but 
the average gives 0.272 three-phase power loss, calculated from 
single-phase measurements as against 0.282 by comparative 
heating, a difference of not quite four per cent. 

Of course, if the watts check, the power-factor values should 
check. The value we obtain by taking an average of the results 
obtained in the three-conductor high measurement and the one- 
conductor high measurement, gives a value of 0.74 per cent. 
The power factor from the comparison of heating test was 0.72 
per cent. . 

The voltage was a little bit highec in the comparison of heating 
tests: 36.0, 35.8 and 36.2 kv. : 

The results of these measurements are: first, our method of 
determining the power loss from three-phase supply from single- 
phase measurements seemed to give correct results; and second, 
that our standards in the outfit, our air capacitor and our method 
of compensation and our method of determining the watt con- 
stant evidently were quite correct. 

The next thing we shall do will be to interchange the cables and 
then test at other voltages. 


The thing that appeals to me is this; that here is a set-up 
that anybody can put up without very much trouble and be able 
to satisfy himself very adequately, I believe, of the accuracy of — 
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his own results by an independent method. The equipment is 
not considerable, though the time required is quite long, one or 
two days being required for each test. 

Because of the most satisfying agreement obtained on these 
first measurements with the dynamometer-wattmeter equip- 
ment, it is our hope that other laboratories will provide similar 
set ups as a means both of checking their equipments and of 
learning more concerning this method. 

Tho results are satisfying to us, and I believe that in general 
the method is simple enough so that it provides a satisfactory 
method which can be used by different observers in different 
laboratories to satisfy themselves of the reliabiity of their results. 


TABLE I 


COMPARISON OF RESULTS 
DETERMINATION OF DIELECTRIC POWER LOSS IN CABLES 


Tests on three-conductor, 350,000-cm. (Sector) Cable, 7/ 32in. by 3/32 in. 
Treated Paper Insulation 1/8 in., Lead 15 kv. 


A. By CompENSATED DyNAMOMETER WATTMETER 


Three-Phase Power Factor 
Power Loss (Cal- Per Cent 
culated from = |———_,-—— 
single-phase Three- One- 
measurements) Cond. Cond. 
Test Watts per Foot High High Voltage Ky. 
1 0.266 0.70 0.78 35.3 
2 0.276 0.60 0.88 3on0 
3 0.275 0.59 0.87 35.3 
Average 0.272 0.74 per cent 


B. By Comparison OF HEATING 


Measured 
Power Loss 
Test Watts per Foot Power Factor Kv. 
1 0.297 36.0 
2 0.289 35.8 
3 0.260 36.2 
Average 0.282 0.72 per cent 


pee AVEO OTe) eo ee 


E. H. Salter: Mr. Hanson has gone to great length to show 
what he terms the limits of accuracy in power-factor measure- 
ments of high-voltage cable. While a high degree of accuracy is 
desirable in such measurements, it seems that the stress is being 
laid on the wrong point when it is considered that two of the usual 
short samples of cable taken off the same end or reel of cable may 
show characteristics which differ by as much as 50 to 100 per 
cent, while the variation over a line, miles in length, may be 
much wider. 2 

Mr. St. Clair suggested a method for checking dielectric- 
loss-measuring equipments by securing four identical condensers 
and after determining the characteristics of each, using series- 
parallel combinations. In precision measurements of the 
dielectric loss of condensers shielding and guarding play quite an 
important part. In making series-parallel combinations proper 
guarding would be difficult to obtain. , 

D. M. Simons: Mr. Lee’s calorimetric method of comparing 
losses is of interest and should be of value. I think one warning 
should be included, and doubtless Mr. Lee had this in mind. 
Mr. Lee proved equality of losses in two cables by equality of 
temperature rise. This is true only if the two cables have equal 
thermal resistance from the sheath outward. The differences 
in surface thermal resistivity of different samples of leaded 
cable have been found to be great sometimes, though this effect 
should be minimized. by’ the ‘small temperature difference in- 
volved in Mr. Lee’s method. This possible error can be elimi- 
nated by the method Mr. Lee has proposed of interchanging the 
alternating current and direct current between the two cables, 
or it could be checked by heating both cables with equal values 
of continuous current, and proving equal temperature rises. 
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I should like to confirm Mr. Hanson’s conclusion of the neces- 
sity for accurate determination of current-carrying capacity, 
and especially the effect of having a large number of cables in a 
duct bank with very high voltage cables. 66,000-volt cable is 
now in operation in two places with two circuits per duct bank. 
I doubt if it would be economical to include another circuit 
in the same duct bank, though it may be necessary in certain 
special eases. For 132,000-volt cable, careful consideration must 
be given in each ease as to whether or not it is economical to use 
more than one cireuit in a duct bank; that is, each circuit can 
carry less power if two circuits are in one duct bank than if they 
were in two separate duct banks. The gain in carrying capacity 
obtained by using separate duct banks may be worth the cost of 
one additional conduit line. 

Mr. Hanson’s figures show a rather dangerous condition of 
instability of temperature in some of the higher-voltage cables, 
particularly with large numbers of cables per duct bank. I do 
not believe the actual conditions are as bad as shown; I am under 
the impression that Mr. Hanson figured the temperature rise 
based on the calculation of dielectric losses assuming a constant 
power factor throughout the entire body of insulation. In an 
actual single-conductor cable with thick insulation there is 
usually a considerable difference of temperature between con- 
ductor and lead, which means that the power factor of the entire 
cable is by no means that of the layers of insulation near the 
conductor, and therefore the actual watt losses may be consider- 
ably lower than those used by Mr. Hanson. 

As pointed out elsewhere, I believe the temperature rise of 
eynductor above lead due to dielectric loss should be figured in 
terms of a constant power factor of the insulation at the maximum 
conductor temperature. For the temperature rise’ of the lead 
sheath above the duct structure and of the duct structure above 
the original no-load temperature of the earth, the actual watt 
loss in the cable should be used, including the fact that there is a 
temperature gradient in the insulation. If this method of 
ealeulation is used, the conditions of stability shown by Mr. 
Hanson will be probably more favorable. 

A few years ago! Mr. Brown and I showed that the quadrant 
electrometer could be used in a null method by bringing back the 
deflection to zero by the insertion of a resistance in the lead to 
the electrometer needle. If the initial deflection should be 
“negative,” we had to adopt special means. Dr. Kouwenhoven’s 
method is, I believe, a distinct improvement. He reduces the 
deflection to zero by the insertion of a continuous potential in 
the needle circuit (as well as across the quadrants), but he has the 
advantage of being able to reverse the polarity of the battery in 
the needle circuit, and can thus use his method to balance de- 
flections which are initially negative. I have not had an oppor- 
tunity to try out his method, and do not know which of the two 
is the simpler, but I am sure that all those who have used electrom- 
eters will appreciate this new and valuable method of attack 
suggested and worked out by Dr. Kouwenhoven. 

B. W. St. Clair: I am in agreement with the comments of 
Dr. Curtis about series-parallel methods of checking the voltage 
accuracy of a test equipment, when the samples are of small: 
capacitance when compared with the capacitance of leads and 
parts of the outfit to ground. With samples of appreciable 
size where currents of milliamperes or amperes magnitude 
circulate, I believe the method is an excellent one for checking 
relative voltage accuracy. As pointed out in the paper it does not 
give a clue to absolute accuracy but does give a definite check on 
the accuracy of the shape of the voltage—power factor curve of a 
given test equipment. 

I have been much interested in the self-contained instrument 
for checking dielectric loss of reel lengths of cable that was 
mentioned by Mr. Davis. In the design of one of these 
we had to depart somewhat from the more usual portable- 
instrument practise. Ordinarily a wattmeter is built to have 


1. Transacrions of A. I. E. E., 1924, p. 311. 
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full scale deflection at about 60 per cent power factor at rated 
current and voltage. Under these conditions it is possible to 
have yery good operating characteristics without excessive 
losses. It is possible by sacrifice of torque and with increased 
potential and current-circuit losses to build portable instruments 
for operation at 30 per cent or even 20 per cent power factor. 
To reduce this to the 1.5 per cent or 2 per cent necessary for cable 
tests means at least a ten-fold increase in instrument sensitivity. 
Reduction in operating torque below this 20-per cent point will 
result in unsatisfactory performance from bearing friction, and 
likelihood of trouble from stresses incidental to transportation. 
Any attempt to retain a reasonable operating torque by the use of 
greater ampere-turns on the armature results in increased arma- 
ture weight or inereased phase-angle corrections or increased 
potential losses. For a given weight of armature there is a 
minimum operating torque below which operation will be un- 
satisfactory. The net result is that there is no compromise in 
electrical characteristics possible with the standard bearing 
construction. Two alternatives are possible; the use of the 
monopivot construction or the use of a strip suspension that will 
serve the dual purpose of torque member and supporting member 
of the armature. I have preferred the latter method because it 
completely obviates the bearing trouble that is almost neces- 
sarily coincident with the rather heavy weights and low torque 
of a well damped sturdily built armature, even in a single-pivot 
construction. 

The suspension arrangement is not a panacea for all instrument 
failings and it does impose double duty on the suspension 
members. Fortunately the development of special bronzes and 
processes incidental to good spring characteristics has brought 
forth sufficient knowledge of the limitations of such doubly 
stressed material as to permit easy design for satisfactory 
operation with exceedingly good electrical characteristics. The 
dependability of such devices will be inferior to the more robust 
double-pivot ones but will be satisfactory for checking losses 
on a factory or routine basis. 


I am a firm believer in calorimetrical methods of checking the 
fundamental accuracy of a dielectric test outfit. It is the only 
direct method I know that measures the losses in terms of some 
physical quantity that is easily amenable to accurate measure- 
ment. Thermal work of this sort requires a high degree of skill 
and considerable patience. Jt is a method that has been carried 
to a high level of certainty and usefulness by biologists interested 
in general metabolism work. It is quite customary for them 
to make tests of heat output where the total heat flow is but a 
very few watts with an error not over five per cent. IJ have 
seen many tests where the claimed error was less than two per 
cent. It is possible that we could learn much from a survey of 
their present methods and equipment. 

C. A. Adams: This thermal-balance method of measuring 
dielectric losses seems to me a very interesting one. Mr. St. 
Clair spoke of the difference between the loeation of the material 
in which the heat is generated and the conductor material, and 
Mr. Simons spoke of another possible error, the difference in 

‘thermal conductivity. 


I feel sure that neither of these considerations affects the test 
as outlined by Mr. Lee. When I saw that he had a long con- 
ductor with various sections and that the flow of heat must be 
substantially radial at the central section, it was obvious that the 
relative thermal conductivities have no influence. The amount 
of heat dissipated from the surface is dependent wholly upon 
surface conditions. The heat is practically all dissipated by 
convection, and at those low temperature differences is de- 
pendent wholly upon the nature of the surface and possible 
obstructions. ; 

The thermocouple leads may possibly offer some such obstrue- 
tions, but apart from that, as between two lead sheaths, it is 
quite unlikely that there will be any significant difference, 

The question as to whether the heat is generated in the conduc- 
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tor or insulation has nothing to do with the case as long as the 
heat flow is radial. 

One ofthe authors spoke of the use of reactance In series 
with the supply transformer for smoothing out the e. m.f. wave. 
Ten years ago when I was making tests on some 25,000-volt 
cable in Boston, about five miles in length, where the charging 
current was some 1600 kv-a., we used that method for two 
purposes, to get double the transformer voltage on the cable and 
also to smooth out the wave. 

We heard a great deal in the old days about the danger of 
resonance, but if you have resunance with the fundamental, you 
are a long way from resonance with the harmonics. The re- 
actance in series, through the medium of almost infinitesimal har- 
monie current, will absorb practically all of the harmonic voltages, 
so that the actual voltage impressed upon the cable was practi- 
cally sinusoidal, so nearly so in this case that it was impossible 
to detect the difference on the oscillogram. 

The reactance proved useful in another direction, since any 
incipient failures in the joints which resulted in small transient 
currents gave distinct knocks in the reactance. You could put 
your ear to the core of this reactance and hear every little spit in 
the joints and there were a good many of them when the voltage 
was 50,000, which was double the normal operating voltage of the 
cables. That was some time ago when we didn’t know as much 
about making joints as we do now. But in one case we stopped 
the test before failure and examined the junction boxes, 13 of 
which were found smoking. They had a semi-liquid filler com- 
pound through which these transient discharges had taken place. 

Just one word in regard to this whole question of dielectric 
phenomena. There are few who realize how differently we 
employ words and what different meanings those words convey 
to different minds. I refer to some of the remarks concerning 
anomalous conduction. The fact is that we are dealing mostly 
with the superficial side of all of these phenomena. We don’t 
know what actually is going on. 


For example, take Maxwell’s theory or hypothesis concerning 
the absorption current. -That is what you might eall an equiv- 
alent-cireuit scheme and if it fits the facts it is very useful. 
And it may, as has been shown by Mr. Dunsheath, be trans- 
ferable; that is to say, our knowledge of the absorption current 
may enable us to predict approximately what the dielectric 
loss is going to be; but that does not prove the hypothesis to be 
correct. 

I think Dr. Whitehead is absolutely correct in saying that 
barring ionization (and in a good cable there should be very little 
ionization) the major factor of the dielectric loss is that which is 
represented by the absorption current, but these are all super- 
ficial considerations and tell us nothing of the ultimate nature of 
the phenomena. 


There are a number of hypotheses that delve a little bit more 
deeply and have to do with the ionization of the dielectric material 
itself and with the tearing off of electrons from the molecules or 
atoms but we haven’t yet come to the point where we can connect 
up the actual, practical phenomena that we observe with the 
fundamental] laws of atomic structure. 

There has been a great deal more written about this than most 
of us realize, but it has been done by scientists in their quiet 
way, and most of their articles are buried in the proceedings of 
the highly scientific societies. If we were to try to understand a 
little more thoroughly the ultimate nature of the phenomena and — 
follow more closely the work that is being done by our scientifie 
friends, we might perhaps arrive a little more quickly at some 
fundamental relationships which would enable us to predict 
from knowledge of the elements that go into a composite in- 
sulation what is going to happen under specified conditions. 

As yet our work is too empirical, too superficial. Frankly, 
my real interest in this problem has tv do almost wholly with that 
delving into the ultimate nature of things, trying to understand a 


_ little bit more the reason why, rather than merely collecting a 
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lot of superficial information which in the long run requires 
much more time. 

Delafield DuBois: At one time I was associated with the 
Russell Sage Institute of Pathology, where we had a calorimeter 
to determine the heat radiated by the human body. To give 
an idea of the extreme sensitivity of the apparatus, let me tell of 
an incident. The doctor in charge of the laboratory happened 
to be in the calorimeter flat on his back and not moving, but 
looking out through the window, he saw me enter the laboratory. 
Not long after that the assistant who was plotting the curve of 
heat generated vs. time called me over to the test table and 
showed me a slight kink in the curve that indicated the time 
when I came in. Apparently the mere sight of me made a 
slight difference in the heat generated by the doctor. 


C. L. Kasson (communicated after adjournment): In regard 
to measurement of dielectric loss and power factor,—are not the 
results dependent on wave form, especially in short-length 
measurements? What agreement can be expected between the 
results on ten-foot samples and reel lengths? 

Has the possibility of end losses in short samples been investi- 
gated as a source of error? These end losses must consist of 
leakage over the end and energy dissipated into the air and 
then picked up again on the lead sheath. The usual form of 
guarding does not take into consideration this latter factor 
which is important. 

P. A. Borden (communicated after adjournment): Except, 
possibly, in those laboratories where the facilities of time and 
equipment are almost unlimited, the outlook upon the measure- 
ment of dielectric losses is at best a rather gloomy one; and we 
must thank Mr. Lee for having introduced a distinct ray of 
optimism at the psychological moment. The thermal-balance 
method, which he describes, while at once scientific and precise, 
is at the same time capable of application in almost any electrical 
laboratory, and with equipment which is neither expensive nor 
highly specialized in its construction or operation. 

As an alternative arrangement, and as a possible improvement, 
I would suggest the replacement of the thermocouples by a 
resistance bridge, the varying arms of which would consist of a 
number of turns of enameled magnet wire wound upon the sheath 
of the cable. There is no doubt that the assembling of this 
circuit could be more quickly accomplished than the placing of 
the thermocouples which Mr. Lee has described; and there is 
the added advantage of the superior sensitivity of the circuit, as 
well as of increased precision due to the equivalent of an infinite 
number of points of thermal contact. 

If, as has been anticipated by some, there be a source of error 
due to difference in the conditions of the lead surfaces, it would be 
possible to surround the cables with oil baths of small dimensions, 
or to immerse the two sections in a common bath, eitber of which 
measures should reduce such an error to negligible proportions. 


J. B. Whitehead: The question was asked why, in my list 
of causes of phase difference in dielectrics, I had included three 
different types of conductivity, and why all types of conductivity 
are not the same. ‘There is every evidence that electric con- 
ductivity in every instance consists of the motion of some kind 
of an electric charge, but there are many different kinds of 
charges,—for example, electrons as in the process of metallic 
induction, molecular ions and molecular aggregates of various 
sizes. The presence of any one of these types of ions will result 
in conductivity and to that extent they well might be included 
in one class, but the conductivities resulting from these several 
types of ions follow quite different laws as regards voltage, 
temperature, frequence, ete. Until these laws are brought 
together, therefore, and until the nature of dielectric absorption 
is better known. it appears to me advisable to separate the 
conductivities arising from different causes. 


C. F. Hanson: Mr. E. W. Davis has expressed his doubt 
of the necessity of the high degree of accuracy which I have pre- 
seribed for power factor measurements of 132-kv. cable, in view 
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of the variation existing in thermal constants and the inaccurate 
knowledge of them. Mr. E. H. Salter has expressed a similar 
doubt but for a different reason. His reason is that the power 
factor of a cable is too far from being uniform to warrant the 
accuracy prescribed. Both of them are correct in their views 
if the subject is considered from the point of view of present 
knowledge of thermal constants and the usual uniformity of 
power factor. This subject, as far as 132-kv. cable is concerned, 
should not be approached from that point of view. Rather, it 
should be considered from the point of view of the requirements of 
the accuracy of our knowledge of all the properties pertaining to 
the performance of a 132-kv. cable. If a 132-kv. cable is to 
perform in accordance with experience obtained with lower 
voltage cables, then I believe the accuracy I have prescribed is 
hardly too rigid, particularly for a six-cable duct bank. This 
statement, of course, implies that the power factor of the cable 
has to be uniform. The thermal properties of the cable and of 
the duct must also be uniform and known to a high degree of 
accuracy. If these conditions cannot be met, then it is possible 
that a 132-kv. cable will have to be replaced by a lower voltage 
cable. 


I have used the term “‘uniform”’ loosely. In the case of power 
factor, it means a permissible variable excess above a certain 
value considered to be satisfactory. A deviation below this 
certain value is of no serious consequence because it does not 
impair the expected current capacity of the cable. 


Power-factor uniformity varies with the operating voltage of 
the cable. In the ease of 132-kv. cable the uniformity should be 
of the order of the accuracy required in the power-factor mea- 
surements. The case of lower voltage cables is quite a different 
story. For example, the permissible power-factor error and 
uniformity of a 13-kv. cable may be of the order of six per cent, 
depending upon the knowledge of the thermal constants. I am 
sure that this accuracy is not alarming and this uniformity 
is very likely well within the limits stated by Mr. Salter. 

Mr. D. M. Simons has called attention to a rather important 
item in the matter of calculating the actual dielectric loss 
existing during the operation of a 132-kv. cable. The method 
which I did use is that prescribed by him in his paper which I 
have cited. I did not, however, follow the advice which he also 
gives in his paper, that in some cases a second calculation should 
be performed to obtain more nearly the actual dielectric loss. 
I have now done that for one cable. 

Before proceeding to explain the method I employed in my 
second calculation, I shall present a few definitions in an attempt 
to clarify the subject. 


1. The dielectric loss in a cable is usually considered to be 
that which exists when the entire insulation of the cable is at 
the same temperature. This is the loss measured in the labora- 
tory according to American practise. I shall designate this loss 
as the ‘“‘measured dielectric loss.”’ 

2. In actual use the entire insulation is not at the same 
temperature. The insulation near the conductor is at a higher 
temperature than the insulation near the sheath. The power 
factor of the insulation near the conductor, therefore, will be 
higher than the power factor near the sheath according to the 
power factor-temperature characteristic of the insulation. 
The dielectric loss of the cable under this condition, when the 
conductor is at the maximum permissible operating temperature, 
will be less than the ‘measured dielectric loss,” and I shall 
designate this loss as the “‘actual dielectric loss.” 

3. The “actual dielectric loss’’ is distributed throughout the 
insulation of the cable. It is greater near the conductor than it 
is near the sheath, for two reasons: 

a. The electric stress is greater near the conductor than 
it is near the sheath, and 

b. The power factor is greater near the conductor than 
it is near the sheath. 
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In calculating current capacity it is difficult to deal with the 
‘actual dielectric loss’? as a distributed loss. It :is much more 
convenient to deal with it as a concentrated loss on the surface 
of the conductor. This procedure may be followed by con- 
sidering a fractional part of the “‘actual dielectric loss” as con- 
centrated on the conductor surface. This fractional part of the 
“actual dielectric loss’ I shall designate as the ‘“‘conductor- 
equivalent dielectric ioss.”’ 

The R J? loss in the conductor and the ‘‘conductor-equivalent 
dielectric loss” raise the temperaure of the conductor above that 
of the lead sheath. The R/? loss in the conductor, the “‘actual 
dielectric loss’? and the sheath eddy-current losses, raise the 
temperature of the sheath above the base temperature of the 
earth. 

In my calculations I used 50 per cent of the “measured 
dielectric loss’? as the ‘‘conductor-equivalent dielectric loss.” 
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Fig. 3—Actuat ConpiTION HxiIsTING IN CaBLE No. 15 
A—Temperature deg. cent. 
B—Dielectric loss density, watts per ft. per 0.06-in. thickness 
C—Voltage gradient 
D—Power factor 


I shall demonstrate by example that this procedure is not always 
rigorous. For my example, I have chosen Cable No. 15, the 
power factor-temperature characteristic of which is shown in 
Fig. 5. This cable was calculated to have a current capacity 
of 187 amperes under the conditions specified. 

I divided the insulation of the cable into a series of 12 con- 
centric cylinders, each having a wall thickness of 0.06 in. (ap- 
proximately 1/16 in.). I started with the inner cylinder against 
the conductor. I calculated the temperature and the voltage 
gradient of this cylinder 0.03 in. from the surface of the conductor. 
With these values I calculated the dielectric loss per foot for the 
first cylinder. The second cylinder from the conductor will 
have this dielectric loss flowing through it in addition to the 
copper loss. After having calculated the temperature and volt- 
age gradient in the second cylinder, I calculated its dielectric 
loss. I proceeded in this manner until I had reached the Jead 
sheath. The results of this series of calculations are shown in 
the accompanying Fig. 3. ~ 

A summary of the results follows: 

The ‘‘measured dielectric loss’ of the cable at 60 deg. cent. 
is 3.09 watts per ft. 
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The “actual dielectric loss’? of the cable when the copper 
temperature is 60 deg. cent. is 2.91 watts per ft. 

The “eonductor-equivalent dielectric loss’’ was found to be 
1.46 watts per ft., which is 50 per cent of the ‘factual die- 
lectric loss’? and 47.2 per cent of the ‘‘measured dielectric loss.” 

It appears, therefore, that I have gone wrong in my original 
calculations to the extent that I used 50 per cent of the ‘‘measured 
dielectric loss’’ instead of 47.2 per cent as the value for the 
“eonductor-equivalent dielectric loss.” 

I believe that the summarized results show that my original 
calculations are approximately correct, although they are not 
absolutely correct. The difference is even not as much as it 
appears because there is a compensating error. Inigo 
have shown the unstable power factor-temperature character- 
istic, H F, as a straight line. In reality this is not a straight line 
but is a curve which droops at the higher temperatures. This 
drooping probably offsets entirely the little advantage gained in 
the revised calculations. In conclusion, I believe so far as 
calculations are concerned, that my Figs. 5 and 6 show very 
nearly a correct picture. The thermal constants I have used 
may not fit all cases by any means, but they do most likely fit 
an average case. 


Mr. Lee: As regards the nature of the surface of the cable 
in the heat comparator method, that certainly is very important 
and we must take it into account. There is, however, this fact; 
that there is only a one-or two-deg. rise which enters into the 
proposition and it is simplified in that regard. 

There is one question J should like to ask Mr. Simons. It 
comes up in connection with the use of the electrostatic watt- 
meter, and is about the maximum voltage at which he knows it 
can be used. I have stated in my paper that we have to go up 
to 100,000 volts in these measurements. As I understand it, 
the electrostatic wattmeter has not been used much above 35,000 
volts. Above that voltage several disturbing factors are 
introduced. 

Also, Prof. Whitehead spoke regarding the size of a resistor 
that he had which wasn’t very large. Again, I had in mind 
100,000 volts. 


W. B. Kouwenhoven: Dr. Curtis mentioned the effect 
of the resistance of the battery. The resistance of the battery 
which is inserted in the needle cireuit of the electrometer in the 
method described by Betz and me has a negligible effect upon the 
compensation. Simons and Brown produced zero deflections 
of the electrometer by the insertion of a resistance in the needle 
circuit. The value of the resistance needed in their method is 
of the order of 20,000 ohms. The resistance of the battery that 
Betz and J used in the needle circuit was small and therefore had 
no effect upon the results obtained. 

Messrs. Simons and Brown state on the third page of their 
paper that one way of eliminating the charging current to the 
needle is to put the ground at the mid-point of the quadrant 
resistance R,;. I have tried this method experimentally and 
found that it does not eliminate the trouble. 


One advantage that the electrometer wattmeter possesses 
over the dynamometer wattmeter is its simplicity and range. 
If various sized samples are to be tested with a dynamometer 
wattmeter. either the instrument must be shunted or else several 
different current windings must be available. In the case of 
the quadrant electrometer wattmeter, different ranges may be 
obtained by changing the value of the resistance R,, which 
shunts the quadrants. With the same electrometer I have mea- 
sured losses in cables which were only a foot in length, whole reel 
lengths of cables and current-limiting reactors. In the mea- 
surements the values of the resistance R, varied from several 
thousand ohms to one one-hundredth of an ohm. The current 
ranged from a few milliamperes up to 200 amperes. This in- 
dicates clearly the wide range of the electrometer. 

I used the zero method described by Betz and me for measuring 
the loss in the current-limiting reactor mentioned above. The 
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measurements were made in the field and the results were quickly 
determined. The method worked very satisfactorily. 

A number of different methods have been discussed here for 
measuring the power loss or power factor of cables and dielectrics. 
They are as follows: 

Electrodynamometer wattmeter, bridge methods, quadrant 
electrometer wattmeter, and calorimeter methods. In using 
the bridge methods it is necessary to balance both for ratio and 
phase angle. The accuracy of the results depends to a large 
extent on the ratio of the bridge. The closer the ratio is to 
unity the greater the accuracy and ease of obtaining a balance. 
Consequently the bridges are limited to samples of approximately 
the same size. This is also true of the dynamometer wattmeter 
methods unless shunts are introduced with their attendant 
difficulties. In using calorimeter methods, care must be taken to 
see that the radiation coefficients of the lead sheaths of the eable 
under test and of the standard sample are the same. As pointed 
out, the quadrant electrometer has a wide range of application. 
Its use, however, also introduces those certain difficulties which 
have been discussed. 

E. H. Salter: Mr. Hanson brought the question of the use 
of shunts in connection with the electrodynamometer wattmeter. 
We find that a dynamometer wattmeter which is sufficiently 
sensitive for use without a shunt on short samples of cable, 
can be used in connection with the shunt on cables up to the full 
reel. As an instance there we have made comparatively 
recently some tests using the compensated dynamometer or the 
phase-defect compensation method in which the apparent 
defect angle of an air condenser is compared with the apparent 
defect angle of the sample of cable. 
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In this particular case to which I refer, the air-condenser 
charging current was about 15 milliamperes, whereas the charging 
current of the cable sample which was a full reel ran in the 
neighborhood of one ampere. 

In order to obtain sensitivity, the balance on the air condenser 
was made using the direct connection of the electrodynamometer 
in the circuit, whereas the balance on the full-reel sample was 
made with the shunt set for a multiplying factor of 1000. 

We have used the shunted wattmeter over acomplete range 
between those points, between the one multiplier and the 1000 
multiplier, and have tried interchecks, shifting from one shunt 
position to another with the same voltage and the same cable 
sample and have found the result perfectly satisfactory. 

Mr. Hanson also raised the question of the connection in 
Fig. 2 of our paper. I can state that the connections are made 
with the low-voltage end of these windings connected to the 
transformer case and that the transformer cases are insulated 
one from the other. 

Mr. St. Clair raised a question regarding the statement: 
“With the present methods of determining compensation, it is 
believed that an accuracy of -- 0.05 per cent in power factor 
should be obtained.” That refers to absolute power factor and 
not to percentage accuracy. 

He raised a similar question with reference to the statement on 
the fourth page in the second column. There I think the per- 
centage is clearly stated as measurements: “A careful operator 
should be able to make measurements to within + 0.05 per cent 
power factor. The losses as computed from the current and 
power factor should be well within + 5 per cent accuracy.” 
There it is changing it over to the accuracy basis. 


The Rectification of Alternating Currents 


with Steel-Enclosed Mercury Arc Power Rectifiers 
and their Auxiliary Devices 
BY OTHMAR K. MARTI 


Synopsis.—Recently many publications have been issued on 
mercury arc rectifier installations in this country and in Europe, as 
well as on the theory of their voltage and current performances. 
Nevertheless, it seemed that it might be of interest to give a condensed 
paper dealing with the most important theoretical treatments, as well 
as a description of a steel enclosed rectifier of modern design. 

The fundamental theory of these rectifiers is discussed, touching 
only slightly upon the physical phenomena, but treating particularly 
of the theory involved in the practical applications. The effects of 
various factors on the rectifier characteristics and operation are 
dealt with, and the methods used for calculating the relations of 
voltages, currents, transformer ratings, etc., are given and tabulated. 
Moreover, there are mentioned the latest developments of the rectifier 
proper, as well as the auailiary devices. Included in this is the 
design of the transformers from a mechanical point of view, making 
them rigid enough to stand the mechanical stresses forced upon the 
windings under abnormal operating conditions; and from an elec- 
trical point of view, giving the characteristics of connections such as 
zig-zag windings, special polyphase windings, and the introduction 
of reactance absorption coils in the neutral connections of the 
transformer. Special attention is also paid to the anodes and their 
cooling equipment, and to the seals; several ingenious points being 
brought out in their construction. 

The vacuum question is also considered one of the most important, 
not only from the standpoint of producing and maintaining the 
vacuum, but also from the standpoint of measuring it. The im- 


portance of properly measuring the degree of vacuum, as well as the 
amount of mercury and other vapor present vn the cylinder, is brought 
out, since it was found that the well-known devices for measuring @ 
vacuum, such as McLeod’s vacuum gage, did not give the actual 
conditions existent in the cylinder, but only a relative indication, 
namely, the pressure of the perfect gases. A new vacuum-measuring 
gage of novel design, which only very recently has been developed to 
its present state of perfection, is described in detail, and its operation 
explained. This gage makes it possible to measure and record the 
absolute pressure of the gases and vapors contained in the rectifier 
cylinder. 

The preparation of the rectifiers for service, and their operation, 
are described, and special attention is given to the numerous ad- 
vantages secured by the use of rectifiers in substations. To simplify 
operation, and to assure continuity of service, a simple and reliable 
method of ignition and excitation had to be developed. Without 
touching upon the two methods formerly employed, %. @., d-c.— 
a-c. ignition and excitation, a new method, lately developed, which 
proved to be extremely serviceable in practise, 1s described and 
illustrated in detail. 

The simplicity of starting and operation, the ease of control and 
the adaptability to full automatic operation, as well as the high ef- 
ficiencies of these rectifiers, are dealt with, and all the advantages 
are recapitulated at the end. A somewhat exhaustive bibliography, 
which might be of value to future investigators, is also appended. 


* * * * * 


INTRODUCTION 


UCH information on mercury arc phenomena 

was published during the period 1892-1911, 

referring, however, only to the mercury arc in 
glass bulbs, while the theory of single-phase rectification 
was especially treated by Steinmetz and Cooper Hewitt. 
Over 20 years ago the latter was actually constructing 
the first rectifier of a practical design, which was 
received with much interest for a time, especially 
in this country. Steinmetz even gave a theoretical 
treatment of the two-phase rectifier, and discussed the 
internal phenomena with the help of oscillograms. 
After a comparatively long period of inactivity, this 
problem of rectification by means of the mercury-are 
valve was again taken up, but thistimein Europe. The 
large power rectifier was to a great extent made possible 
by the construction of an ingenious seal for use with 
steel tanks. Up to this time only glass vessels could be 
made sufficiently air-tight. 


Inasmuch as in Europe alone several hundred recti- 
fiers are already in successful operation, some of them 
for nearly 15 years, it can be seen that the steel- 
enclosed mercury arc rectifier is equal in its state of 
development to the rotary converter. Of course, there 
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are still many developments possible, especially in in- 
creasing the d-c. voltage. The latest tests in this 
direction promise results which cannot even be fore- 
seen as yet. The highest d-c. voltage rectifier com- 
mercially used,—7. e., 4000 volts,—has been in success- 
ful operation for over a year and a half, and tests have 
been made with voltages as high as 8000 volts. Such 
high-voltage rectifiers, having an over-all efficiency of 
over 98 per cent, possess their greatest interest when 
considered with respect to railway electrification. It 
will be seen later on that among the chief advantages of 
these rectifiers are not only their high efficiency, espe- 
cially at partial load, but also the decrease in the cost of 
maintenance and operation. 

Although the physical phenomena involved in the 
operation of the mercury arc rectifier are not fully 
understood, the quantitative relations on which rectifier 
design is based are well established. These relations are 
given herein, particularly with a view to their practical 
applications, leaving out factors which would only 
complicate the treatment, and do not affect the final 
results of the computations to any great extent. 

The presentation of the theory is based largely on a 
paper by Daellenbach and Gerecke (see Bibliography). 


THEORY 


The underlying principle of operation of the mercury 
are rectifier is the valve action of the mercury arc in 
vacuum, which permits the flow of current in one direc- 
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tion only, irom the anode to the mercury cathode. 
The fall of potential in the mercury arc is constituted 
of three parts; a drop of 5.7 volts at the cathode surface, 
a drop of 6.3 volts at the anode surface, and the drop in 
the are proper which is 0.1 to 0.4 volts per centimeter of 
are length. Provided the current density in the are is 
not too great, the fall of potential in the arc is indepen- 
dent of the current and the voltage of the electrodes and 
depends only on the nature of the vacuum and on the 
nature of the electrodes. The voltage drop ina mercury 
arc is reduced slightly by the presence in close proximity 
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of another arc in which the current is changing. For 
this reason, in polyphase rectifiers, where this condition 
exists during the period of overlapping of two consecu- 
tive phases, the anodes should be arranged in cyclic 
order so that the arc passes from anode to anode with- 
out skipping. 

When connected to the secondary of a transformer 
and an external circuit as shown in Fig. 1, current will 
flow in the direction indicated when the potential of 
the anode is positive with respect to the cathode. 
When a single anode is used, Figs. 1 and 2A, current will 
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flow only during one-half of the cycle. By using two 
anodes with the midpoint of the secondary of the 
transformer as the negative d-c. pole, Fig. 2B, current 
will flow over one anode during the first half of the cycle 
and over the other anode during the second half of the 
cycle. The full voltage wave is thus utilized and with 
a sinusoidal pulsating ‘alternating voltage on the a-c. 
side a continuously flowing pulsating direct current is 
obtained on the d-c. side. In polyphase rectifiers with 
more than two anodes, Fig. 2c-E, the current will flow 


over the anode with the momentarily highest potential 
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and the are will travel from anode to anode describing 
a cone with its apex at the cathode. 

It is seen from Fig. 2 that the larger the number of 
phases the better the form of the direct-current wave. 
However, as will be shown later, the number of phases 
used is limited by practical considerations. The fre- 
quency of pulsation of the direct-current wave is equal 
to the product of the a-c. frequency and the number of 
phases. These pulsations can be reduced to a negligible 
value by means of a choke coil in the cathode circuit. 

In considering the current and voltage relations ofa 
rectifier the following simplifying assumptions will be 
made: (1) The direct current wave is assumed to bea 
straight line. (2) The voltage drop in the arc is 
assumed to be constant at all loads. (8) The rectifier 
transformer ratio is assumed to be 1:1. (4) The magnet- 
izing current of the transformer is neglected. 

With these assumptions, the current and voltage 
relations of the rectifier will be derived: First, neglecting 
the resistance and reactance of the transformer and line; 
second, the effect of the reactance of the transformer 
secondary will be considered. 

Symbols. Following is a list of the symbols used and 
their explanations: 


A Effective value of anode current 
E. Effective value of phase voltage, primary and 
secondary 

E, Average value of d-c. voltage 
I -Constant direct current 
I, Effective value of primary current 
L. Inductance per phase of transformer secondary 
P Average d-c. power 
P, Rating of transformer primary 
P., Rating of transformer secondary 
X =2afL Reactance per phase of transformer 

; secondary 
P.F. Power factor in line 
1, Ao, ete. Instantaneous values of anode currents 
€1, 2, etc. Instantaneous values of phase voltages 
e, Instantaneous value of d-c. voltage 
f Frequency of a-c. supply 
71, 22, etc. Instantaneous values of transformer pri- 

mary currents . 

p Number of secondary phases = number of anodes 
¢ erTime. 
u Angle of overlap 
g= wt=2rft 

1. Voltage and Current Relations with Zero Trans- 
former Reactance. We shall consider the general case 
of a p-phase rectifier, delivering a constant direct current 
I. The transformer is assumed to have zero reactance. 
The anodes then burn in sequence, one at a time, and 
each anode delivers the current 1 for an interval of 
2a/p. The anode current has the rectangular shape 
shown in Fig. 3. Its average value is I/p and its 
effective value 
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The d-c. voltage, including the drop in the are and 
the cathode choke coil, is equal to the voltage between 
the transformer neutral and the momentarily burning 
anode. Since the reactance drop is assumed to be zero, 
the d-c. voltage wave has the form shown in heavy out- 
line in Fig. 3, and its average value 
+n/b = 
1 if i / 
Sea a th EeA/2,c0s 2d = Eye Sue (2) 
Ae lesa 1/p 
The average d-c. power 
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P=I//p (1) 


EB, = 


= Osi 7, 
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The rating of the transformer secondary windings 


(3) 


a /p V/p Wie P 
sin 1 /p 


P,=pEA=EIV/p= (4) 

For a given transformer connection, the transformer 
primary and line current waves can be constructed from 
the anodecurrents. The effective values of the currents 
as well as the transformer primary ratings can then be 
computed. 

For illustration we shall compute the voltages, cur- 
rents, and transformer ratings of a six-phase rectifier 
with a 3 Y/6-phase transformer using the diametrical 
connection of secondaries. 

Six-Phase Rectifier with Three-phase, Y-connected 
Transformer Primary. Fig. 4 shows a 3 Y/6-phase 
transformer connected to a six-phase rectifier. The 
numeral subscripts of the anode currents correspond to 
the order in which the anodes will burn. With the 
assumption of zero magnetizing m.m.f., the sum of 
the m.m.f’s around a closed magnetic path in the 
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transformer core is zero. With an assumed 1:1 trans- 
formation ratio, we can write: 


1, + G1— G4 + Og — Chg = = \) 
4, 4 a1 — a3 + G2 —- 5 — 23 = O 
Also by Kirchoff’s first law 
1, +% +43 = 0 (7) 
Solving the above equations simultaneously for 
21, 2, and 73 we obtain 


(5) 
(6) 


2 1 1 2 1 1 

n= Zu ght es ty dts ds—s as (8) 
1 1 a3 

p= 9 iB A Bey at y ast (9) 
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1 Z it il 2 1 
= = de+> O3—- > 10 

g tits Wg Os 3 (10) 

From these expressions the primary-current curves 
have been constructed in Fig. 4. From equations 
(1) and (2) and from the diagram of Fig. 4, 
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For other transformer connections the values of 
currents, voltages and transformer ratings can be 
computed similarly. These values for various 
transformer and rectifier connections are given in Fig. 
8. Although computed on the assumption of zero 
transformer reactance and several other simplifying 
assumptions, the values of this table are sufficiently 
accurate for most practical purposes. 

From Fig. 8, it is seen that the primary and secondary 
of the rectifier transformer have different ratings and 
that the relation between alternating and direct cur- 
rents and voltages depends on the number of phases and 
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tne connections used. The requirement of transformers 
of special design is therefore evident. 

Absorption Reactance Coil. The last two columns in 
Fig. 8 deal with rectifiers having an absorption reac- 
tance coil. The absorption reactance coil, Fig. 5, con- 
sists of two windings having a common core. One 
terminal of each winding is connected to one side of 
the split transformer neutral. The other terminals are 
connected together to the negative d-c. pole. The po- 
larity of the windings 1s such that their m.m.f’s. oppose 
each other. 

This arrangement produces a strong choking effect 


Fig. 5—ABSORPTION REACTANCE COIL 


causing both sections of the transformer secondary to 
deliver currents simultaneously. The effect is that the 
six-phase rectifier is converted into two parallel working 
three-phase sections, each section delivering one-half 
of the direct current. 

As a result, the effective values of the transformer 
currents and the transformer ratings are reduced as 


Fig. 6—ANODE CURRENT AND D-C. VoutTaGE WAVES OF A 
p-PHASE RECTIFIER, Consiperinc REACTANCES OF TRANS- 
FORMER SECONDARY 


seen from Fig. 8, and the regulation of the rectifier is 
improved as will be shown later. 

Effect of Reactance in Transformer Secondary. We 
shall return to the general case of a p-phase rectifier. 
However, each phase of the transformer secondary now 
has an inductance L. Due to this inductance the anode 
currents can no longer build up and die down instantly 


as previously assumed, but the currents of two consecu- — 


tive phases overlap. ‘Two adjoining anodes, therefore, 
have their arcs going simultaneously fora short interval, 
constituting an electrical connection between the open 
ends of the windings of the overlapping phases. This 


 eondition is shown in Fig. 64. 
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Anode 1 carries the full current J until the point of 
intersection of the voltage waves ¢: and é2, when anode 2 
strikes its arc. The instant of this occurrence will be 
used as the time origin for the expression of the voltages 
and currents. 

Applying Kirchoff’s second law to the closed circuit 
formed by phases 1 and 2, Fig. 6A, . 

dt d 15 
Che neat Page O21 (11) 

(Since the voltage drops in the two ares are equal they 
cancel each other and therefore do not enter into the 
above expression. ) 

Also 


yti=1 (12) 

e, = E V/2cos(wt + 7/p) 

e. = B/2 cos (wt— 7/p) 
Substituting for e, and e, in (11) and solving (11) and 
(12) simultaneously for 7, and 72 we obtain, 


Fes aha eas at (13) 
be 
Ee one AY ELE Pa eres AEE 
x 
where X = wl 


The form of the anode current waves during the 
period of overlapping as determined by expressions (13) 
and (14) is shown in Fig. 6B. The overlapping of the 
currents lasts until 7; has become 0, since the valve 
action of the are prevents it from ever having a negative 
value. 

The angle of overlap wean be determined by equating 
to zero the expression for @; with wt replaced by wu. 


1, =1I- EV2sinaw/Pp y_ cos u) = 0 
X 5 
from which 
LX 
cos u = 1 - (15) 
E V/ 2sin 7/p 
From (15), : 
EV2sint/p _ if 
ve ~ 1—cosu 


Substituting in (13) and (14) and replacing wt by x we 


obtain 
: 1(1 + one) 16 
oe ~ 1—ecosu me) 
: 1— cos” 17 
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The effective value of the anode current may be 
computed by means of. the diagram in Fig. 6 and 
expressions (16) and (17). — 
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Vp 
where 
(2 + cos u) sin u— (1 + 2cos u) wu 
VM 2 7 (1 — cos u)? 
Compare (18) with (1) 
P,=pEA=EIVpvi—pyu) (19) 


The d-c. voltage, 7. e., the voltage between the 
transformer neutral and burning anode is now reduced 
by the drop in the inductance of the transformer second- 
ary (See Fig. 6) which is equal to: 


dr» w LI sin x I Xrsin'~ 
dt, %, 1 cos u 1 — cos u 
The average value of this drop 
1 e TXsinax TEX v 
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The average d-c. voltage considering the reactance 
drop is determined from equations (2) and (20) 
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The transformer primary and line current waves can 
be constructed from the anode currents as was done 
previously. For a 3 Y/6-phase transformer the pri- 
mary current wave can be constructed from the anode 
currents using equations (8), (9) and (10). The effec- 
tive value of the primary current and the rating of the 
transformer primary can be calculated then. 

Regulation. Equation (21) expresses the d-c. cur- 
rent-voltage characteristic of the rectifier. The first 
term in the expression represents the d-c. no-load volt- 
age. The second term shows the variation of the volt- 
age drop with load. It is seen that the larger the 
number of phases the greater is the voltage drop and, 
therefore, the poorer the regulation. It also explains 
how the absorption reactance coil improves the regula- 
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tion. The reactance divides the six-phase transformer 
into two three-phase transformers having the character- 
istics of two three-phase transformers in parallel. 
By converting the six-phase rectifier into two parallel 
working three-phase sections, the voltage drop is 
reduced both on account of reduction in the number of 
phases and the current delivered by each section. 


In Fig. 7 are shown regulation curves of a rectifier: 
a, without absorption reactance coil; and 6, with an 
absorption reactance coil. In this particular case the 
reactance coil reduced the regulation from 12 per cent 
to 6 per cent. As seen from Fig. 7, when an absorption 
reactance coil is used the voltage curve drops steeply 
for very low values of current. This is due to the fact 
that for very low current the rectifier operates as a six- 
phase unit, the absorption reactance coil becoming 
ineffective, except to make the drop steeper by the 
addition of its reactance to the inherent reactance of 
the transformer. The current at which the bend in the 
curve occurs depends upon the design of the absorption 
reactance coil and is generally 15 to 20 amperes. 


The transformer primary and line reactances have 
the same effects as the transformer secondary reactance, 
as far as the d-c. voltage, anode current, and trans- 
former secondary rating are concerned, and could be 
replaced by an equivalent (not equal) reactance in the 
transformer secondary. The effect of the primary and 
line reactances on the transformer-primary current and 
rating depend on the type of primary connection used 
and the magnitude of the reactance. 


RECTIFIER TRANSFORMERS AND THEIR CONNECTIONS 


The transformers used in connection with mercury 
are rectifiers are employed not only to step-down the 
the a-c. voltage so that a d-c. voltage of a desired value: 
is obtained at the rectifier terminals, but they serve 
several other purposes as well, and, therefore, their 
design and connections differ from standard trans- 
formers. The factors involved in the design of rectifier 
transformers are given below. 


The treatment under ‘“‘Theory’’ showed that it is 
essential from certain points of view to have a large 
number of phases and anodes, respectively, (see Fig. 2) 
in order that the voltage on the d-c. side may be prac- 
tically constant. Moreover, it could be seen that the 
rating for which a rectifier transformer must be designed 
is higher than the d-c. output which is desired from the 
rectifier. In designing the secondary winding, con- 
sideration must be given to the fact that the root-mean- 
square value of the anode current is considerably higher 
than the total current divided by the number of anodes. 
Furthermore, it is essential to keep in mind that in case 
of a short circuit on the d-c. side, the transformer 
connected to the rectifier is under more severe stresses 
than when connected to a rotary converter under similar 
conditions. ; 


The rating of the transformer for a particular recti- 
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fier can be found under “Theory,” and also in Fig. 8. is not easy to meet these abnormal conditions, on ac- 
Its mechanical construction has to be such that the high count of the heavily unbalanced loads which occur 
electric dynamic forces produced between the anode resulting in axial stresses on the coils, these eer ditans 
currents in the windings by a short circuit in the d-c. are admirably met in the transformer shown in Fig. 
system are taken care of satisfactorily. Although it 94a,B. In this transformer the coils are always kept 
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under a certain pressure by means of a specially designed 
support. It is composed of pressure rings of cast steel 
placed above and below the winding and held together 
by long bolts and spiral springs, thus forming a solid 
unit. In order to distribute the axial pressure evenly 
between the low- and high-voltage windings, an auxil- 
iary ring is placed between the steel-pressure ring 
and the end-distance pieces of one of the windings, 


Fria. 9, aA, B—ReEcTIFIER TRANSFORMER 


making possible a proper adjustment by means of 
screws. 

In Fig. 9B is shown a rectifier transformer rated at 
1750 kv-a., 60,000 to 1425 volts, 50 cycles, three-phase 
to 12-phase. The bushings are fastened to a common 
terminal frame so that the cover of the tank can be 
removed without taking off the terminals. Reference 
will also be made to the electrical design of the rectifier 


Fig. 10—Cross-Secrion oF A RECTIFIER 


transformer in connection with regulation and parallel 
operation. The voltage regulation depends entirely 
upon the transformer design, or upon both the trans- 
former and the auxiliary apparatus; since the rectifier 
itself has no regulating properties, the connections of the 
windings of rectifier transformers are therefore impor- 
tant. In Fig. 17 A, B, C, D are illustrated various trans- 
former connections; the open terminals of the secondary 
windings lead to the rectifier anodes. 
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The term “regulation of the rectifier’ refers to the 
voltage drop between full load and no-load at the d-c. 
side and for several transformer connections usually 
employed the regulation performance is given below: 

Double six-phase connection, primary three-phase, 
Y or delta, usually used with an absorption reactance 
coil, see Figs. 8 and 17A, has a regulation of about 10 
to 12 per cent without and about 4 to 5 per cent with 
absorption coil; 

Polygon connection, primary three-phase Y regula- 
tion about 6 per cent; 

Zig-zag connection, primary three-phase Y, regula- 
tion as for polygon connection ; 

Double zig-zag connection, primary three-phase Y, 
(used for 12-anode rectifiers or two six-anode recti- 
fiers in parallel) regulation as for the two preceding 
connections. 


Fig. 11—Gernerau VIEW OF 


CONSTRUCTION AND MECHANICAL DETAILS OF POWER 
RECTIFIERS 


A cross-section of a Brown Boveri rectifier of recent 
design is shown in Fig. 10 and described below, although 
reference will be made to other makes when these differ 
in some essential point from the above mentioned make. 

The large number of different types developed during 
the years of experimenting have now been condensed 
into three commercial types. The main differences be- 


tween these are the difference in the sizes of the various 


parts, the spacing of the anodes and cathode, and the 
method of anode cooling. The foundation is very light 
compared to that required for rotary converters. A 
special earthquake-resisting foundation has also been 
developed, which successfully keeps the vacuum piping 
and other delicate parts intact, even in the countries 
most frequently subject to seismic disturbances. Six 
imsulating feet, resting on the cast-iron foundation ring, 
support the rectifier proper. If for any reason it is im- 
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possible to lift the rectifier into position, the foundation 
ring is provided with casters, see Fig. 11, which enable 
the rectifier to be moved to the desired position. The 
casters are provided with means for raising the rectifier 
off the floor while moving it and for lowering it to the 
floor when it has been put into place. 

Cylinder. In Fig. 10 the cylinder K, made of welded 
steel, is closed by the anode plate D, which supports the 
main anodes FH, the excitation anodes G, and condensing 
cylinder C, at the top of which is mounted the ignition 
device. The cathode consists of a quantity of mercury 
in the receptacle R. From this the electrons travel 
through the openings in the funnels Land J, through the 
so-called are guide F’,, to the anode H. The funnels L 
and J are insulated from each other and from the rest of 
the rectifier by means of special insulators, visible in the 
drawing. The arc guide F,, shown in detail in Fig. 12, 
has baffle plates so arranged that no secondary high- 
vacuum phenomena at the cathode can influence the 


i 


Fig. 12—ANopE with Arc GUIDE 


performance of the anode. The mercury is poured into 
the cathode receptacle through a small pipe, while a 
similar pipe supports a gage indicating the level of the 
mercury in the cathode receptacle. 

The cooling water enters the rectifier at N, cooling the 


- eathode and the main cylinder, which is specially 


treated to resist the action of the water for an indefinite 
period .of time. The water then passes upward, 
through the anode plate D, into the jacket surrounding 
the condensing cylinder C, whence it is discharged. 
The condensing cylinder C serves to cool the mercury 
vapor so that it becomes liquid and flows down along 
the walls of the cylinder into a trough, from which it is 
brought to a point near the wall of the main cylinder K, 
but outside the aprons L and I, and thence flows back 
into the cathode receptacle at the bottom of the main 
cylinder. To the top of the condensing cylinder is 
attached the ignition plunger, with its solenoid B, which 
in starting the rectifier acts upon the small iron piece 
just above it. The pipe to the vacuum pump also 
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leaves the top of the condensing tower, being sealed 
in the same way as the current conductors. 

Anodes. ‘The main anodes are insulated with special 
porcelain bushings, the shape of which depends upon 
the voltage for which the rectifier is to be used. The 
shape of the anodes themselves is shown by the dotted. 
lines. They are made of specially treated steel which: 
has been found, after exhaustive tests, to be best suited. 
to this purpose. The design of the anode cooling 
system for rectifiers to be used with voltages up to 1600 
volts is shown on the right-hand side of the illustration, 
while the construction of the anodes for voltages as high 
as 3000 volts is shown on the left-hand side. 

The difference in the cooling devices for the two types: 
of rectifiers can easily be understood by taking into 
consideration the fact that the voltage drop of a recti- 
fier is practically constant for all voltages. It follows, 
therefore, that while the heat losses in a 200-volt, 
200-kw. rectifier are about 20 kw., in a 2000-volt, 
200-kw. rectifier they are only about two kw. or about 
one-tenth of the low-voltage rectifier losses. 

The excitation anode with its are guide is shown on 
the left-hand side of the drawing—its function is ex- 
plained later on. | 

Like the inner surface of the cylinder K, and all other 
metal parts inside the cylinder, the anode surfaces are 
treated in such a way that all occluded air and other 
gases can easily be removed. ‘This shortens appreci- 
ably the time required for forming the rectifiers (about 
which more is said later on) before they can be put into: 
service. The spacing of the anodes, their shape, and 
the special manner of treating them, make the rectifier 
insensible to momentary short circuits, as well as to 
heavy overloads, which would be disastrous in the case 
of rotary converters. 

Sealing. The seals in the above mentioned make 
of rectifier are secured by means of mercury, and hence 
they are not only perfectly air-tight, but they also 
are not sensitive to the action of the mercury vapor 
and other gases which are developed in the cylinder. 
Furthermore, they can be equipped with a visible 
indicating device. 

The Allgemeine Elektrizitats Gesellschaft of Berlin 
employs a composite packing of aluminum and lead, 
the former dealing with the high vacuum while the 
latter forms the seal against the atmosphere. An 
intermediate space is provided between the aluminum 
and lead seals which is itself evacuated, and serves to 
distribute the pressure in such a way that each seal 
has to deal only with a part of the total pressure dif- 
ference. For inspection and testing purposes, however, 
it is necessary to fit each seal with a vacuum pipe, and 
in case of a leaky cylinder each vacuum pipe of the 
series must be connected to the gage in turn until the 
faulty seal has been discovered. Moreover, thorough 
investigation revealed the fact that mercury vapor and 
other gases will affect such metal seals to a certain 
extent, and unless iron is used, an amalgam is formed 
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which may destroy the seals in a very short time. 
Furthermore, these investigations showed that due to 
aging of the metals all inner elasticity is lost after a 
year or two and that repeated tightening after succes- 
sive intervals will not remedy the trouble. 

The General Electric Company’s glass seal which 
was recently mentioned in an article on rectifiers,* may 
prove to be very effective, and it will be interesting to 


Fic. 183—Mercury Srau with INDICATING GAGE. 


learn how it stands up in practise. The description of 
it given in the article did not contain enough informa- 
tion to permit a thorough discussion of it. However, 
the disadvantage of these seals seems to be that there is 
no possibility of detecting any leakage, and that when 
the anodes are removed the seals are destroyed. 

The construction of the Brown Boveri seal is shown 
in detail in Fig. 13. The joints are first fitted with - 
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special elastic washers, and thorough investigation, 
carried on for an extended period, showed that an 
asbestos washer (double cross-hatched shading) was 
most suitable. The mercury (solid shading) is then 
poured into the annular spaces between the anode 
plate and the insulating bushing, and the insulating 
bushing and the central conductor, respectively, 


*See Bibliography, refer ence 140. 
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thus sealing the vacuum, while the asbestos keeps the 
mercury from flowing into the cylinder. 

One of the most important features of the mercury 
seal is the fact that in case any mercury should filter 
past the asbestos packing it would only find its way to 
the mercury cathode at the bottom of the cylinder, 
doing absolutely no harm. At the same time the leak 
would be indicated at the mercury gage with which each 
sealisequipped. The gage, therefore, makes it possible 
to check instantly the condition of each seal, and if 
necessary the bolts can be tightened before the vacuum 
is broken. 

Ignition and Excitation. The ignition of the arc is 
accomplished by means of a small plunger O, usually - 
located, as in Figs. 10 and 14, within a few millimeters of 
the surface of the mercury cathode in the receptacle R 
and connected to a special metal rod extending from the 
top of the condensing cylinder. This plunger is con- 


Fic. 15—Vacuum Pume with McLrop Vacuum MEASURING 


GAGE 


trolled by the solenoid B, located at the top of the con- 
densing cylinder, which pulls the plunger into the 
mercury cathode against the action of a spring. As 
soon as the plunger touches the mercury, the solenoid 
is deenergized and the plunger is withdrawn. In a 
fraction of a second an are is drawn between the mer- 
cury cathode and either the excitation or the main 
anodes, provided the vacuum in the cylinder is suf- 
ficiently high and a load is connected to the d-c. circuit. 

When working at very light loads the main arc has a 
tendency to become unstable, and may be extinguished. 
Therefore, when the d-c. demand is highly fluctuating, 
as in traction systems, rolling mills, etc., where the cur- 
rent might drop below the value which is necessary to 
maintain the are, the cylinders are equipped with exci- 
tation anodes. A cross-section through such an anode G 
is shown in Fig. 10 and it is indicated in Fig. 14, where 
it is denoted by A.. The construction of it is similar 
to that of the main anode, and it is located at about 
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three-quarters of the total distance between the cathode 
and the main anode. Much investigation had to be 
done in order to find the proper location and shape of 
the excitation anodes so as to prevent condensation of 
mercury at the main anodes in case the main arc should 
be extinguished for a considerable length of time. 
The latest development in this line is the recently de- 
veloped pure a-c. ignition device, by which means the 
necessity for a special ignition converter is obviated. 
Trial tests in two Swiss installations demonstrated 
the superiority of this novel method which is of the 
utmost importance in connection with fully automatic 
substations. A full description of a plant equipped with 
such an ignition and excitation apparatus is given below 
under “‘Operation.” 


AUXILIARY DEVICES 


On a rectifier equipment of the simplest form there 
is only one important auxiliary provided, namely, the 
vacuum pump and measuring gages illustrated in Figs. 
15 and 16a. A high vacuum is absolutely essential to 
the satisfactory operation of the plant. 

The pumps used are of special design, and very ef- 
ficient, so that there is no difficulty in producing a high 
vacuum in a properly sealed rectifier cylinder. There 
are several types of vacuum pumps in use, but, owing to 
the scope of the subject, a description of them will not 
be given here. Just as essential as the pump for pro- 
ducing the vacuum is the device for measuring it. An 
improvement of the utmost importance has recently 
been made in this line, which will be described below. 

The familiar McLeod mercury column gage shown 
in Fig. 15, used in connection with rectifiers and in 
laboratory work, has been superseded by a direct- 
reading hot-wire vacuum gage, which in size and pur- 
pose is similar to the shunt of a precision millivoltmeter. 

It may be recalled that McLeod’s gage is based upon 
the fact that the pressure of a perfect gas times its 
volume is always constant. This law of Boyle’s holds 
true, however, only for perfect gases, and therefore, the 
use of the above gage furnishes no information about 
the other gases and the vapors of water, mercury, etc., 
which the cylinder might contain. Another disad- 
vantage of this gage is the fact that it is not direct 
reading, and cannot be used for automatic station 
control. 

The development of the new ‘direct-reading gage, 
therefore, made it possible for the first time to study 
scientifically several phases of the mercury arc rectifier 
and the influence of the degree of vacuum upon its 
operating conditions. The latest improvements in the 
operation of rectifiers are a direct result of the increased 
ability, made possible by this instrument, to measure 
high vacua. : 

Novel Hot-Wire Vacuum Gage. The arrangement of 
the direct-reading measuring device as shown in Fig. 


16A and B, consists of the following important parts: 


a hot-wire sealed-vacuum gage 1, illustrated by Fig. 
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16A, a resistance 4, a shunt 5, and a precision moving 
coil voltmeter 6. The connection to the vacuum piping 
of the rectifier is shown at HE. 

The working principle of the hot-wire vacuum gage 1s 
based upon the fact that the thermal conductivity of 
gases depends upon the gas pressure. If two bodies at 
different temperatures are placed opposite to one 
another, a heat transfer takes place from the warmer 
to the colder body, partially by radiation and partially 
by conduction. It must be kept in mind that (1) the 
radiation is independent of the gas pressure existing 
between the two bodies, and that (2) the heat con- 
ductivity depends mainly upon the respective pressures. 
In an absolute vacuum the latter are zero. At first the 
conductivity rises in proportion to the increasing gas 
pressure, while the latter approaches asymptotically a 
constant limit of value. In the range of small pressures, 
the thermal conductivity is, therefore, a measure of the 
gas pressure. 

_ The gage consists of four resistance wires connected 


A B 


Fra. 16a—Noveu Execrric Hot-Wir5 Vacuum GAGE 


B—DIAGRAM OF CONNECTIONS FOR GaGE AND RECORD- 
ING INSTRUMENT 


together like a Wheatstone bridge. The wires stretched 
between the terminals B C and A D are located in the 
vacuum, while the wires A B and C D are exposed to 
the atmosphere, as shown in Fig. 16B. They are elec- 
trically heated with a constant current of about 100 
milliamperes. When the branches BC and A D of the 
bridge are heated, their ohmic resistance and the pres- 
sure difference between the points A and C increase in 
proportion to the vacuum. Since this potential dif- 
ference varies with the degree of vacuum, the deflection 
of the meter varies in proportion, giving a continuous 
indication of the vacuum in the rectifier cylinder. 
On account of the special bridge connection, fluctuations 
of the room temperature have practically no influence 
on the reading of the vacuum gage. For the safe 
operation of the voltmeter, the lead from terminal D 
is grounded at 3. 

The millivoltmeter is designed as a contact voltmeter 
with two adjustable contacts which are set for pre- 
determined low and maximum values of the vacuum, 
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and, therefore, can be used for the automatic control of 
the air-pump set, making possible a full automatic 
control of a mercury arc rectifier substation. 

The hot-wire vacuum gage is connected to the 
vacuum piping by means of a flange and a high- 
vacuum stuffing box. When connecting the apparatus, 
the vacuum gage is first fitted with the stuffing box, after 
which both parts are connected to the vacuum piping, 
and finally the stuffing box filled with the sealing 
mercury. This is essential in order to prevent the outer 
and inner parts of the vacuum gage from coming into 
contact with the mercury or the mercury vapor. 

The arrangement with the battery 2 furnishing the 
direct current for the bridge has been superseded by an 
arrangement allowing the use of alternating current 
taken from the normal control circuit of the plant. 
The principle upon which the measuring device is 
based is the same, but this arrangement does away with 
the battery and makes the apparatus very simple and 
consequently fool-proof. 

Next in order would be mentioned the ignition con- 
verter providing an independent source of current to 
start the arc. But recently made improvements on the 
Brown Boveri type rectifier made such a converter 
unnecessary, and, as can be seen under the next heading, 
starting is accomplished by means of alternating cur- 
rent furnished from the control circuit. 

Cooling. In order to carry off the heat produced by 
the arc, the rectifier cylinders are usually cooled by 
means of water, as described above. In case fresh 
water of sufficient quantity and purity is available near 
the plant, no auxiliary device is necessary; otherwise, a 
small pump is required. This pump, usually electrically 
driven, continuously circulates the water through a 
recooling system, which consists of radiators mounted 
near the rectifier installation. 

The method and arrangement described above for 
cooling the cylinders and the anodes are far superior 
to the methods employed by some companies which 
leave the water jacket open above the anode plate. 
Not only is a great deal of water vapor, which is harmful 
to the equipment in the substation, generated by that 
system, but the water has to be piped and sometimes 
pumped bya cumbersome and trouble-breeding method. 

Another auxiliary of importance is the absorption or 
regulation reactance coil placed in the neutral point of 
. the main transformer, its function being to limit the 
inherent regulation of the complete plant to a reason- 
able figure—usually of the order of five per cent from 
full to approximately no load. Without this coil the 
regulation may be as high as 10 to 12 per cent unless 
- special transformer connections are used. Further 
details are given under ‘‘Theory” and ‘‘Transformers.” 


OPERATION OF RECTIFIERS: SINGLY, IN GROUPS, AND 
WITH ROTARY CONVERTERS 


Before a mercury arc rectifier can be placed in service, 
_ a certain “forming” process has to be carried out. . 
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The forming itself consists of expelling the gases oc- 
cluded in the metal parts of the rectifier, chiefly in 
the anodes. To be able to conduct this process intelli- 
gently, it is essential to have a measuring gage which 
indicates not only the pressure of the perfect gases, but 
also the pressure of other gases and vapors present. 
Some of the latest improved methods along this line 
have to be credited to the hot-wire vacuum gage pre- 
viously described. 

In order to shorten the forming process, it is impor- 
tant that all moisture and humidity be removed from 
inside the tank beforehand. ‘This is done by the appli- 
cation of high heat, either by passing current through 
the rectifier, or by circulating hot water. If an electric 
current is used, it is gradually increased from a low 
value until the anodes are brought to maximum heat. 
At the same time the vacuum pump exhausts the 
gases liberated from the anodes. Various schemes were 
tried out to facilitate and hasten this preparation for 
the forming process. This preparation is of the 
utmost importance in that the gases occluded in the 
metals can otherwise not be expelled at all, oronly very 
slowly, when the cylinder is being finally evacuated. 

Forming is usually started by treating each anode in- 
dividually, the d-c. energy being dissipated in a small 
grid resistance. This is followed by six-phase forming, 
during which time the rectifier may be connected to a 
commercial load. The time spent in forming at the 
factory varies between two and three days, and gener- 
ally a similar procedure is carried out during erection 
at the power plant or substation. The forming process 
should be continued day and night with as few interrup- 
tions as possible, and therefore needs careful attention. 
It is understood that during this process the pumps 
have to be in operation continually, and also for a fur- 
ther length of time after the rectifier has been placed in 
service. Both processes have been very carefully 
worked out in every detail, and their successful appli- 
eation is a direct result of long and elaborate 
experimenting. 

One of the difficulties that had to be overcome in 
connection with the satisfactory operation of the mer- 
cury arc rectifiers, both during forming and in actual 
service, was internal flashing-over or  back-firing. 
Such internal disturbances, which paralyze the valve 
effect, were overcome after years of investigation. 
They have occurred sometimes when the forming pro- 
cess was not carefully carried out, or because of neglect 
in properly checking the material, especially that used 
for the anodes. However, if the proper precautions 
are not taken, such disturbances can occur during the 
forming process even now. 

Ignition and Excitation Control of Novel Design. 
A typical diagram of connections is given in Fig. 14, 
which shows all the auxiliary gear of a rectifier con- 
trolled and operated in an ingenious way. The out- 
standing feature is that the controlling, starting, etc., 
are accomplished by means of alternating current, 
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which is taken from the usual control circuit, fed from 
the high-voltage line through an auxiliary transformer. 
No direct current is needed to strike the are nor to 
control the ignition anode. The fact that it was pos- 
sible to dispense with the d-c. source, usually a specially 
designed converter set, and the development of a simple 
control arrangement for both ignition and excitation, 
account for the very simple layout of such a plant, 
which can be made fully automatic by merely adding 
two special relays. 


The rectifier starts automatically as soon as the’ 


circuit-breaker C B on the high-voltage side connects 
the main transformer to the high-voltage line. This 
breaker is mechanically coupled to the switch S, which 
connects the excitation transformer 7 to the a-c. 
control circuit. As soon as the switch S is closed, the 
ignition solenoid B, see also Fig. 10, is energized, and the 
ignition anode consisting of plunger O is immersed in the 
mercury cathode, thereby closing another circuit 
through the right-hand secondary winding of the 
excitation transformer 7 and the two relay coils R. 
The right-hand relay, as soon as it is energized, in turn 
opens the ignition coil circuit, and the ignition anode is 
withdrawn from the mercury cathode by the action of 
the spring, thus striking an are and enabling the 
rectifier to pick up load on the d-e. side at once. Should 
it happen that the polarity is not correct, the are is 
immediately extinguished and the right-hand relay 
deenergized again, thus causing a repetition of the 
ignition process until the arc has the correct polarity. 
As soon as the excitation anodes are working the 
ignition circuit is broken by the action of the left-hand 
relay R. 

The time which elapses from the moment the cir- 
cuit-breaker relay receives an impulse to close the 
circuit breaker to the moment the rectifier is able 
to handle load is usually less than two seconds. ‘The 
value of such a simple and quick operation cannot be 
appreciated enough in connection with automatic sub- 
stations, as well as in other ways. For instance, in 
substations equipped with rotary converters, it is 
possible to have a rectifier as a spare set which can in- 
stantly be placed into service to take care of peak loads 
of such short duration that the rotary converters as 
reserve units would miss them because of the time in- 
volved in starting them. 

The d-c. voltage is controlled either by step-by-step 
regulation from the primary side of the transformer or 
by an induction regulator, hand or automatically op- 


erated. The arrangement with the induction regulator 


is decidedly preferable for lighting supplies, as the 
voltage can be varied smoothly and to any extent. 
For the case of traction supplies, and where the question 
of regulation is not of primary importance, the rectifier 
can be given a shunt characteristic with a four-five per 


cent rise of pressure with falling load, by the use of 
specially designed transformers or an absorption re- 
-actance cowl connected in the neutral of the main trans- 
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former, see Figs. 5, 7 and 14. Reference to the latter 
arrangement has already been made under “Theory” 
and further details of these two methods will be given 
below. 

Parallel Operation. It is possible to feed two rectifier 
cylinders from one main transformer and in such 
a ease it is essential that each cylinder take its proper 
share of the total load. Moreover, a number of 
rectifiers, all fed from thesame primary supply, must 
be able to operate in parallel with each other. Fur- 
thermore, a rectifier might be added to an existing 
d-c. plant, and have to operate in parallel with existing 
rotary converter or mercury are rectifier units. In all 
these cases certain conditions must be fulfilled in order 
that the units may supply power to the same bus-bars 
without interfering with each other, and that each 
may take a proportionate share of the total load. 
In considering the conditions necessary for satisfactory 


Fig. 17 a, B, C, D,—D1aGRaMs OF CONNECTIONS OF TWO 
RECTIFIERS IN PARALLEL 


parallel operation of rectifiers, it has to be kept in mind 
that the rectifier cannot feed back to the a-c. line, 
and also that the inherent load characteristics of 
rectifiers are somewhat different from those of other 
converters. Some of the essential considerations rela- 
tive to these facts are given below. ; 

For all practical applications of rectifiers it can be 
assumed that the voltage drop in the are in vacuum 
decreases with increasing current, and the load char- 
acteristic is therefore similar to that of an over-com- 
pounded d-c. generator. From the above, it can 
easily be seen that rectifiers feeding the same bus-bars 
and connected in parallel to the same source of alternat- 
ing current may not operate satisfactorily. To meet 
this condition, a sufficiently large inductance has to be 
inserted in the anode circuit of each rectifier so as to 
obtain a suitable load characteristic which assures 
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satisfactory parallel operation of each cylinder over a 
given range of load. For instance, a correctly dimen- 
sioned choke coil can be used to obtain such an induc- 
tance. Incorporating the arrangement of the connections 
shown in Fig. 178, the inductance or the flux set up in 
the choke coil can be limited to that part produced by 
the difference in the anode currents. The same 
effect can be obtained by utilizing that part of the 
main transformer inductance which corresponds to the 


stray field, by using either a separate transformer for 


each rectifier, or a double six-phase arrangement, as 
given in Fig. 17A and ©, respectively. However, the 
inductance set up in this way must be large enough 
to impress such a high voltage across the electrodes of 
a rectifier working in parallel with others but not 
taking a share of the load which will force it to pick 
up some of the load. The actual arc voltage, therefore, 
is less than the ignition voltage and when several 
rectifiers are operating in parallel the unit having the 
lowest ignition voltage consequently picks up the load 
before the others. The voltage drop necessary for the 
operation outlined above cannot efficiently be obtained 
by means of ohmic resistance, and therefore methods, 
such as those mentioned above, for inserting an induc- 
tance into the anode circuit had to be developed so as to 
produce a satisfactory characteristic. As soon as all 
the rectifier units are taking their share of the load, 
their parallel operation is subject to the general con- 
ditions already stated. For comparison, all the methods 
of connection used to effect the desired characteristic 
for rectifier plants with more than one cylinder are 
given below, and are illustrated in Fig. 17A, B, C, D. 
In Fig. 17A, the effect is produced by making use of 
the leakage field of the main transformer; in Fig. 17B, 
by inserting a choke coil; in Fig. 17c, by means of the 
leakage field of the secondary winding only; and 
finally, in Fig. 17p, by doubling the number of phases on 
the secondary side. 

As already pointed out, it is also essential that 


Fig. 18—ProportTIioNATH SHARE OF THE ToTaL LoAD BETWEEN 
A Rectiripr AND A Moror GENERATOR 


each unit take a proportionate share of the load when 
working in parallel. Two units are assumed to have 
falling-load characteristics EH, and HE), illustrated in 
Fig. 18. It can be seen easily that the distance be- 
tween the two points of intersection of any horizontal 
straight line with the characteristics of the two sets 
gives the total current “I’’ supplied. The distance from 
the middle vertical line to the points of intersection 
gives the currents supplied by sets No. 1 and No. 2, 
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respectively. The voltage of the two parallel working 
units is indicated by E. From this curve it is evident 
that an increase of the total load will be distributed 
according to the slope of the load characteristic. 

It is sometimes desirable to have a rectifier working 
in parallel with rotary converters or motor generators. 
The efficiencies of the two latter types of converters 
are lower at overloads and at partial loads than the 
efficiency of the rectifier. In order to obtain, therefore, 
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a good annual average efficiency for the plant, it is 
desirable to design these two types of converting 
devices for such load characteristics that in parallel 
operation the rotary converter or motor generator is 
always working at practically full load, while the 
fluctuating peaks are taken care of by the mercury 
are rectifiers. Assuming that the load characteristic 
of the motor generator is shown on the right-hand side 
of Fig. 18, and the load characteristic of the mercury 
are rectifier on the left-hand side, it is evident from the 
figure that the rectifier will take by far the larger share 
of a given increase in load. 

Efficiency and Power Factor. Apart from other con- 
siderations, the outstanding electrical characteristic 
of the rectifier is its efficiency, which remains nearly 
constant at all loads; but to obtain the true commercial 
efficiency we must include all losses between the high- 
tension terminals of the transformer and the d-c. bus- 
bars. These losses are the losses in the transformer, 
excitation equipment, vacuum pump, and reactance 
coils. The constant efficiency of the rectifier alone is due 
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to the drop in the are being approximately constant 
under all load and pressure conditions. This drop 
varies roughly between 16 and 23 volts according 
to the size of the rectifier, and is influenced by the 
vacuum to which it is directly proportional. The actual 


amount of watts dissipated in the rectifier is, therefore, - 


simply the total drop multiplied by the current for any 
particular load, which gives a constant efficiency under 
all conditions. Thus when operating at 500-volt 
direct current, the efficiency of the rectifier is repre- 
sented by 
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These indications show that the higher the d-c. voltage, 
the better will be the efficiency. For voltages up to 
8000 volts efficiency curves are plotted in Fig. 19A. 

The over-all efficiency over the whole working range 
for 600-, 1500-, 3000-, and 5000-volt rectifiers of standard 
types is shown in Fig. 19B. 

In general the power factor varies between 90 and 
95 per cent. Reference was made to this under 
“Theory” and since it depends to a great extent on the 
external circuit further considerations are omitted. 

Overloads. It is the very high momentary overloads 
that the rectifier can deal with that make it preeminently 
suited for traction conditions where the average load 
is below full load, The consequence of this is that 
rather smaller normally rated sets can be employed than 
if, for instance, rotary converters were used. ; 

Traction rotaries must necessarily be amply rated, 
otherwise commutator trouble will be experienced under 
very heavy overload or short-circuit conditions. 
Sometimes this measure does not do, and some special 
schemes of load protection have to be employed. 

Extensive load and short-circuit tests on rectifiers 
showed that practically any overload can be handled 
for a certain time with a complete absence of any bad 
effects on the rectifier proper. The permissible over- 
load capacities of a Brown Boveri type rectifier set can 
be taken from the curve’in Fig. 20. 

As there are not any moving or wearing parts the 
life of the rectifier is still unknown, as none of the 
rectifiers installed more than 12 years ago have shown 
any signs of deterioration as yet. The arc takes place 
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in a vacuum, and therefore there is not any appreciable 
chemical effect on the anode or on the cylinder. No 
change either in the size or the shape of the anodes, 
or of the inside surface of the cylinder, that would in 
any way affect the operation of the rectifier, could be 
observed. On the contrary, experience has shown 
that the longer the rectifier is in operation the better are 
its efficiency and its overload characteristic. The 
vacuum pump runs for such brief periods of time, 
and so infrequently, that the wear on its moving parts 
is negligible, while the development of the a-c. ignition 
has done away with any other rotating parts. 


ADVANTAGES OVER ROTARY CONVERTERS 
The floor space usually occupied by rectifiers is 
about the same as that required for rotary converters 
Above that, 
Special founda- 


for d-c. voltages up to about 600 volts. 
the space required is considerably less. 
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tions are not required for any voltages except what is 
needed to bear the stationary weight. For this reason, 
and due to the fact that the operation of the rectifier 
is noiseless, new substations need only be of the lightest 
construction, and substations can, therefore, often be 
placed in locations that would not be at all suited for 
the installation of rotating machinery because of the 
vibration and noise. 

Starting. Among the most striking advantages of 
the mercury arc rectifier over the rotary converter 
is the simplicity of the starting procedure. It takes 
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only a few seconds to ignite the are and put the rectifier 
into service. This makes it preeminently adapted to 
automatically controlled substations. Since a rectifier 
has no standby losses, like a rotary converter, it can be 
generally left connected to the high-voltage supply, 
and in ease of a short circuit at the primary side of the 
transformer, the rectifier disconnects itself from the 
network at the moment the arc extinguishes, and it will 
pick up the load as soon as the a-c. voltage is restored. 
However, even in manually operated substations, the 
attendance is greatly reduced, as will be explained at 
length later on. 

Efficiency. To illustrate what the superiority of 
the rectifier efficiency really means, especially the 
efficincey at partial loads, a typical case of an actual 
railroad in the United States has been taken and the 
annual saving effected worked out on the basis of the 
daily-load curve. The curve in Fig. 214 shows the 
comparative efficiency of mercury are rectifiers and 
rotary converters for 600-volt direct current. The 
conservative efficiency curves do not alter the compara- 
tive losses of the two classes of equipment nor the 
saving effected. The difference in the losses for the two 
sets is represented by the shaded area between the 
two lower curves of Fig. 21B and if this is averaged 
over 24 working hours it will be found that the losses 
of the rotary converter exceed those of the rectifier by 
about 125 kw-hr., representing, at a current cost of 
one cent per kw-hr., an annual saving of approximately 
$450 for a 600-kw-hr. mercury arc rectifier substation 
which represents half the interest on the investment 
required for such a substation. 

As shown in Fig. 194, the efficiency of a rectifier 
increases with the voltage; so these savings would 
increase appreciably at the high voltages. But even at 
- the comparatively low voltage for which the above 
figures were computed the saving is worth considering. 
For a d-c. voltage of 1500 volts the annual saving would 
be over $1000. 

As d-c. motors for terminal pressures of 2000 volts 
can be built to operate with perfect satisfaction, there 
is no reason why d-c. line pressures of 4000 volts cannot 
become widely adopted for railway service. In fact, 
the Torino-Lanzo-Ceres Railway in Italy has already 
been using that voltage for some time, and has obtained 
the best kind of service from its rectifier. 

Needless to say, such voltages would be impracticable 
with rotary converters. The increase in the voltages 
on the d-c. side successfully used with rectifiers during 
the past 15 years is shown by the heavy line in Fig. 22, 
while the broken line shows the. voltages which have 
been tested successfully at long trial tests, and the light 
dotted line, the voltages obtained during short labora- 
tory tests. Following the extension of the voltage 
curve, it may be concluded that the next few years 
will possibly give us rectifiers furnishing direct current 
at pressures suitable for high-power transmission. 

Another advantage of note is the fact that for the 
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parallel operation of rectifiers there is no elaborate 
synchronizing procedure required. Since polarity in- 
dicators are also not needed, another possible source 
of trouble is eliminated. These facts again decrease 
the amount of special equipment necessary for an 
automatically or remotely controlled substation, while 
in a manually operated substation the attendant’s 
duties are further reduced. 

Automatic Control. The equipment for the full 
automatic operation of mercury arc rectifier substa- 
tions costs less than half as much as for a rotary con- 
verter substation of the same capacity. Not only is 
the equipment cheaper, but because it is also simpler a 
better operation is assured. 

The automatic operation of the vacuum pump. is 
likewise an important advantage of the rectifier equip- 
ment. The vacuum gage previously described opens 
and closes the pump-motor circuit independently of the 
operation of the rectifier set itself, and always main- 
tains the vacuum at the proper stage for immediate 
starting. 
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Making allowance for interest, depreciation, and 
taxes on the additional investment required for full 
automatic control of rectifier substations, and taking 
into consideration the salaries for high.grade inspectors 
to look after the automatic equipment periodically, 
there will be effected a saving of $500 per year even in a 
small substation of only 600-kw. capacity. 

Another great advantage accruing from the use of 
mercury arc rectifiers is the fact that changes in 
voltage can be made without any change in the rectifier. 
For instance, a railroad equipped for using 600-volt 
direct current can be changed to 1200-volt direct current 
merely by changing the connections of the transformers, 
and making. no changes whatever in the rectifiers. 
Needless to say, this could not be done with rotary 
converters. Furthermore, the additional traffic that can. 
be handled by making this change would represent 
another great advantage, all without any extra cost, 
except the slight additional expense of having the trans- 
formers equipped with taps for making the change in the 
connections. As mentioned before, these rectifiers are 
able to withstand short circuits for a few moments 
without any harm, and can stand the severest overloads, 
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taking instantaneously currents of even three times the 
normal value. 

As an example of the short-circuit current one of 
the high-voltage rectifiers is capable of dealing with, 
it may be mentioned that a rectifier whose normal 
capacity is 1800 volts and 400 amperes successfully 
passed a momentary current of 8700 amperes and was 
able to resume operation immediately upon clearing 
the short circuit. Sixty similar short circuits were 
applied within two days, after which the rectifier was 
opened, and found to be in precisely the same condition 
as when sealed prior to these tests. In another instance, 
10 short circuits were applied at one-minute intervals, 
and again there were no deleterious effects. 

As mentioned under ‘‘Operation,”’ the wear on the 
rectifiers is practically negligible. The advantages 
may therefore be summed up as follows: 


1. Lightness of necessary foundations and substation struc- 
tures, due to light weight and absence of moving parts 
Speed and simplicity of starting 
Simplicity of operation with a minimum of attention 
Noiseless and vibrationless operation 
High efficiency over the whole working range 
Practicability of using high d-c. voltages 
. Facility of parallel operation without any necessity for 
synchronizing 
8. Adapability to automatic control 
9. Feasibility of raising the d-c. voltage, especially with 
electric traction equipment 
10. Extremely high overload capacity and insensibility to 
short circuits 
11. Negligible wear 
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Discussion 


R. H. Wheeler: Mr. Marti has been quite eouseryatine in 
many statements in his paper. Progress in the development of 
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the rectifier, together with its applications in commercial service, 
is going forward at a rapid rate. One thing that Mr. Marti 
did not bring out, and which from my angle is interesting, is that 
the rectifier is a piece of machinery which has the ability of 
being placed in practically any available space, rather than 
demanding a machine hall with ample provision for ventilation. 
The floor loadings required by the rectifier are less than 200 Ib. 
per sq. ft., and permit of the rectifier being installed directly 
without special foundations. 

I wish to confirm the statements of Mr. Marti as to the 
absence of noise. There are no reciprocating parts other than 
that of the vacuum pump which, when it is running, makes a 
chatter, but when one realizes that it is operated by a frac- 
tional h. p. motor, it is at once evident that the noise is not 
great and can easily be muffled by a cover if absolutely noiseless 
operation is desired. 

Otto Naef: Mr. Marti mentioned that in order to obtain 
close d-c. regulation, special equipment must be added, and he 
quoted the interphase transformer, or absorption coil, as it is 


_ often ealled, as one of the means. 


Fig. 1—Earty Type or Sreet-Cuap Mercury Arc RECTIFIER 
(1908) 


After considerable research, Brown Boveri has succeeded 
in bringing out a zig-zag-connected transformer winding which 
gives the same close regulation as is otherwise only obtained by 
the use of an interphase transformer. Because of the somewhat 
larger transformer required, this solution is not necessarily 
cheaper than the older method, but it has the advantage of 
greater simplicity. : 

D. C. Prince: Mr. Marti refers to an ingenious seal as 
having made possible the successful steel-tank rectifier. The 
accompanying Fig. 1 shows one of these earliest types of steel 
rectifiers, built about 1908. The operation of these early recti- 
fiers compared favorably with that of any of the newer types. 

In saying that the quantitative relations on which rectifier 
design is based are well established, Mr. Marti doubtless refers 
to the circuit characteristics. As far as I am aware, no data for 
metal rectifiers have been published , including reproducible 
curves between volts and amperes at which are-back occurs, 
such as shown in Fig. 2 herewith. This curve was made from a 
glass rectifier. 

The extent to which engineering opinion differs regarding 
the fundamentals of steel rectifier design is: brought out by 
comparing the accompanying Fig. 3 with the Brown Boveri 
rectifier shown in section in Mr. Marti’s Fig. 10. It will be ob- 
served that the A. E. G. type has no are guides and no condensing 
dome nor any elaborate anode hoods. The A. E. G. rectifiers 
are regarded as highly successful, and there are many installa- 
tions. I understand that they have little if any seal trouble. 

Even the figures accepted for some years for cathode drop 
have recently been overthrown2. The present figure is about 

2. Gtinther-Schulze, Engineering Progress, Aug. 1925, (in English). 


ha: a5 ie it 
ERE 5 al tas 


MARTI: THE RECTIFICATION OF ALTERNATING CURRENTS 685 


10 volts, part of which is consumed as latent heat of ionization 
of the mercury vapor. This part is responsible for most of the 
heating at the anodes where recombination occurs. 

Too much eannot be said in praise of the paper by Messrs. 
Daellenbach and Gerecke referred to by Mr. Marti as the basis 
for his circuit theory. The part quoted by Mr. Marti, applying 
to regulation, is imited to the case of no resistance and reactance 
only in the individual anode leads. It is also limited to the case 
where not more than two anodes carry current simultaneously. 
The original paper by Messrs. Daellenbach and Gerecke is 
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much more complete and will repay careful study, although the 
analytical methods pursued become rather involved for the 
more complicated cases met in practise. Their paper has been 
very useful in my work. 

E. B. Shand: <A number of years ago the Westinghouse 
Company did a great deal of work on steel-tank rectifiers, and a 
resumé of this was given by the late B. G. Lamme in the dis- 
cussion of ‘Power Rectifiers” by Milliken, Proc. Assoc. Iron & 
Steel E. E., 1921, p. 645. In this work, we started using mereury 
seals with the steel tanks in 1908 and developed them in 1909 . 


Fic. 3—A. E. G. Type or RECTIFIER 


to the general type used at present by the Brown Boveri Com- 
pany. In 1915 considerable amount of work was done on 
plastic sealing cements. Our experience at that time indicates 
that the tightest possible joints can be made by this means, 
although the application to commercial use presents an addi- 
tional problem. At this time we were able to operate rectifiers 
of commercial size with these seals for periods of somewhat over 
a month, without pumping. Welded tanks were introduced in 
1910. 

I might add that the wire resistance gage for high vacuum, 
which is mentioned in Mr. Marti’s paper (Figs. 16a and B), 
was developed during this work in 1916 or 17. I still have in 
the laboratory a gage of this sort which dates from the above 


period. 
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A single auxiliary anode was used for both starting and ex- 
citing of the rectifier. An external source of direct current 
was supplied to this anode. Small rectifiers are now available 
for the purpose of furnishing this power and which require no 
attention of any sort. 

In connection with the bibliography, I believe that the inter- 
esting papers of M. Giroz® should be included. 

In connection with the tabulated data on the sixth page of 
Mr. Marti’s paper, I notice that the case of three single-phase 
transformers connected in star has not been included. In 
this case, the current ratios in the transformers secondaries 
and in the primary line are similar to the case of the delta- 
connected transformer with the balance coil. 

It might be added that the balance coil or interphase trans- 
former was developed in connection with the earlier work of the 
Westinghouse Company by Mr. C. L. Fortescue. 

S. O. Hayes: A point that may be of interest to a good 
many people is that the electrification of the railways in Japan 
now being carried outat 1500 volts direct current includes quite a 
large number of substations, and some of those substations 
have synchronous converters, some have motor converters, 
some have motor-generator sets, and some have mereury rectifiers ; 
and they are operating the whole system together in parallel. 

F. A. Faron: Mr. Marti infers in his paper that arc-backs 
occur during the bake-out or forming period. Are we to under- 
stand that are-backs never occur during regular operation? 

On the twelfth page Mr. Marti refers to the possibility of a 
rectifier starting to take peaks of such short duration that con- 
verter units would miss these peaks. What he says about start- 
ing may be true, but why should a machine be started to take care 
of such peaks? This is what the overload capacity of the machine 
is for. And if the load goes beyond this allowable limit, it is not 
usually a useful one and devices are provided to take care of 
limiting the output. With reference to regulation, it should be 
noted that it is possible, as brought out by Mr. Prince, to build 
rectifier equipment with practically flat d-c. voltage characteris- 
ties from low load to full load. 


Mr. Marti indicates that traction loads are handled by con- | 


-verting equipment with drooping characteristics. This is not 
quite correct, for in 90 per cent of the traction substations in 
this country, compound-wound machines are used, having practi- 
cally flat voltage characteristics from no load to full load. 

Fig. 20 is apparently based on a maximum rated unit. Ex- 
perience has shown that railway operators are not particularly 
interested in a maximum rating but in what the machine will do for 
a period of about two hours, which is the usual duration of peak 
service. This is fairly well brought out in Curve 21-B, on the 
same page. In comparison with Curve 20, it should be noted 
that a standard 500-kw. railway converter, for instance, would be 
rated 750 kw. for two hours and three times load for one minute. 

Does Mr. Marti intend to convey that all equipment including 
rectifiers, transformers, auxiliary devices and switchboard for 
600 volts take about the same space as complete converter 
equipments, or does he mean only the tanks? I am of the 
opinion that the complete installation of rectifiers, transformers, 
reactors, accessories, switchboard, ete., occupy more space than 
equivalent converter capacity for this voltage. I agree with 
Mr. Marti that, for higher voltages, the complete rectifier units 
require less space than converter units. 

Tn traction work it is quite common to provide single-phase 
transformers which give the possibility of open-delta operation 
of converters in cases of emergency. This feature is not desirable 
in connection with a rectifier. 

Under the subject of starting it should be noted that in auto- 
matic stations it is usually found more economical to remove 


3. Les Redresseurs a Vapeur de Mercure, Bulletin de la Societe Fran- 
caise des Electriciens, June, 1924, p. 463. ‘ 

Les Redresseurs a Vapeur de Mercure Grand Debit, Revue Generale de 
dt’ Electricite, Nov. 20, 1920, p. 721. 

La Chute de Tension Inductive des Redresseurs a Vapeur de Mercure, 
Revue Generale del’ Electricite, Feb. 14 and 21, 1925, p. 253 and 303. © 
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the transformer from the line when the station is not in operation, 
to save the transformer excitation losses. 

I have been unable to check the figures given under the heading 
Efficiency, as the converters offered by American manufacturers 
have higher efficiencies than those shown on the curves of Fig. 
214 and actually cross the efficiency curve of the rectifier at 
about 600-kw. point, and show somewhat over one per cent 
higher efficiencies of the converter than Curve A, which reduces 
the hypothetical saving set forth by Mr. Marti. 

I am fearful that “automatic control” is a rather abused 
and misunderstood term, but it should be understood as applying 
to a station wherein all functions of operation are performed with- 
out the aid of an attendant. 

Certain functions necessary to the operation of a rectifier, 
which are absent with converter operations, must be properly 
incorporated in the control, and protection provided should the 
sequence of the device in operation be other than that intended. 

There will be certain temporary shut-downs during operation 
whieh the control must take care of; such, for example, as low 
a-c. power supply, single-phase operation, overheating of the 
rectifier, failure of the exciting are and overheating of the 


- transformers. 


Furthermore, such conditions as failure of cooling-water 
supply, continued are-backs, heavy sustained overloads, ete., 
require that the equipment be shut down and locked out, and 
that the automatic control be designed to carry out these 
functions. 

Incidentally, a very careful investigation has convineed me 
that there have been no rectifiers built which will not are-back 
if the vapor-pressure conditions in the neighborhood of the anode 
are not correct. 

Mr. Marti says: ‘‘For instance, a railroad equipped for using 
600-volt direct current can be changed to 1200-volt direct current 
merely by changing the connections of the transformers and 
making no changes whatever in the rectifiers.’’ It is one of the 
advantages of rectifiers to be able to use the same unit for 
higher voltages, provided it is suitably insulated ;—but unfor- 
tunately the substation is only one thing that must be ehanged; 
in fact, changing the substation voltage, even where converters | 
are used, is a relatively small expense compared to insulation of 
line, sectionalizing switches, motors, control, ete. 

The substation of the average traction system in this country 
represents only an investment of about 20 per cent of the total 
investment in electrical apparatus and of this the converter 
and transformer represents about one-half, and it can readily 
be appreciated that changing the voltage at the substation is 
a snrall part of the total cost. 

There have been eases in the past where it was as simple 
to arrange substations originally designed for 600 volts and which 
contained two or more machines to provide for 1200-volt opera- 
tion, merely by insulating the base of one machine and connecting 
the units in series; in fact some of the first 1200-volt roads in 
this country contain substation equipments arranged in this way. 
I would therefore suggest qualification of this statement. 

In another sentence of this paragraph attention is called to 
the rectifier being able to withstand “instantaneous currents 
of even three times the normal value.’”’ It should be noted that 
standard, 500-kw., synchronous converters for railway service 
are guaranteed to stand three times normal load for one minute. 

From this discussion it might be assumed that I oppose 
rectifiers as against synchronous converters, but such is not 
the case. Rectifiers are a comparatively new type of apparatus 
in this country, and their operation will be watched with interest, 
for undoubtedly there are applications where rectifiers are de- 
sirable. There are some points in Mr. Marti’s paper, however, 
with which I cannot agree. ; 

Albrecht Naeter (communicated after adjournment): Havy- 
ing had the privilege of making an acceptance test of one of the 
early Brown Boveri rectifiers in the United States, the writer 
was very much interested in this article by Mr. Marti, for he 
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found that in the early stages of operation, after the 
forming period of the electrodes of the particular set tested, 
considerable difficulty was encountered by the operating staff 
in maintaining a good vacuum. Frequently only a few minutes 
after a vacuum determination had been made by the MacLeod 
type of gage the vacuum would drop quickly to a value considered 
unsafe for continued full-load operation. Fortunately the 
development of the novel electric hot-wire vacuum gage, according 
to the paper under discussion, has helped to ameliorate this 
situation because of the further researches made possible through 
it. The writer feels that, from the standpoint of the operating 
personnel, the vacuum-gage indication should be a continuously 
recording one that is visible at all times. Naturally this would 
be taken care of through the automatic feature of the vacuum- 
pump set in complete automatic sets, provided the rectifier is 
kept out of service without an operator’s attention when the 
vacuum is low. 


The writer recognizes the advantages of rectifiers, and agrees 
heartily with their use for higher voltages such as are common 
in railway work. It seems that undue stress has been laid upon 
the relative merits of these rectifiers and synchronous converters. 
Mr. Marti points out in his paper that the best field of application 
of these rectifiers is that of higher voltages,—higher than those of 
the commercially practicable synchronous converters. If the 
efficiency curves in Fig. 21 had been plotted for 240-volt ma- 
chines, instead of 600-volt, and for the same kilowatt rating, 
the rectifier would probably have been found at a disadvantage. 
The rectifier would have shown up still less favorably if the over- 
all efficiency of a 3000- or 4000-kw. synchronous-converter set 
of 240 volts had been compared to that of the several rectifiers 
required for the same output. A number of years ago the tech- 
nical press was full of articles on the relative merits of motor- 
generator sets and synchronous converters, on the assumption 
that was then accepted that these machines were equally ap- 
plicable to the same field; but now it is recognized that each 
has its particular advantages that make its application desirable 
in certain cases. 

Inasmuch as the author places emphasis on the merits of recti- 
fiers, it would have been well, for the sake of completeness of 
the article, to summarize some of the disadvantages of rectifiers, 
particularly as compared to the converter, (since he carries out 
that comparison), such as low efficiency at 240 volts, limited maxi- 
mum sizes now available, lack of neutral for three-wire systems, 
ete. 


_O. K. Marti: Referring to Mr. Prince’s remarks regarding 
engineering opinion concerning the design of various types of 
rectifiers, I should like only to call attention to the © fact 
that the Brown Boveri rectifier, a cross-section of which is 
shown in my paper in Fig. 10, outnumbers the A. E. G. type 
shown by Mr. Prince, in the proportion of ten to one, and itcan 
be inferred from this fact that the eventual development will 
probably result in a type similar to the one shown in Fig. 10 in 
my paper. 

With reference to Mr. Shand’s discussion, it was interesting 
for me to note that two companies have, followed, independent 
of each other, practically the same lines in developing the steel- 
enclosed rectifier. Regarding the two systems of ignition, it 
is certain that the a-c. system of ignition and excitation is far 
superior to the other system, since it does not require an auxiliary 
d-c. generating device. 

I am obliged to Mr. Shand for the additional references for 
my bibliography and, at this opportunity, I should also like to 
mention a series of articles by Dr. Schaefer, published in the 
BBC Mitteilungen, 1919, Nos, 3, 5, 7, 8, and 9; incidentally, 
these articles discussed for the first time a method of compound- 
ing mercury are rectifiers similar in principle to the one on which 
Mr. Prince’s paper is based. : 

To Mr. Faron’s remarks, I should like to add that, under 
normal operating conditions, a rectifier will not back-fire, but 
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there is no question that back-fires may occur under abnormal 
conditions, such as those caused by inadmissibly high overloads, 
poor vacuum due to leakage or the use of improper material 
in the manufacture of the rectifier. 


Regarding starting, I wish to bring out the fact that a rectifier 
can be started in less than two seconds, being then immediately 
able to pick up load. This surely is an advantage over a rotary 
converter which requires about thirty seconds for starting, 
and therefore cannot take care of any load before that time. 
To a railroad company, for instance, it means a great deal to 
have no delays of trains caused by lack of power. 


Referring to the over-compound characteristics of traction 
conversion devices, it would have been interesting if Mr. Faron 
would have mentioned not only the fact that 90 per cent of the 
installed synchronous converters have over-compound charac- 
teristics, but would also have stated what was the percentage 
of converters with such a characteristic ordered during the last 


year. He would probably have found that it was about 50 per 
cent. This would have given a true picture of the status of the 
matter. Moreover, it would have been interesting if he would 


also have given the relative advantages of the two characteristics 
for railway service. I, personally, cannot see any, but will state 
here some of the many advantages of a drooping characteristic. 
It is realized by most railway men that the latter characteristic 
guarantees a far more flexible operation and a far better dis- 
tribution of load between neighboring substations. This - 
results in a better load factor, allows giving the same service 
with a lower station capacity, reduces the losses in the feeders, 
and does away, in most cases, with a load-resisting device. 
This last means nothing else than a complication of the system 
and a great waste of power as long as it is in operation. 

As to the floor space needed by a rectifier, it is true that the 
actual floor space required by a 600-volt rectifier, with all its 
auxiliaries, is somewhat more than for a rotary converter of the 
same voltage and capacity. However, considering the smaller 
weight of the rectifier, it is possible to utilize the space available 
for the converting units more effectively,—for instance, by 
mounting the rectifier and its auxiliaries on different floors of a 
building. Moreover, for the same reason, a lighter foundation, 
and also a lighter building construction, can be used, so that both 
in the erection of new buildings and in the adaptation of old 
buildings to substation uses, a material gain is effected. 

With reference to the efficiency curves shown in Fig. 214 
of my paper, I should like to mention that they were derived 
from data published by American manufacturers, including the 
stray losses according to the A. I. E. E. Standards, given as one 
per cent of the output. The efficiency of the transformers was 
taken to be the same for both the rotary converters and the 
mercury are rectifiers. 

Regarding the automatic control, Mr. Faron states that 
auxiliaries will have to take care of abnormal conditions; but 
this holds true also for rotary converters. I wish to point out 
again that the automatic control of a rectifier is much simpler 
than that of a rotary converter, as most of the operations neces- 
sary in starting a rotary converter,—such as step-changing, 
raising and lowering the brushes, polarity check, ete.—are absent 
in the starting of rectifiers, for which the total starting operaticn 
consists of the natural sequence of closing the a-c. breaker, the 
automatic ignition, and closing the d-c. breaker. Due to the 
valve action of the are, the protection which Mr. Faron recom- 
mends is not needed for the usuala-c. voltage supply. 


I fully agree with Mr. Naeter’s statements, and I think he 
is more than right when he compares with the present conditions 
the state in which electrical engineers were when the rotary con- 
verter came into prominence to take the place of the wellestab- 
lished motor generator. There is no question but that a rotary 
converter will in many cases have an advantage over a mercury 
are rectifier, just as a motor-generator set shows outstanding 
advantages over the rotary converter in certain applications. 


Rectifier Voltage Control 


BY D. C. PRINCE 
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Synopsis.—Lack of voltage control 1s one of the objections which 
have been made to the use of rectifiers. The author describes a 
method of voltage control for rectifiers based on the use of a saturated 
core interphase transformer. Saturation of this device produces a 


gradual change from two three-phase rectifiers operating in parallel 
to one six-phase rectifier which has a higher inherent voltage ratio. 
The theory of operation is discussed and supporting oscillograms and 
observed regulation curves are shown. 


RECTIFIER is a kind of electric valve which 
A allows current to flow from an alternating supply 

into a d-c. load circuit. The instantaneous alter- 
nating voltage varies all the way from 4/2, the effective 
value in one direction, to the same amount in the 
other direction. There is, therefore, nothing startling 
in the idea that any voltage between these limits can be 
communicated to the load circuit. The problem is 
rather one of practicability than of possibility. 


A-C Power 
Source 


Transformer 


_ Starting 


Cathode Electrode 
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The voltage communicated to the load circuit is not 
an instantaneous, alternating value but is an average 
over a considerable part of a cycle. Consider a simple, 
single-phase rectifier as shown diagrammatically in Fig. 
1. The corresponding wave diagram is shown in Fig. 2. 
Current flows from the most positive anode to the 
cathode so that the cathode potential is below the most 
oe Research Laboratory, General Electric Co., Schenectady, 
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positive anode only by the amount of the are drop 
which is practically constant and relatively negligible 
in rectifiers having any considerable output voltage. 
This diagram assumes no inductance in the trans- 
former or primary supply. The cathode traverses the 
series of positive lobes of two sine waves displaced 
180 electrical deg. This potential is impressed upon 
the load and d-c. reactor. The counter e. m.f. load 
chosen will offer no impedance to the alternating 
components of the irregular cathode voltage. The 
inductance will offer no impedance to the d-c. com- 
ponent. The voltage wave is thus resolved into its 
components. The direct component is the average 
of voltage for a series of half cycles in one direction 


VA 


NZ eae Mr Nats 
Fie. 2 
and is the same as the average of one-half cycle. Its 
tony ae 
value eee where E is the effective secondary 


voltage to neutral. 

If there were more phases, each anode would be the 
most positive for a shorter time and so the average 
voltage impressed on the load circuit would have to be 
taken for a shorter time. Fig. 3 shows some of the 
secondaries of a p-phase rectifier. The direction of 
each coil is the phase vector direction for that phase. 
For p phases, each anode will be most positive for the 


: 20 
fraction of a cycle ye that is, beginning at an angle 


5 . 
aa before the maximum and ending —_ after the 


maximum. The developed voltage wave is shown in 
Fig. 4. 
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The average voltage, G, is found most easily by 
integrating the wave, that is, finding its area divided 
by the base. 


a 
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For various numbers of phases, this equation gives the 
series of values in Table I. It is seen at once that 


TABLE I 
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Fig 3 


by increasing the number of phases there results 
an increase in the average voltage. This indicates how 
voltage control may be approached. A method of 
changing smoothly the number of phases from two to 
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six would give an increase of fifty per cent in the output 
voltage. 

Two three-phase rectifiers may be connected to a 
three-phase supply as shown in Fig. 5. These rectifiers 
have separate inductances in series with their cathodes 
but feed a common load. Since the two inductances 
absorb the pulsating components of the voltages of 


their respective rectifiers, there is nothing to prevent 
their feeding the load in parallel, each supplying one-half 
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of the current all the time. If the switch S be closed, 
this condition is changed. There is no longer any im- 
pedance to prevent a current shift from one rectifier to 
the other. Current will naturally flow from the anode 
with the highest voltage, regardless of its location in a 
particular rectifier, so that six-phase operation replaces 
three-phase. 

Fig. 6 is a wave diagram of the change. With the 


Fie. 5 


switch open, the two cathodes have potentials é1, €: 
averaging e,. With the switch S closed, the two 
cathodes follow the potential of the most positive anode, 
giving the wave es shown by the heavy line. 

Instead of the abrupt change from two three-phase 
rectifiers, the transition might have been made gradu- 
ally. The two inductances Li, L» may be so interwound 
that they present large impedance to current changes 
between rectifiers but low impedance to changes of the 
total current. The load voltage will then be the average 
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e, of the rectifier voltages, but only so long as both are 
carrying current. Should one stop carrying current, it 
could no longer influence the average voltage, for both 
windings of the choke system must carry a variable 
current in order to supply the inductive drops necessary 
for the voltage equalizing action. 

The inductances, L; Le, are not infinite, so that the 
tendency of the rectifier having higher voltage to take 
current from the other will cause a circulating current 
between the two rectifiers. In Fig. 6, eais the difference 
in voltage, ia the circulating current. As long as this 
circulating current is less than the load current sup- 
plied by either rectifier, there can always be sufficient 
current changes to set up the difference voltage and 
preserve the average. If, however, the interchange 
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current becomes equal to the load of one rectifier, one 
will momentarily be carrying all the current, and the 
voltage will no longer be the average, but will be the 
voltage of the higher rectifier. 

With a further increase in interchange current, 
there will be a longer period during which there is no 
drop across the inductances L, 2 and the output 
potential will follow the higher rectifier for a longer time. 
Fig. 7 shows the waves under this condition. A value 
of difference current has been used which has an ampli- 
tude equal to the entire rectified current, J. With this 
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value, the load current is divided between the two recti- 
fiers half the time and carried by one for half the time. 
To maintain the difference voltage, the difference cur- 
rent would have had to continue as shown by the dotted 
extension, but this it could not do because the current 
from one rectifier could not drop below zero. 

Saturation forms a ready means of altering the 
interchange current as desired. Fig. 8 is a diagram- 
matic representation of a saturation regulator adapted 


for this use. It consists of a four-legged core on which 
two sets of windings are placed. One winding consists 
of two circuits surrounding the two central legs indi- 
vidually and connected so that the upper and lower 
halves of each will function as L, and Ly, respectively. 
The flux required for the difference voltage circulates in 
these two central legs and does not traverse the other 
two. The second winding used to saturate the core 
surrounds both central legs. The flux linkages are thus 
so balanced that current changes in either winding will 
induce no voltages in the other. 

To increase the interchange current which is the 
exciting current in the central windings a direct current 
is passed through the outer winding. The flux pro- 
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duced by this current passes in one direction through the 
central legs and returns through the outer legs. It 
therefore saturates the central legs which carry the 
alternating flux, and this saturation increases the inter- 
change current and thereby the output voltage. 

The direct current required to saturate the core may 
be obtained from the rectifier output in which case a 


Fig. 9 


compound rectifier results, or it may be obtained from a 
separate source controlled through a voltage regulator. 
The complete circuit diagram for compounding on load 
is shown in Fig. 9. 

If rectifier ‘transformers and supply lines had no 
inherent regulation, it would always be possible to 
secure the increases shown in Table I by changing the 
equivalent number of phases. There is, however, a con- 
siderable amount of regulation in the transformer which 
tends to be greater with increased numbers of equivalent 
phases. Take the case of the three-phase rectifier 
shown diagrammatically in Fig. 10, having all the 
inductance X concentrated in the anode leads and an 
infinite choke L to keep the total current constant. 


Fie. 10 


When the voltages of a, and a, pass through equality, 
current will begin to change from a, to a. While the 
change is taking place the two anodes are at the same 
potential since otherwise they would not divide the 
current. The voltage difference between the two 
phases is absorbed in the inductances X. The current 
and voltage appear as shown in Fig. 11. 

The rate at which current transfer will take place 
is proportional to the voltage causing the transfer, 
which is the vector difference between the phase 
voltages. At each transfer some of the average voltage 
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is lost as shown by the crosshatched areas in Fig. 
11. The curve of current transfer is a sine wave which 
lags 90 deg. behind the phase-voltage difference because 
the drop is inductive. At any instant the value of the 
rising current to one anode is independent of load 
because no current change takes place in the load circuit. 
When all the current has transferred in angle uw the 


Breselt 


change ceases. The greater the load, the greater will be 
the angle wu. 

It appears from Fig. 12 that the general expression 
for the phase-difference voltage is 


Ca 
2 


This voltage produces a current 


Sie wane 
= /2Esin rs . (2) 
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At the end of the lap angle u, the load of direct current 
J is reached so that 
LI 
xX 
The curve of instantaneous lost voltage is the same 


J = 


sin a (1 — cos u) (3) 
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as the half difference voltage used in making the 
current transfer. The average loss in output voltage 
represented by the hatched area is the wave ér which 
has the same phase as the current 7. Its value is 


nse eV OE snd Hin 06 
pa ./2.B sin — (1 — cos u) (4) 
2 Pp 


PRINCE: RECTIFIER VOLTAGE CONTROL 691 


The open-circuit voltage has already been found to be 


4 pt he ar ; 
Gus=ev/2 E, 7 in . (1’) 
so that the voltage under load is 
G = Go — €rR 
eG tee 1 — cosu 
= /2H 7 in ( _ 9 ) 
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Equation (3) connecting J and (1 — cos u) can be 
used to replace the latter by the former. This results in 


1 ED.« 
G=Gy{Elb— (5) 
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It would be advantageous to arrange this equation 
so that the performance of the device might be com- 
pared with that of more familiar apparatus. Let it 
be assumed that there will be a four per cent drop in the 
transformer when carrying an ordinary sine wave a-c. 
load equal to its rating for use with a rectifier. Then 


E 
the short-circuit current per phase is cas 


WwW 
or 25 —~ where W is the rated output of the rectifier. 


pH 
Equating these two values and solving for X gives 
p E? : 
ere 


and the output voltage equation may now be written 


JpH 
50 V2 W sin air 


or making use of equation (1’) 
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In the derivation of these equations it was assumed 


- that all the reactance was in the secondary windings 


of the transformer with no mutual reactance. This is 
convenient and gives results of the right nature. The 
magnitude of the results may be wrong, however, for, 
unless all of the leakage reactance is actually located in 
the manner represented in Fig. 10, the inductance of the 
paths taken by the commutating currents may be appre- 
ciably less than the value obtained by considering short- 
circuit conditions in the transformer. Thisis due to the 
fact that in the latter case the currents have a mutual 
reaction which can greatly increase the apparent 


reactance. 
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The commutating currents on the other hand usually 
are not required to flow through circuits with much 
coupling between sections. No advantage of this kind 
occurs in the single-phase rectifier, but in the three- 
phase case, the reactance presented to the commutating 
currents is approximately half that determined by short- 
circuit measurements. The advantage in the six-phase 
ease is hard to determine exactly. If the transformer 
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has a primary and tertiary winding and all the reactance 
is in the primary, the advantage may be as high as six 
to one, but as a conservative estimate, let it be assumed 
that the reactance will be 40 per cent of the value deter- 
mined from the simple measurements. 

Fig. 13 indicates the regulation curves given by 
equation (7) and takes into account the corrections 
just described. The regulation curve for the compound 
rectifier will fall between the curves for the six-phase 
and three-phase rectifiers. By increasing the saturation 
of the interphase transformer as the load is increased, 
it may be made to give high reactance at low loads and 
small reactance at heavy loads. Asa result the output 
voltage will approach that of a six-phase rectifier under 
heavy loads and will be nearer to that of a three-phase 
rectifier under light loads. It will be seen that the 
range of voltage available for compounding is somewhat 
limited if only the three-and six-phase circuits are used. 
It is probable, however, that the limits are sufficiently 
wide for the great majority of applications. A much 
larger variation can be obtained by going from the 
single-phase to the six-phase connection. This transi- 
tion is entirely practical but uses slightly more 
material than the three-phase to six-phase case and is 
therefore not desirable as long as the latter arrangement 
can be made to give the required characteristics. 

Under extremely light loads, the direct current 
through the interphase transformer will be so small that 
it would be impractical to supply a transformer having 
sufficient exciting reactance so that its exciting current 
would always be smaller than the load current. There- 
fore, the effect of the interphase transformer will be 
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lost as zero load is approached and the no-load voltage 
will be that corresponding to six-phase operation. 

As long as the instantaneous current in the inter- 
phase transformer does not fall to zero, its reactance 
does not appear in the a-c. circuits. As soon as the 
current in one branch of the interphase transformer is 
actually interrupted, however, this transformer acts 
just as though it were inserted in the anode leads. 
Fig. 14 shows the circuit through which the transient 
current flows which accomplishes the commutation 
of the output current between anodes. The exciting 
inductance of the interphase transformer is added to the 
leakage reactance of the windings of the main trans- 
former to obtain the value of X used in calculating 
the regulation curve. The result will therefore be a 
six-phase regulation curve dropping much more rapidly 
than that corresponding to the main transformer alone 
and the rapidity with which the voltage decreases will be 
dependent upon the exciting reactance of the interphase 
transformer. 

After sufficient load current is flowing so that the 
interphase transformer is carrying current continuously, 
the output voltage will be that corresponding to the 
three-phase rectifier. As~more load is applied the 
output current flowing through the saturating winding 
of the interphase transformer will decrease the reactance 
of the main circuit. The exciting current will then rise 
until it is as large as the load current and continuous 
choke action will be lost. The voltage will then be dis- 
placed from the three-phase value in the direction of the 
potential corresponding to six-phase operation. By 
this means the voltage may be held constant over the 
greater part of the load range or may even be made to 
increase slightly with load. 


In Fig. 18 part of the curve for six-phase operation 
is shown dotted. In this range the voltage is no longer 
given by equation (7) because the load is so great that 
three anodes carry current simultaneously during part 
of the time. Due to lack of complete data on the reac- 
tance of the circuits traversed by the commutating 
currents, it is not worth while to calculate the voltage 
under these circumstances. The three-phase rectifier 
curve will have asimilar limit of applicability, but this 
limit is not reached in the range shown in Fig. 13. 

Figs. 15, 16, 17 and 18 indicate the results of experi- 
mental work which serves as a check on the theory of 
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operation of rectifiers with compounding. Fig. 15 shows 
the wave shapes obtained with an oscillograph when an 


experimental rectifier was operating as two separate 
three-phase units connected in parallel through an un- 
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saturated interphase transformer. At time, t,, the 
secondary voltage of the phase being measured became 
equal to that of the preceding phase in the same three- 
phase group, and it began to conduct current. Be- 


PRINCE: RECTIFIER VOLTAGE CONTROL 


693 


tween t, and t, both phases were conducting current and 
the reactive drops caused by the changing currents 
averaged the induced voltages of the two phases so that 
their terminal voltages were nearly constant. At time, 
ts, the current transfer was completed and the terminal 
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Fic. 20—InrTerRPHASE TRANSFORMERS 


The 180-cycle units are provided with series d-c. saturating coils and 
variable gap in the d-c. core circuit. 


voltage of the incoming phase again became equal to 
its induced voltage. Between ts and ¢;, the current left 
the phase under observation, and this time the reactive 
drop prevented the terminal voltage of the phase from 
falling as rapidly as the induced voltage until after the 
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transfer was completed. The dotted lines indicate the 
form of the secondary voltage and interphase trans- 
former voltage waves, if they had not been distorted by 
the reactive voltages during current transfer. The 
slight irregularity in the secondary voltage wave at 
time t; was caused by commutation of currents in the 
second three-phase group of windings and was present 
because of the coupling between the two groups throu gh 
the transformer primary windings. 

Fig. 16 shows the wave shapes obtained with the core 
of the interphase transformer saturated. The operation 
is now that of a six-phase rectifier. Current is building 
up in the phase under observation between ¢, and ¢, and 
decreasing between t; and t,. Not more than two anodes 
carry current simultaneously, and between ¢, and ¢; only 
one anode is conducting. The interphase transformer 
now carries pulses of current of the same shape as the 
anode pulses, but, since it carries the current of all the 
anodes, the pulses will be closer together. There is a 
voltage across the interphase transformer only during 
the time the current is transferring between anodes, 
which transfer must occur through it. As the reactance 
of the interphase transformer influences the period of 
commutation, it is apparent that the output voltage 
can never rise to the six-phase voltage corresponding to 
the transformer by itself. Instead, the output voltage 
will approach this value as the reactance of the choke is 
decreased by saturating it more and more, but can 
never reach it. 

Fig. 17 shows an experimental compounding curve 
obtained from a small rectifier. After the first sudden 
drop to the normal three-phase voltage at six amperes, 
the voltage rises steadily with increase in load to 70 
amperes, after which it again falls. To obtain this 
curve no changes were made other than changes in load. 
This rectifier had insufficient capacity to stand loading 
to short circuit. Accordingly, additional reactance was 
added enabling the curve of Fig. 18 to be taken. In 
Fig. 18 the load is increased to short circuit under three 
conditions, with no saturation of the interphase trans- 
former, with the compounding apparatus in operation, 
and with the interphase transformer short-circuited. 
Although the compound curve never equals the six- 
phase curve except at short circuit, the six-phase voltage 
is approached sufficiently to give flat compounding from 
light load to 614 amperes which is'10 per cent of the 
current under short circuit. 

Tests which have been made on the performance of a 
1000-kw., 600-volt, 12-phase rectifier further substantiate 
the correctness of the theories herein set forth. Fig. 19 
is a regulation curve obtained with this rectifier adjusted 
to give substantially flat compounding out to full load, 
1667 amperes. Fig. 20isa photograph of the interphase 
transformer. Since the set is twelve-phase, there are 
three interphase units. The two lower units combine 
each two groups of three phases and have direct-current 
saturating windings. The small top unit combines the 
two six phase groups into one twelve-phase unit. 
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Discussion 


R. H. Wheeler: The paper by Mr. Prince is a very in- 
teresting discussion of the potential possibilities of the use of the 
interphase transformer. 

The interphase transformer has been utilized for a long time 
by Brown Boveri & Co., Ltd., and is incorporated in the circuit 
diagrams which the American Brown Boveri Electric Corpora- 
tion has put forth in some of its proposals. We have not used 
the saturated-core type, however, for it long ago was demon- 
strated by many installations that the close regulation of the 
modern sets was sufficiently close for all traction purposes and 
very few industrial applications require the complications of the 
saturated interphase transformer. 

Extended experience has also proved of late years that the 
compound rotary converter has not taken the position that it 
enjoyed some years ago when over-compounding was thought 
necessary. Wherever compounding is used of late it has been 
entirely of the flat compound type. To our knowledge, however, 
the shunt rotary converter has had a much greater application 
and appears to satisfy regulation and voltage conditions in all 
usual operations. To meet the flat compound or the over- 
compounded rotary converter, there has been introduced into 
the mercury are rectifier installation, cireuits an induction 
regulator which quickly compensates for the drooping charac- 
teristic of the rectifier and permits it to parallel at all loads with 
compound rotary converters. 

There has been a number of schemes utilizing a variable- 
reactance core in the interphase transformer. The d-c., satu- 
rated core described by Mr. Prince has been utilized in a number 
of installations some years ago, but has since been abandoned 
because of a number of factors which limited the degree of com- 
pounding demanded by commercial practise. We have found 
that the rising voltage characteristic is not sought by purchasers 
of such conversion machinery. 

The paper by Mr. Prince points out that the regulation is 
largely a function of the variation in load as it increases and 
decreases. The scheme as offered does not permit an indepen- 
dent voltage control. We have found that there are possibilities of 
utilizing shunt connections which will permit the movement of 
the voltage curves vertically upward or downward, at the same 
time obtaining the benefit of the control Mr. Prince has described. 
The Brown Boveri Review of 1919, Nos. 7, 8 and 9, de- 
scribes such an installation and discusses the possibility of shifting 
the load by voltage control of the rectifier where a rectifier and 
rotary converter are operating in parallel. 

During the extended development of the mereury arc rectifier 
in large power sizes, as carried on by the Brown Boveri & Co. 
Ltd. of Switzerland, various schemes have been developed and 
patented, which permit of a flexible voltage control. These 
forms of control, however, include complications of circuits 
which demand additional reactance coils and machinery, and are 
not as commercially practicable as the circuits now offered, 
which provide for usual shunt characteristics. There is always 
available the induction regulator, transformer, tap changer, or 
similar device for changing the voltage of the sets. 

The mereury are rectifier has been installed in heavy electric 
traction service at varying voltages up to 4000 volts, d-c. The 
limit of the phenomena of conversion by the mercury are rectifier 
does not seem to have been approached at the highest commercial 
d-c. voltages in operation today. The rectifier is causing a great 
deal of study to be made of its possibilities by engineers interested 
in the electrification of steam railroads, since the weights and 
dimensions are at a minimum not heretofore reached per kilo- 
watt of substation output. No overhead cranes, heavy wall 
construction or heavy machine foundations are required in such 


“substations. The operation of putting the machine in service 


or taking it out of service is no more complicated than throwing 
on the bank of transformers which serve the rectifiers, thus 
permitting the substation employee to be easily trained and 
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of a type not essentially classed as “highly skilled.” I can 
clearly visualize the use of the rectifier being established along the 
right-of-way of a steam railroad at much more frequent intervals 
than the rotating machinery type of substation providing much 
closer d-c. trolley regulation and obtaining alternating current 
from any commercial source of any commercial frequency, thus 
obviating the use of railroad-owned power stations and trans- 
mission systems. 

It is interesting to note the control of the voltage and current 
curves as described in the paper by Mr. Prince. He sets forth 
the current characteristics in a very detailed fashion and we 
think that if it is possible to apply these schemes of voltage con- 
trol to the twelve-phase rectifier, a very satisfactory current 
wave form will result. 

Frequently we have been asked “‘What about radio inter- 
ference?’”’ because of the undulating character of the current 
wave form. Exhaustive tests were made by the largest utility 
company in the Middle West, using very sensitive radio receivers 
which were moved about the substation, and placed in all 
positions, to determine the extent of interference with radio 
reception. The results of this test proved definitely that there 
is no interference caused by the wave form emanating from the 
rectifier and through the circuits it feeds. We believe this test 
is of interest, as the wave form of the theoretical cireuit might 
cause an apprehension upon the part of some engineers if the 
practical test had not been made. Furthermore, full apprecia- 
tion had not been given to the fact that the superimposition of 
many phases of rectification causes practically a flat wave rather 
than a sharply undulating wave. ; 

Otto Naef: I think Mr. Wheeler is right when he says that 
in Europe not much use has been found for the interphase trans- 
former with d-c. magnetization. The method proved successful 
from the point of view of voltage regulation, but this asset was 
not considered important enough to set aside the disadvantage 
of higher cost, lower efficiency and power factor in a plant thus 
equipped. Besides, there has been a marked tendency in Europe 
in the last few years to eliminate, so far as possible, any compli- 
cated features. , 

I may mention here that instead of using a saturated inter- 
phase transformer, saturated transformers or choke coils in the 
anode circuits may be used with equal success. In addition to, 
or instead of, a series winding, a d-c. shunt winding may be put 
on the core, which, if excited from the d-c. mains, makes it 
possible to raise and lower the characteristic of the rectifier in 
much the same way as in an ordinary shunt-wound, d-c. machine. 


Mr. Prince’s curve shows a very steep rise in the voltage at 
low loads, which is a characteristic feature of the interphase 
transformer. It can be avoided by using a booster transformer 
instead of the interphase transformer. It may be excited from the 
low side of the rectifier transformer through areactance coil, the in- 
ductance of which is varied by the application of d-c. magneti- 
zation. In this way it is possible to vary the boost and thereby 
obtain compounding of the d-e. voltage without getting that 
first kick. ; 

F. A. Faron: Mr. Prince has removed one of the serious 
disadvantages of mereury are rectifiers when applied to railway 
service. A considerable proportion of the rectifier applications 
will be additions to systems where revolving apparatus having 
very definite characteristics is already in use. It is hardly 
conceivable that the characteristies of an existing system would 
be changed to permit the application of rectifiers with naturally 
drooping characteristics. On many occasions, it is necessary to 
install an additional unit in an existing station containing con- 
verters, and a rectifier with ‘drooping characteristics would divide 
loads properly with the existing units at only one point. Beyond 
that, the converter would have a tendency to take too great a 


share of the load and at low loads the rectifier would cause reverse 


current to flow through the converter, which would at least force 


the converter off the bus and possibly eause other difficulties. 
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This condition is analogous to attempting to operate a shunt- 
wound and a compound machine on the same bus, which we all 
realize is a very unsatisfactory arrangement. 

It has been proposed that the rectifier be operated with con- 
verters where the regulation of the converter is poorer than that 
of the rectifier. This is a very unusual condition, and I am not 
familiar with any place where this condition exists. 

With the method of compounding suggested by Mr. Prince, 
the interphase transformer may be arranged so that the satu- 
rating winding may be equalized with the series field of the con- 
verter, insuring load division at all points. 

Compounding is desirable from an economic standpoint, as 
none of the features considered desirable in a rectifier are im- 
paired and holding practically flat voltage at the substation is a 
condition which requires a minimum amount of feeder copper. 
This is applicable to approximately 90 per cent of the railway 
substations in this country. 

A rectifier without compounding is comparable to a shunt- 
wound converter having about the same regulation, whereas, 
with the compounding feature, the regulation is practically the 
same as that of a compound-wound converter. Other methods, 
such as tap changing or use of an induction regulator, while 
applicable possibly to an isolated station, are objectionable on 
account of external devices requiring maintenance, and the fact 
that no induction regulator is fast enough to follow load swings 
on the average railway substation. If possible to build a regula- 
tor of this sensitivity, the maintenance would necessarily be high, 
as the unit would be in practically continuous operation. 

The method of regulation offered by Mr. Prince is as simple as 
the series field ona converter. It will find large application and may 
be considered one of the most valuable additions to information 
on rectifier circuits made in recent years. 


E. B. Shand: I more or less agree with Mr. Wheeler that the 
shunt-wound converter is becoming more popular now for trac- 
tion and the value of the over-compounding or flat compounding 
is not as great as it used to be. 

There is one point to be made, however. It will be noticed 
that with the core unsaturated you get the effect of the ordinary 
balance coil and that the anode current flows for one-third of a 
cycle, but that with the balance coil saturated it flows for only 
one-sixth of acyele. That means the transformer will have to be 
about 25 percent larger; so it will be economically at a 
disadvantage. 

D.C. Prince: In the discussion of this paper, three questions 
have been raised: 1. Can the method be employed to give 
voltage control independent. of line-current variations? 2. 
Is excessive transformer secondary heating introduced by the 
operation of compounding? 3. Will its popularity be reduced 
by the trend toward substation layouts which limit the load on 
one substation by dropping its voltage? 

In answer to the first question, I should say that the problem 
of saturating the interphase transformer from a separate source 
is simpler than that of obtaining the correct characteristies by 
self saturation. If the latter problem is solved, the former 
follows automatically. 

Asa rectifier is loaded, the current waves in the several secon- 
dary windings spread out so that their utility factors improve. 
In a flat compound rectifier, the tendency of the compounding 
to make the utility factor worse is offset by the normal tendency 
of this factor to improve with load. The light-load utility 
factors are three-phase 0.68, six-phase 0.55. The six-phase, 
short-circuit, secondary utility factor is 0.75 so that the trans- 


‘former would not be expected to require materially greater 


secondary copper on account of compounding. Utility factor 
is defined as the ratio of no-load rectified voltage times rectified 
current to alternating sine-wave kv-a. for the same root-mean- 
square heating. 

A very desirable thing about the compound characteristic 
is that by the use of high-reactance transformers it can be taken 
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advantage of to hold substantially constant voltage to full load 
and yet with overloads the voltage breaks down more rapidly 
than that of a shunt machine so that the unit will shift its load 
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to other substations. Since the rectifier cannot fall out of step, 
a generously designed set might be made to stand short circuit 
for a brief period without being tripped free of the lines. 


Polarization of Radio Waves 
BY E.F. W. ALEXANDERSON! 


Fellow 


NTIL rather recently, the practise of radio com- 
U munication was confined to the use of long, earth- 

bound waves. These waves are preferred on ac- 
count of the regularity of day and night operation and 
the absence of fading. The characteristics of the earth- 
bound wave were extensively explored and there was 
a tendency to generalize these results assuming that 
they apply to all radio wave transmission. 

Usually the earth-bound wave is thought of as a 
moving electromagnetic field with horizontal magnetic 
lines sweeping parallel to the earth and vertical electro- 
static lines terminating in the conducting earth. This 
theory has been supported by a great deal of practical 
evidence. Attempts to measure horizontally electro- 
static lines have always given negative results and it 
almost seemed obvious that this should be so. It 
therefore seemed quite unnecessary to speak of polari- 
zation of radio waves, since the waves were supposedly 
always vertically polarized due to their nature of being 
earth-bound. 

A great amount of data was collected and among 
these were some surprising observations. For instance, 
it seemed as if the wave did not always come in from 
the proper direction but wandered around, seeming to 
come at times from the side and sometimes even from 
behind. This led to a good deal of discussion, but no 
plausible explanation was found. Yet the evidence 
was accepted as incontrovertible that such direction 
changes did exist because the observations were con- 
firmed by so many competent observers. 

Recent investigations of the phenomena of radio wave 
propagation, however, have led to another explana- 
tion, the conclusion being that the observed irregulari- 
ties were not actually changes in direction but changes 
in the plane of polarization. Whether such an explana- 
tion had been considered at some earlier date the 
author does not know, butif it was tentatively advanced, 
it was undoubtedly discarded on the ground of the ex- 
perimental evidence, showing that the horizontal 
electrical lines did not exist. As a matter of fact the 
polarization theory did not originate with the study of 
long-wave phenomena and it requires a new conception 
of wave propagation, developed through recent work on 
short waves. 


1. Chief Consulting Engineer, Radio Corp. of America and 
Consulting Engineer, General Electric Co., Schenectady, N. Y. 
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OBSERVATIONS ON SHORT WAVES 


Our first experience in signaling with horizontally 
polarized waves was gained as a result of an incident in 
an investigation which had been organized to study 
directive radiation with short waves. One of the sev- 
eral directive antenna systems which were used was a 
combination of two large, square, vertical loops, tuned 
for a wavelength of 50m. Each loop consisted of eight 
sections of conductor, separated by eight condensers 
so that each section was independently tuned. The 
composite antenna thus had four vertical conductors, 
two in each loop, and the object of the test was to regu- 
late the direction and phase of the currents so that the 
composite antenna would give a unidirectional radiation 
in the plane of the loops. The only practical way to 
adjust the phase of the currents proved to be to make 
measurements of the composite radiation within a few 
hundred feet of the antenna. When the radiation 
diagram so obtained was in agreement with the theoret- 
ical expectations, it was assumed that the system was 
properly tuned. The experimental station at Schenec- 
tady was in radio communication with the stations of 
the Radio Corporation of America, at Riverhead, Long 
Island, and Belfast, Maine, where the signals were 
measured to ascertain whether the directive character- 
istics were the same at distant points as near the station. 
In one case it was found that no radiation whatever 
could be observed in the field around the station. But 
investigation showed that, by accident, one of the loops 
had been reversed so that while current was flowing in 
all the vertical conductors as indicated by the ammeters, 
the resultant effect in radiation was zero. No sooner 
had these facts been ascertained than a communication 
was received from Long Island that the signals were 
50 per cent stronger than in previous tests. In view 
of the absence of any radiation near the station this 
surprising result called for further analysis. It was 
thus found that while the currents in the vertical con- 
ductors were in such a direction as to neutralize each 
other, the two top conductors carried current in the 
same direction. These conductors being horizontal, 
it followed that the radiation must have been hori- 
zontally polarized and that the failure of the local 
instrument to indicate any radiation was due to the 
fact that it was sensitive only to vertical radiation. 


Since then, a number of antenna forms for horizon- 
tally polarized radiation have been tested and used in 
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commercial service by the Radio Corporation of Amer- 
ica. The practical conclusion reached through these 
tests, as well as the findings of the government labora- 
tories and many amateurs, is that in most cases hori- 
zontal transmission and reception with short waves 
is superior to the old methods of using vertical 
polarization. 

When one attempts to discuss the phenomena of 
wave polarization, he finds many theoretical and 
practical aspects and many questions which may be 
asked. For instance: 

How does the wave acquire a horizontal polarization 
when it is radiated vertically and why does the wave 
become vertical when it is radiated horizontally? 

Does the wave always twist in space or only under 
some circumstances, and what are these circumstances? 

Why is horizontal polarization the rule on short 
waves and so difficult to discover on long waves? 

How strong is static in the horizontal plane? 

What relation has polarization to fading? 

Does a wave fade in the horizontal and the vertical 
plane at the same time? 

Can direction finders be made to compensate for 
errors due to polarization? 

Many such questions may be asked and only a few 
can be answered definitely. If the idea of wave 
polarization is to be more than an empty phrase, we 
must try to form in our minds a picture of what the 
wave itself consists of, before we can intelligently discuss 
the peculiarities of its behavior. 


THEORY OF WAVE MOTION 


This subject is being approached from two angles: 
one, the classical theory of light radiation in the ether; 
the other, the electromagnetic theory as we know it in 
electrical engineering. Both of these theories have 
their difficulties. The only positive knowledge we 
have of electricity is the electronic theory. We know 
that the electron is the smallest element of matter. 
We know its mass, its electric charge and how fast it 
travels. But we. do not know what magnetism is. 
As a matter of fact- there is good reason to believe 
that there is no distinct force that can be called a mag- 
netic field. Modern science also denies the existence of 
ether. Wehave tentatively substituted a conception of 
electromagnetic field, in which the energy appears 
sometimes in electric form and at other times in mag- 
netic form. This is a mathematical rather than a 
physical substitution, but it is convenient because it 
permits us to use the equations for the electric and mag- 
netic fields as used in electrical engineering. However, 
it ig not an explanation. To an electrical engineer, a 
magnetic field is very real and in its nature is quite 
different from an electrostatic field. From this point 
of view, it requires a good deal of imagination to con- 
ceive that a magnetic field is nothing but a manifesta- 


tion of a moving electrostatic field. Yet we may be 


forced to change our conception to that extent. This 
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means the return to Faraday’s idea of tubes of force 
which are material bodies with mass and elasticity. 

The ordinary antenna consists of a vertical wire in 
which electrons periodically move up and down, and the 
space field, which accompanies the electrons, moves 
up and down with them. This moving space field is a 
physical reality. It has a mass and kinetic energy 
stored in its motion and it has elasticity. A physical 
model of such a field can be built. The field itself ex- 
tends into space but the different portions of the field 
do not move simultaneously. This elastic, electric body 
moves in the only way in which one may conceive of a 
structure maintaining a periodic motion, thatis, in waves 
proceeding from the center. The magnetic field is noth- 
ing but the kinetic energy of thismovingstructure. The 
electromotive forces which, according to our well- 
known equations, are induced by the change in the 
magnetic field, are nothing but the elastic forces which 
react against the inertia of this electrical body. 

With this picture in mind, it is not difficult to see 
the physical meaning of wave polarization. The ordi- 
nary radiator hasa vertical conductor in which the elec- 
trons move up and down and the accompanying fields 


Mecuanica, Mopret SHowine How A PLANE WaAveE CHANGES 
Into A SPIRAL 


move up and down with them within a radius of one- 
quarter wavelength. The inertia of this moving field, 
close to the conductor, is propagated through an elastic 
medium in accordance with ordinary laws of wave 
motion. In the wave which thus proceeds from the 
origin, every element oscillates in a vertical plane. 
Thus the vertically polarized radiation is closely analo- 
gous to a wave on the surface of water. 

The radiator of horizontally polarized waves consists 
of a closed loop conductor in the horizontal plane. In 
this conductor the electrons circulate first in one 
direction and then in the other. 


MECHANICAL MODEL FOR STUDYING WAVE 
POLARIZATION 


A mechanical model has been built for the study of 
wave polarization in the laboratory. The model con- 
sists of weights suspended in such a way as to make 
them free to move in all directions. Twenty-two of 
these weights are arranged in a row and connected by 
rubber bands. Each weight is suspended from a yoke 
and an equal weight hung on the other side of the yoke 
to serve as a counter weight. A screen is set up so as 
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to hide the counterweights and avoid confusion in ob- 
serving the wave motion. This model was set up es- 
pecially to study the twisting of the plane of polariza- 
tion and the experiment has strikingly confirmed the 
theory which it was intended to illustrate. This 
theory is briefly as follows: 

Let us assume that the medium through which the 
radio waves pass has such characteristics that the ve- 
locity of propagation for a vertically polarized wave 
differs slightly from the velocity of the propagation for a 
horizontally polarized wave. For the present purpose, 
it is not necessary to try to,explain the reason for this 
difference in velocity, but we may assume that the reason 
for it is the electrostatic or magnetic earth field or a 
retarding effect due to the closeness of the earth. 
Whatever the cause, we may assume that such a differ- 
ence of velocity exists and the mechanical model has 
been constructed so as to reproduce such conditions. 
Thus wave motions in the horizontal or vertical planes 
can be studied independently, and these two wave 
motions may be adjusted for different velocities. A 
wave started in the vertical plane maintains itself 
vertically and a wave started horizontally maintains 
itself horizontally. If, however, a wave is started in a 
plane 45 deg. between the vertical and the horizontal, 
it is found that the wave motion proceeding therefrom 
assumes the shape of a spiral. The straight-line os- 
cillation of the first weight is passed along as an ellip- 
tical motion which gradually widens into a circle. 
Then this circle again narrows down to an ellipse and 
finally to a straight line at right angles to the original 
line of oscillation. This is exactly in accordance with 
the theory. The point where the wave has shifted its 


TRANSMITTING Loops UsrEp IN TESTS WHICH REVEALED 
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plane of polarization 90 deg. is the point at which 
the faster of the two waves is half a wavelength ahead 
of the slower wave. From this point on, the wave 
proceeds, repeating this peculiar spiral motion. 

The fact that the twisting of the wave is due to dif- 
ferent velocities in the two planes of polarization can 
also be demonstrated by this model. For such a 
purpose, the tension of the rubber bands between the 
counter weights is changed. The effect of this is to 
change the velocity of propagation in the vertical plane, 
whereas the velocity in the horizontal plane has not been 
affected because only the vertical motion is transmitted 
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to the counter weights by the suspension yokes. The 
system can thus be adjusted so that the velocities in 
the horizontal and the vertical planes are exactly equal. 
After this has been done, it is found that the tendency 
to spiral motion disappears and the wave remains 
strictly in the plane in which it has been started. 

While this mechanical experiment brings out no new 
facts unknown to the classical theory of wave motion, 
it helps us to visualize the main phenomena in the radio 
wave propagation which we are trying to explain. The 
phenomenon of a constantly shifting plane of polariza- 
tion, discovered experimentally in the tests between 
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Schenectady and Long Island, can thus easily be 
explained. 

This conception of the wave motion also is a help in 
explaining the phenomenon of fading. There is much 
experimental evidence that fading is a phenomenon of 
wave interference. In other words, the fading is due to 
the fact that the radio waves arrive at a certain point 
through two paths. The waves will sometimes add to 
each other and sometimes neutralize one another. If 
one bears in mind the observations on the mechanical 
model and. the fact that the waves in the two planes 


can be traced through, separately and distinctly, one 


may conclude that the two paths of the radio wave 
which produce fading are not necessarily two separate 
physical paths but may be the two paths in the horizon- 
tal and the vertical plane of polarization. For further - 
illustration of this, a detector may be introduced into 
the mechanical model. If this detector is placed at a 
certain distance from the origin it is found that it gives 
no response when the system is adjusted for different 
velocities of propagation, whereas when the system is 
adjusted for equal velocity in the horizontal and verti- 
cal plane it gives a maximum response. Thus the 
phenomenon of fading has been reproduced mechan- 
ically through polarization in a single wave path. 
- By this, it is not suggested that in actual radio trans- 
mission the mechanical equivalent is sufficient to ex- 
plain the fading. However, it is offered for what it 
may be worth as a help to interpret the many observa- 
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tions in actual radio transmission which are being 
accumulated. 


IRREGULARITIES OF DIRECTION FINDERS 


It has been known almost since the beginning of 
transatlantic communication with long waves that 
measurements of direction of wave propagation with 
rotating loops show peculiar irregularities from the 
time of sunset. It has also been known among aviators 
that direction finder bearings on an airplane are correct 
only if the plane flies in the line towards the observing 
station. If the plane flies at right angles, the direction 
finder gives false orientation as high as 45 deg. or more. 
This false orientation is greater if the antenna is trailing 
horizontally. It is therefore attempted to keep the 
antenna as nearly vertical as possible by a weight. 

A third set of observations has been brought out 
through the research work in Schenectady on horizon- 
tally polarized waves radiated by horizontal loop. 
Measurements with a direction finder receiver usually 
give bearings approximately at right angles to the place 
where the station really is, but sometimes it gives no 
direction indication at all: Other measurements indi- 
eate that the direction of wave propagation is almost 
perpendicularly vertical. The observation that the 
wave appears to come straight down from above sug- 
gested an explanation that wave components radiated 
directly upwards had been reflected straight down by 
the Kennelly-Heaviside layer. However, in view of the 
other facts to be considered this explanation seems less 
likely. 

Putting all these facts together it seems now that the 
old observations on the long wave, theairplane, and our 
recent work on the horizontal loop all may be explained 
as a characteristic behavior of the horizontally polar- 
ized wave. In all three cases, while the wave appears 
to come in from unexpected directions, it actualiy does 
not. When in the third case there is no direction in- 
dication whatever, and the wave appears to come in 
from above, this also is an illusion. The question is, 
what really does happen? 7 

This is the problem on which the experiment with the 
mechanical model can throw some light. For this 
purpose let us return to the idea that the radio wave is a 
mechanical wave motion in the elastic electric medium. 
In the mechanical model, the weights represent the 
mass and the rubber bands the elasticity of this medium 
and the vertical as well as horizontally polarized wave 
can easily be reproduced. But in order to imitate a 
wave motion over the surface of the earth, one must 
also in some way imitate the presence oftheearth. The 
earth is a conductor and therefore the elastic strains 
represented by the rubber bands cannot exist in the 
earth. On the other hand, displacement currents 
in the electric medium can induce conduction currents 
in the earth. These conduction currents are electrons 
in motion which can be represented by weights not tied 
together by rubber bands in the horizontal plane, 
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whereas they are electrically associated with the elec- 
tric medium above. To imitate this condition, weights 
may be hung by vertical rubber bands so that they are 
elastically associated with the wave medium but not 
connected to each other. If, now, a_ horizontally 
polarized wave is sent forth through this system, it 
is found that the wave motion is propagated to the 
vertically suspended weights producing elastic strains 
in the vertical rubber bands. It must be remembered 
that the elastic strains represent electromotive forces 
and these elastic strains so produced are of the same 
character as if they were a part of a vertically propa- 
gated wave motion. No such wave motion actually 
exists and these strains are only the electromotive 
forces which induce currents in the ground. If we now 
assume that a receiving antenna is set up in the form of 
a vertical loop with its plane at right angles to the wave 
motion, the primary wave motion does not induce any 
currents in the loop. However, the secondary electro- 
motive forces, which induce currents in the ground, 
are in the plane of this loop and tend to induce such 
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currents in the loop. In other words we may say that, 
inasmuch as the currents induced in the ground are at 
right angles to the wave motion, the loop is in the 
plane of those ground currents which, in their turn, 
induce currents in the loop. 

If this theory is correct, it should be found that 
false indications of the direction finder and the appar- 
ently vertical wave propagation can be observed only 
in the proximity of the ground. Thus, if observations 
are made in airplanes high enough from the ground, 
the horizontally polarized wave should show a hori- 
zontal plane of polarization with a true direction of 
propagation. a 

Some measurements have been made which confirm 
these conclusions. By making frequent measurements 
to within ten miles of the station a set of tests: was made 
exploring the characteristics of a wave radiated from 
a horizontal loop. The composite picture which was 
obtained from this test was a continuously twisting 
plane of polarization with alternate points of plane and 
circular polarization. At intermediate points, the 
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polarization was elliptical. The plane polarization was 
indicated by sharp directional bearings and circular 
polarization was indicated by equal intensity from all 
directions. The observations indicating plane po- 
larization gave bearings sometimes towards the trans- 
mitting station and sometimes at right angles. 

Beside these measurements around the vertical axis, 
observations were made with the loop in the horizontal 
plane. On flat fields the horizontal position gave 
nearly zero response. At the top of a steep hill and a 
high bridge, the response in the horizontal plane was 
equal to the vertical. 

These results indicate the presence of a horizontal 
and a vertical wave component with different velocity 
of propagation. Whenever the two waves are in 
phase, they give plane polarization. When they are 
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90 deg. out of phase, they give circular polarization. 
The observation with the loop in the horizontal position 
on the top of the hill and the bridge shows that even a 
moderate elevation is sufficient with short waves to 
reach the point at which the horizontal electromotive 
forces are not short-circuited by the ground. 

All this leads the author to believe that horizontal 
polarization is not confined to short waves only. Direct 
observation of horizontal polarization at long waves 
could be made only at great heights but indirect ob- 
servations through the effect of ground currents can 
be made by ordinary direction finders at any wave 
length. If this theory is correct it means that the ir- 
regularities of direction finder indications recorded on 
long waves can be explained by the presence of hori- 
zontally-polarized wave components. 


Current Transformers with Nickel-Iron Cores 
BY THOMAS SPOONER: 


Member, A. I. E. E. 


Synopsis.—There has been developed recently a. nickel-iron alloy 
called hypernik which has especially low hysteresis loss and high 
permeability at low inductions. Due to these properties the ma- 
terial is particularly suitable for the cores of current transformers. 
A ring-type series transformer with a core of hypernik has ap- 
proximately one-third of the ratio and phase-angle errors exhibited 
by a similar transformer having a core of ordinary stlicon steel. 


A he accurate metering of power supplied at high 
voltages is difficult due to limitations in the per- 
formance of through-type current transformers. 
With a single turn for the primary the available m. mf. 
for low currents is very small. For a standard five- 
ampere secondary winding the number of secondary 
turns is fixed by the ratio; therefore, for a given burden 
inductions in the cores are high which means relatively 
large core losses and magnetizing currents. As the 
transformer ratio decreases the phase-angle errors rise 
very rapidly due to losses and the low permeability 
at low inductions for the ordinary silicon-steel core 
materials. 

Some years ago L. W. Chubb recognized the pos- 
sibility of improving the performance of current 
transformers by the use of certain nickel-iron alloys 
which have especially high permeability at low in- 
ductions.2 Such a material has now become commer- 
cially available through the efforts of T. D. Yensen and 
PSH. Brace. 

The purpose of this paper is to show some of the 
advantages which may be gained by the use of a 
particular nickel-iron alloy called hypernik for the 
cores of through-type transformers. 


CURRENT TRANSFORMER CHARACTERISTICS 


If the magnetic properties of the core of a current 
transformer and the leakage reactances of the windings 
are known, the ratio and the phase-angle errors for any 
secondary current or burden on the transformer may 
be calculated quite accurately. Since this particular 
discussion is limited to through-type transformers, 
the effect of leakage reactance will be neglected since 
this is practically negligible for this type of transformer.’ 

In order to calculate the performance of ring-type 
transformers, it is necessary then to know only the watt 
and wattless components of magnetizing current for the 
particular core at the desired frequency and induction 


1. Research Engineer, Westinghouse Electric & Mfg. Co., 
East Pittsburgh, Pa. 

2. U.S. Patent Number 1,277,384. 

3. Effect of Magnetic Leakage in Current Transformers. 
H.W. Price, C. K. Duff. ~ 

Papers on Current Transformers. Bull. No. 2, Section No. 4, 
University of Toronto, 1921, p. 169-171. é. 

Presented at the Regional Meeting of District No. 1 of the 


4.1. E.E., Niagara Falls, N. Y., May 26-28, 1926. 


The relative performance of transformers with cores of the two 
kinds of material are shown by test and by calculation for various 
burdens and ratios. The minimum ratio for which satisfactory per- 
formance can be obtained with a through-type transformer having a 
hypernik core ts about 200 to 4. 

This new material is relatively expensive but its use will un- 
doubtedly be warranted for certain applications. 


as determined by the secondary current and burden. 
A method of measuring the core characteristics will be 
discussed later. 

The relation between the magnetic properties of the 
core and transformer performance has been shown very 
clearly by Agnew.‘ Fig. 1 shows the vector diagram 
of a current transformer supplying an inductive load. 

E, is the secondary voltage. 

I, and I, are the primary and secondary currents, 
respectively. 

nis the ratio of the number of secondary to primary 
turns. 

g is the phase angle of the secondary current. 

M is the magnetizing component of the core exciting 

current necessary to produce the flux ®. 

F is the corresponding loss component of exciting 
current (due to hysteresis and eddy losses in 
the core). 

Because of the magnetizing and loss components of 


Fig. 1—Vector DiaGRAM OF CurRRENT TRANSFORMER 


the exciting current there will result (unless the exciting | 
current is in phase opposition with the secondary 
current) a phase angle between the primary and 
secondary currents which will differ from 180 deg. 
by the angle 6. This is the phase-angle error of the 
transformer. The ratio error is proportional to the 


difference between I, and n has 


Agnew gives the following simplified formulas for 
calculating the errors in current transformers. 


M sin g + F cos ¢ 
Ratio (R) = » + Berry ooh AA Teale (1) 


4. A Study of the Current Transformer with Particular 
Reference to Core Losses. P. G. Agnew, Bull. Bureau of Stand- 
ards, Vol. 7, 1911, pp- 423-474. 
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M cosg—F sing 
nT» 


Obviously if ¢ is 0, namely, if the burden on the 
secondary of the transformer is non-inductive, 


Tan’? = (2) 


F 
R=n-+ ie (3) 
Tan 6 wa 4 
is %L5 ” 


In other words, for this case and a given secondary 
current the ratio depends only on the ratio of the 
secondary to primary turns and the loss in the core. 
The phase angle depends only on the same turn ratio 
and the magnetizing current or permeability of the core 
material. 

A material is desired, therefore, which has low losses 


Sample~~ Transformer 


A.C. Potentiometer 


Fig. 2—Di1acram or CONNECTIONS FOR RING TESTING 
and high permeability at low inductions. It is such a 
material which has now become available. 


DETERMINATION OF MAGNETIC PROPERTIES OF CORE 
MATERIALS 


In order to predetermine the performance of a given 
design of a current transformer under definite condi- 
tions of load, it is desirable to have curves for the 
specific kind of core material which is to be used, 
giving the watt and wattless components of the ex- 
citing current plotted against induction. Such data 
can be obtained by supplying a sample of core material 
with a winding or windings, applying different voltages 
of the desired frequency and measuring the current 
and watts by means of sensitive indicating instruments. 
For very low inductions this is rather a difficult and 
tedious process since the wattmeter must be very 
sensitive and corrections must be made for the in- 
strument losses.’ 
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A much quicker and simpler method is to use a 
Tinsley-Gall, a-c. coordinate potentiometer.’ The 
use of this instrument for such a purpose has been 
described recently. The method of test is shown in 
Fig. 2. 

The a-c. potentiometer, itself, is shown schematically. 
It consists of two distinct potentiometers supplied with 
currents which are equal in magnitude but differ 90 deg. 
in phase. These currents are obtained from a phase- 
shifting transformer having a two-phase secondary 
winding. Voltage balance is indicated by means of a 
vibration galvanometer. The sample, which is shown 
in ring form, is provided with primary and secondary 
windings N, and N>. A-c. current of the desired fre- 
quency is supplied from a convenient source through 
a regulating transformer and a series resistance. This 
source is the same as that which supplies the primary 
of the phase-shifting transformer. The primary cur- 
rent I, is first adjusted to some convenient value and 
switch S is thrown to the left, thus connecting the 
potentiometer to the secondary winding N>». Poten- 
tiometer B is set to O and the phase-shifting trans- 
former and potentiometer A are then adjusted for O 
reading of the vibration galvanometer VG. When 
this adjustment is completed, A gives the magnitude 
of the secondary voltage and from it the induction in the 
sample can be calculated as follows, assuming a sine 
wave of voltage, which is nearly true for low: and 
moderate inductions assuming approximately a sine- 
wave supply of current. This assumption is far from 
true, however, for high inductions. 

8 
Re , E. X 10 5) 
x No Xf x 4.44 
where 

Bis the induction in gausses 

E, is the voltage induced in the secondary 

A isthe cross-section of the specimen in sq. cm. 

Nz. isthe number of secondary turns 

f  isthefrequency. 

Next, S is thrown to the right connecting the 
potentiometer across the terminals of the shunt R. 
Then potentiometers A and B are adjusted for a vibra- 
tion-galvanometer balance. The reading of A is 
now proportional to the loss component of the current 
in the primary and the reading of B is proportional to 
the wattless or magnetizing component of the current. 
If R equals 1 ohm, the readings of A and B are directly 
in amperes. This operation may be repeated for as 
many inductions as is desired. If more convenient, a 
single winding only may be used on the sample, pro- 
vided it has a negligible resistance. 

If now the magnetizing current is multiplied by the 


5. A New A-c. Potentiometer, by D. C. Gall, Electrician, 
Vol. 90, April 6, 1923, p. 360. 

6. Some Applications of the A-C. Potentiometer, T. Spooner, 
Journ. Optical Society of America and Review of Scientific In- 
struments, March 1926, p. 217. 
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voltage and divided by the weight of the samplé in 
pounds, there will result the wattless volt-amperes per 
pound for the material. Similarly the watt component 
of current gives the watts per pound. This is on the 
assumption that N, and N. are equal. By using a suffi- 
ciently large sample, data have been obtained by this 
method for arange of inductions from a few gausses to 
several thousand gausses, both at 25 and 60 cycles. 
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Figs. 3 to 6 show the watt and wattless volt-ampeze 
for 60 and 25 cycles for a good grade of four per cent 
silicon steel as compared with a rather poor specimen of 
hypernik. The thickness of laminations was 0.014 in. 
(0.0356 em.). These particular curves cover a rather 
limited range of inductions but indicate clearly the 
difference in the properties of the two kinds of material. 
The marked superiority of the hypernik is obvious. 
For actual design purposes it is more convenient to 
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plot the results on double-log paper since a much 
larger range of inductions can ke covered with less 
confusion of scales. 

The Calculation of Performance. Using the magnetic 
characteristics of the material as given by such curves as 
shown in Figs. 3 to 6, and by using formulas (1) and (2), 


it is a very simple matter to predetermine the char- 


acteristics of a through-type transformer. The method . 


will be illustrated by an example and the results com- 
pared with actual test’ values. The following con- 
stants apply to a transformer actually built and tested 
at 60 cycles. 
Core Material. 

Hypernik 
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Rings: 5% in. (14.9 em.) outside diameter; 35¢ in. 
(9.2 em.) inside diameter 
Weight: 10 lb. (4.54 kilograms) 
Cross-section of core (density 8.38) = 14.22 sq. cm. 
Secondary Windings. 
Purns aN >) =. 100 
Resistance = 0.109 ohm 
Burden 
15 volt-amperes at 80 per cent power factor (re- 
sistance 0.480 ohms) 
Inductance = 956 microhenries. 
The total resistance to be considered in calculating the 
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performance must include the secondary resistance of 
the transformer winding; therefore, 

R = 0.109 + 0.480 = 0.589 ohm. 

X = 2x f 956 X 10-* = 0.360 ohm. 

V/ R?2 + X? = 0.690 ohm 


tang = 0.611 
sing ‘=:0;521 
cosg = 0.853 


One ampere in the secondary, therefore, corresponds 
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to 0.690 volt and from this the inductions can be 
calculated by the ordinary transformer formula (5). 


TABLE I 
CALCULATION OF TRANSFORMER PERFORMANCE 
per lb. 
pet A ie a 
Io Es B VA Ww M F R tan 6 6 


1.0069 |0.00590} 20’ 
1.0060 |0.00422) 14’ 
1.0053 |0.00270) 9’ 
1.0049 |0.00188] 7’ 
1.0045 |0.00141|) 5’ 
1.0042 10.00107| 4’ 


91 |0.00015|0.000049) 0.435 
182 |0.00047|0.00021 | 0.681 
364 |0.00140]0.00086 | 1.014 
546 |0.00259|0.00200 | 1.250 
728 |0.00393|0.00348 | 1.424 
910 |0.00540|0.00530 | 1.566 
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The wattless volt-amperes per pound, V A, and the 
watts per pound, W, were obtained from curves similar 
to those given by Figs. 3 and 4, but covering a greater 
range of inductions. In order to obtain M and F, it is 
simply necessary to multiply V A and W, respectively, 


N2W; 
Be 


by where W, is the weight of the core ma- 
terial in pounds. R and tan @ are then obtained 
directly from formulas (1) and (2). 

This detailed analysis has been followed through 


1.007x100 
Burden= 3.16 Volt-amperes 
Power- factor=82.4 Per cent 
1.006 . | 
NS Silicon | 
‘ 
1.005 SS 
* = | Test 
~ 
° ey Calculated-* ~~? ~-===> 
= 
.-¢ 
Pa 
1.003 4 j= 
ik 
1.002 — Hyperni i 
Calculated” -777-> 
1.001 
1.000x100 
Sige 


2 3 4 
SECONDARY AMPERES—60~ 


Fic. 7—500-5 Rinc-Tyee Current TRANSFORMERS 


Burden = 3.16 volt-amperes 
Power factor = 82.4 per cent 


since it has been observed that a person not familiar 
with this type of calculation is very likely to make a 
mistake in applying the various formulas. 


CHECK VALUES 


Two transformers exactly alike, except that one had 
a silicon-steel core and the other a core of hypernik, 


Burden = 3.16 Volt amperes 


Power- factor =,82.4 Per cent 
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' Burden = 3.16 volt-amperes 
Power factor = 82.4 per cent 


were constructed according to the above specifications, 
each core weighing 10 lb. They were sent to the 
Bureau of Standards for check at 60 cycles and two 
burdens, namely 3.16 volt-amperes and 15 volt- 
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amperes. It may be noted that the net inductions in 
the two cores were slightly different although the 
fluxes were identical since silicon steel has a density of 
about 7.5 and hypernik of about 8.3. 

The test and calculated results are given by Figs. 7 
to10. The checks are probably about as close as could 
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be expected and are in general very good. Before 
calculating the performance, the magnetic quality of the 
core material was checked on a completed transformer 
at two or three inductions by means of the a-c. po- 
tentiometer and where the results departed appreciably 
from the curves of Figs. 3 and 4 parallel curves were 
drawn from which the magnetic data were obtained. 


“RELATIVE PERFORMANCE OF TRANSFORMERS FOR 


VARIOUS RANGES 
Having shown that it is possible to calculate the per- 
formance of this type of transformer with approximately 
the same accuracy as it can be tested, we are now ina 
position to show by calculation what can be expected 
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for various ranges. Figs. 11 to 15 give the comparative 
ratio and phase-angle curves for silicon and hypernik 
transformers for various ranges of secondary current 
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from 200 to 1500 amperes, using various burdens and 
weights of core material. The very considerable su- 
periority of hypernik over the silicon steel is seen for 
these conditions. In comparing the ratio curves it 
should be remembered that by means of turn compensa- 
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tion the actual ratio curves may be reduced much closer 
to unity by this means. It will be noted, however, that 
this compensation will not be nearly as effective for the 
silicon-steel transformers since the ratio curves are not 
nearly as flat as for the hypernik. The phase-angle 
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errors will not be affected much by turn compensation. 
Of course, compensation for phase-angle and ratio 
errors can also be effected by means of parallel non- 
inductive or capacity shunts, but this is rather unsatis- 
factory since an adjustment has to be made for each 
burden.’ 

As an indication of the burdens which may be im- 
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posed on a current transformer it may be mentioned 
that a watthour meter requires from one to two volt- 
amperes at full load and a switchboard ammeter about 
three volt-amperes. Relays and recording instruments 
may take 15 volt-amperes or more. 


CONCLUSIONS 


A new core material for current transformers has been 
made available which for the same weight of core 
reduces the ratio (assuming no compensation) and 
phase-angle errors to approximately one-third of those 
resulting from the use of ordinary silicon steel. This 
material is much more expensive than silicon steel but 
for large installations, where considerable blocks of 
power need to be measured accurately, the extra cost 
would be insignificant as compared with the value of 
the improved accuracy of measurement. Where there 
are space limitations, if desired, a smaller amount of 
core material could be used giving the same performance 
as for the silicon steel and at approximately the same 
cost, but resulting in a smaller transformer. 

The gain to be expected by the use of hypernik for 
the cores of transformers, using L-shaped punchings, 
would not be as great as for ring-type punchings, due to 
the decreased permeability resulting from the gaps. 
Even here, however, for the same size of transformer a 
considerable improvement by the use of the new iron 
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would result. The use of hypernik in through-type 
transformers will perhaps be the most important 
application since it is in this case that the transformer 
designer finds his chief difficulty in obtaining good 
performance. In this connection, however, it may be 
mentioned that hypernik is of no value for the cores of 
through-type transformers operating very heavy- 
burden relays since it saturates at a considerably lower 
induction than silicon steel. It is only at the lower 
inductions, namely, for meter loads, that its superiority 
manifests itself. 

The application of this material for improving cur- 
rent-transformer performance is extremely simple since 
it involves no changes in the general transformer design 
and no changes in the existing meters. 


Discussion 


I. F. Kinnard: In the design of current transformers, it has 
long been recognized that a core material having low losses and 
high low-induction permeability is desirable. It is undesirable, 
however, to have the permeability of a transformer core changing 
very rapidly over its working range. 

Wonderful strides have been made in perfecting magnetic 
materials in recent years. The material described recently by 
Messrs. Arnold & Elmen! known as ‘“‘permalloy’’ has properties 
which recommend it very highly for the use Mr. Spooner has 
outlined. Mr. Spooner has not given us any specific magnetic 
or metallurgical data on hypernik, but it probably can be as- 
sumed that it is very similar in its properties to the series of iron- 
nickel alloys described by Yensen?. 

Permalloy in particular, and, to a lesser degree, other iron- 
nickel alloys, partially fulfill the requirements of an ideal core 
material. The reason they do not more completely fulfill these 
requirements is largely due to their rapid change in permeability. 
In fact, at a fairly low induction the permeability falls off sorapidly 
that the accuracy of the transformer is seriously impaired, as 
pointed out by the author. This is particularly troublesome in 
the through-type or bushing transformers where the operating 
density is necessarily high with secondary burdens usually met 
with in practise. 

It is to be hoped that further improvement may make it possi- 
ble to utilize the remarkable properties of these various alloys 
to greater advantage; that is, that their range of usefulness may 
be extended to transformers having less than 200 ampere-turns 
which will operate secondary burdens up to at least 15 or 20 
volt-amperes. 

I am interested in Mr. Spooner’s description of utilizing the 
coordinate a-c. potentiometer for measuring the magnetizing 
and watt components of the exciting current. This is a big 
improvement over most methods used in the past. I believe 
it is possible to extend this general method so that a strietly 
null setting may be obtained and the possible accuracy made 
even greater. We must not lose sight of the fact, however, 
that the real criterion of a transformer’s performance is the 
precision measurement of its ratio and phase angle. 

Several laboratories are equipped to measure these quantities 
directly to a higher degree of accuracy than we can hope to 
reach by their calculation from a knowledge of exciting current 
and magnetic properties. 


W. K. Dickenson; The ideal toward which every instrument- 
transformer engineer is working is to obtain a minimum error 
in the ratio of transformation of voltage or current, particularly 
that part of the error commonly called the phase angle, which 


1. Journal Franklin Institute, May, 1923, pp. 621-632. 
2. A.J. E. E. Transactions, 1924, p. 145. 
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is caused by the secondary voltage or current not being in exactly 
180-deg. phase opposition to the primary voltage or current. 

In current-transformer design, this has usually been accom- 
plished by the use of a relatively high number of ampere-turns 
(usually 1000 to 2000) and by a considerable cross-section of 
core iron. This materially limits the use of the through-type 
or single-turn-primary type of transformer, since, as there is 
only one turn available, the current has to be 1000 amperes or 
more to give a sufficient number of ampere-runs for a good 
transformer. 

A very considerable improvement in the characteristics of 
transformers, particularly current transformers, has been ob- 
tained by the now very common use of silicon steels. It is very 
encouraging to note the further improvement in both the ratio 
and phase-angle errors by the use of high-permeability steels, 
such as hypernik and other nickel-alloy steels, such as_nicaloi 
or permalloy. Mr. Spooner has shown that not only can the 
ampere-turns be reduced (he states a minimum of 200 ampere- 
turns) but the weight of core can also be reduced by the use of 
hypernik. 

As pointed out by Mr. Spooner, however, it is to be regretted 
that only low secondary burdens may be operated by trans- 
formers having cores of these nickel-alloy steels, because of 
their characteristic of becoming saturated at quite low magnetic 
densities. It is unfortunate that in the particular application 
where the through-type or single-turn, primary type of trans- 
former would be of greatest value, viz., in large power stations, 
the secondary burden is likely to be fairly high, due to the neces- 
sary length of the secondary leads. These leads are seldom less 
than 100 ft. in length (200 ft. No. 10 A. w. g. wire equals 5 volt- 
amperes) and in one of the new stations in New York City the 
secondary leads are 1000 ft. in length, 2000 ft. of wire (50 volt- 
amperes for No. 10 A. w. g. wire). 
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It is to be hoped that means may be discovered that will 
enable us, through a wider range, to take advantage of the very 


encouraging results obtained by Mr. Spooner by the use of nickel- 
iron alloys. 


Thomas Spooner; Mr. Kinnard is correct in assuming that 
hypernik is a nickel-iron alloy. The nickel content is approxi- 
mately 50 per cent. Hypernik, however, is a very special alloy, 
in that it is made from very pure raw materials in a type of 
electric furnace which permits of no contamination. After 
being rolled to the proper thickness it is given a special, somewhat 
expensive heat treatment which was developed for this particular 
material. 


Mr. Kinnard has perhaps misunderstood my purpose in using, 
to a large extent, calculated instead of test values for current- 
transformer performance. It was first shown that for through- 
type transformers, this is a reliable procedure. ‘The calculated 
performance for a number of sizes of transformers was then 
determined, since this is much quicker than actually constructing 
the transformers and then testing them. If transformers are 
actually to be built, it is of course better to measure than to 
calculate their errors if accurate results are desired in order to 
take care of variations in the core material and, in any but 
through-type transformers, of the effect of joints in the magnetie¢ 
circuit and of magnetic flux leakages. 

Referring to Mr. Dickenson’s remarks, while it is true that 
the nickel-iron alloys saturate at a considerably lower induction 
than do the silicon steels, the permeability of hypernik is never- 
theless higher than that of the best laboratory-prepared silicon 
steel up to an induction of five or six kilogausses. This corre- 
sponds to a fairly large secondary burden, even for low-ratio 
through-type transformers, thus making hypernik superior to 
silicon steel even under these adverse conditions. 


Circulation of Harmonics in Transformer Circuits 
BY T. C. LENNOX! 


Associate, A. I. E. E. 


Synopsis.—The paper describes the manner in which certain 
series of harmonic currents may be permitted to flow within a trans- 
former network. In particular it is shown how the fifth and seventh 
harmonics of transformer exciting current may be eliminated from 


transmission lines. The extent to which the harmonic currents 
generated in a rectifier may be eliminated from the a-c. lines by 
means of phase multiplication vs also indicated. 


HE action of a third harmonic of current or voltage 

in three-phase a-c. transformers has become familiar 

to engineers. Very exhaustive studies of the third 
harmonic of transformer magnetizing current, in 
particular, have been necessary, due to the excessive 
voltages that may result in Y-connected, three-phase 
circuits where the harmonic of current cannot flow, 
and to excessive interference with telephone circuits 
when it flows in a grounded neutral circuit. 

It has not been so generally appreciated that this is 
but one of many similar phenomena that may be en- 
countered if other harmonics than the third and other 
connections than the simple three-phase, Y, or delta are 
studied. 

The case of the third harmonic of magnetizing current 
in three-phase transformer circuits is reviewed briefly. 
Here, it is usual to have three transformers or phases 
of similar characteristics so that the wave form of the 
magnetizing current is the same in each phase. Con- 
sequently, the third harmonic of current will be the 
same magnitude in each phase and have the same rela- 
tion to the fundamental wave. 

Bearing this in mind, we may take the case of a three- 
phase bank, connected in delta on one side and with 
excitation applied to this winding. Examining, then, 
the condition at one corner of the delta, it is found that 
the fundamental waves of exciting current of the two 
phases differ in phase by 60 deg. The third harmonics 
of current having three times the frequency of their 
fundamentals will differ in phase by three times 60 deg., 
or 180 deg. In other words, they will be equal and 
opposite and no third harmonic of current will flow 
from the supply circuit. 

Next considering the Y connection, it is found that 
whereas at the neutral the fundamental waves are 
120 deg. apart in phase, and consequently add up 
algebraically to zero, the third harmonics are three 
times 120 deg., or 360 deg. apart; or, in other words, are 
all in the same phase position and consequently add up 
to three times their average value and must flow into 
the neutral line. If no neutral is provided, no third 
harmonic of current can flow and consequently a third 
harmonic of voltage will appear from line to neutral 
in each phase. 

The exciting current of a transformer contains higher 
odd harmonics,—the fifth, in particular, being quite 
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prominent although smaller than the third. The 
seventh and some higher harmonics, although present, 
are of negligible amount. Considering these harmonics 
at a corner of the delta, the fifth harmonics will differ 
in phase five times 60 deg., or 300 deg., and will conse- 
quently have a resultant 1.73 times their average value, 
which must flow in the supply line. Similarly the 
seventh harmonics differ in phase 420 deg. or, sub- 
tracting 360 deg., 60 deg., and have a resultant in the 
line 1.73 times their average value. Similarly, the 
eleventh, thirteenth, and other odd harmonics not 
multiples of three must flow in the line, whereas the 
ninth, fifteenth, and others which are multiples of three, 
will equalize in the same manner as the third. 

At the neutral of a Y connection, the fifth harmonics 
will differ in phase five times 120 =600 deg. or 240 deg., 
and consequently will add up to zero the same as the 
fundamental. Similarly the seventh, eleventh, and 
other odd harmonics, not multiples of three, will equal- 
ize and may, therefore, flow in such a circuit without a 
neutral line. On the other hand, the ninth, fifteenth, 
and other harmonics which are multiples of three cannot 
flow. 

Consider next the case of a Y-connected bank 
placed in multiple with a delta-connected bank, Fig. 1, 
in which all the phases are identical in characteristics, 
being different only in the turn ratio as necessary to 
obtain Y or delta connection. At each corner of the 
delta, three currents converge, so that the fundamental 
waves add to a resultant of twice the value of that in 
the Y-connected phase and in phase with it. 

The third harmonic cannot flow in the Y connection 
and will equalize to zero between the two phases of the 
delta. A third harmonic of voltage exists from line 
to neutral in the Y-connected units, but if they have 
delta-connected, secondary windings, the voltage will 
result in a triple-frequency current in the delta which 
will reduce the voltage to a practically negligible value 
dependent on the impedance of the windings. 

As the fifth harmonic can flow in the Y connection, 
there will bea fifth harmonic in each of the three phases 
converging at the corner of the delta. The delta phases 
being 30 deg. each way from the Y phase, their fifth 
harmonics will be 150 deg. out of phase with the fifth in 
the Y phase. This will result in the three adding up to 
zero with no fifth harmonic flowing in the line. Simi- 
larly with the seventh harmonic, the 30 deg. is multi- 
plied to 210 deg. and the three equalized to zero. The 
ninth will act similarly to the third, flowing in the delta, 
and in the secondary delta of the Y-connected phases. 
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For the eleventh harmonic, the 30 deg. becomes 380 
deg. and the three phases have a relation identical with 
that applying to the fundamental, so that the full value 
of the eleventh harmonic must flow in the line. Simi- 


\ 


tiger, 


larly for the thirteenth harmonic, the 30 deg. becomes 
390 deg. and the full value of this harmonic must flow 
in the line. 

Continuing the process, we find that all the odd 
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harmonics except the eleventh, thirteenth, twenty- 

third, twenty-fifth, thirty-fifth, thirty-seventh, and 

others of that series will equalize within the network. 
This is of some practical interest in connection with 
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power transformers or shunt reactors in cases where the 
fifth harmonic of exciting current may be thought to 
have some bearing on telephonic interferences. 

By suitably arranging the banks so as to balance delta 
banks against Y banks, the fifth and seventh harmonics 
of exciting current may be largely eliminated from the 
lines. 

If an analogous connection on a quarter-phase system 
consisting of a cross-square connection is taken, as in 
Fig. 2, it is found that the harmonics of the series 
3, 5, 11, 18, 19, 21, 27, 29, etc., are equalized while those 
of the series 7, 9, 15, 17, 23, 25, etc., must flow in the 
line. A secondary square in the cross bank is not 
needed unless it is wished to eliminate even harmonics, 
in which case the second, sixth, tenth, and so on would 
flow in the squares. 

An interesting case in this connection is a polyphase 
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rectifier circuit such as is suitable for use for changing 
alternating current to direct current. Such a rectifier 
tends to draw current from the a-c. system having a 
wave form approximating the rectangular in shape. 
This wave consists of a series of odd harmonics the 
magnitude of which is in inverse ratio to their order, 
that is, in the familiar Fourier series. 

Considering a six-phase ring, Fig. 8, with commutator 
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and brushes or their equivalent arranged to operate in 
synchronism with the alternating voltage, the current 
in the ring will approximate the form shown in Fig. 4. 
The current in each phase has to reverse while the phase 
is short-circuited by the brush. This requires a definite 
time and explains the slanted sides in place of the verti- 
cal sides of a rectangular wave. A series of odd har- 
monics somewhat similar to that in a rectangular wave 
will, nevertheless, be present. If the primary of the 
transformer is connected in delta, the third and other 
harmonics which are multiples of three will equalize at 
the corners and the line current will consequently have 
only the fundamental and the remaining harmonics. 

If the number of sides in the polygon is increased 
to eight by the use of four separate transformers or 
phases with the necessary number of windings for this 
arrangement and the primaries are connected cross- 
square (Fig. 2), the harmonics of the series 3, 5, 11, 18, 
19, 21, etc., are eliminated, leaving the remaining ones 
in the line. 
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If a twelve-sided polygon is used by means of six 
single-phase transformers or two three-phase trans- 
formers and Y-delta primaries are used with additional 
delta in the Y phases, all the harmonics except the 11th, 
13th, 23d, 25th, and others of that series are eliminated. 

For a still larger number of phases in a polygon ob- 
tained by the use of separate transformers or core legs, 
we cannot obtain a simple primary connection of the 
kind used above. However, for 24 phases using either 
12 single-phase or four three-phase transformers, a set 
of compensating windings placed on the same cores as 
shown in Fig. 5 could be connected. Here, we have the 
necessary Y deltas and cross squares to carry all the 
harmonics except the 23d, 25th, 47th, 49th, 73d, 75th, 
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for a polygon having the full number of separate phases. 

Table I shows the magnitude of the minimum residue 
of odd harmonics for polygons of different numbers of 
phases, in per cent of the fundamental, for a rectangular 
wave in the polygon. From this it is evident that the 
minimum ripple resulting in the a-c. lines in such cases 
is composed of a series of odd harmonics comprising the 
numbers adjacent to the number of phases in the poly- 
gon and its multiples. 

The extent to which this ideal condition may be 
approximated in the case of actual designs will depend 
principally upon the reactance of the circuits through 
which the harmonic currents are required to flow. In 
the arrangements outlined above, the primary windings 


TABLE I 
HARMONICS NOT ELIMINATED 


1 3 5 % 9 TIS) | LSe | ai eros a8 
Square. .:...-... 100 |33.3] 20 |14.3]11.1| 9.1] 7.7 |6.67/5.88|5.26/4.76 
Hexagon........ 100 20 (14.3 OR iae. 5.88|5.26 
lOCtOZONN sa-7= -s)< 100 14.3)11.1 6.67|5.88 
12-Phase........ 100 Olaf 
16-Phase........ 100 6.67/5.88 
24-Phase........ 100 
48-Phase........ 100 


CLP a ere hex ene al Ses | Bis | eye lie a ale |) 288) pe 
_35| 4.0/3.7 |3:45|3.23/3.03/2.86] 2.7] — — — |2.12)2.08) — — — 
35| 4.0 3.45/3.23 2.86] 2.7) — — — |2.12/2.08}) — — — 
35] 4.0 3.23)3.03 — — — |2.12)2.08) — — — 
35] 4.0 2.86] 2.7| — — — |2.12/2.08] — — — 
3.23|3.03 — — — {2.12/2.08] — — — 

4.35] 4.0 — — — |[2.12/2.08] — — — 
— — —2.12/2.08| — — — 
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and others of that series. The three-phase, a-c. con- 
nection to such an outfit would be made at any three 
points equally spaced around the polygon. In any of 
these polygons, it is possible to double the number of 
symmetrical phases by tapping out the leads as shown 
in Fig. 6, so as to have all the connection points fall ona 
circle intersecting the polygon at equal intervals. 
Here, the primary or compensating winding will elim- 
inate only the same series of harmonics as for the 
smaller number of phases. However, some of the 
remaining harmonics are cancelled within the polygon 


ee 
Fig. 8&8 


itself, as for instance, in Fig. 7 which shows a part of a 
12-phase connection from a six-phasering. Thecurrent 
in BC is 150 deg. from that in B A but flows in coils 
BD onthe same core. The fifth harmonic will be 750 
deg. or 30 deg. from that in BA and, together with 
that in A E, will have a resultant equal and opposite to 
the fifth in A B. Similarly the seventh harmonics will 
be 330 deg. out of phase and will neutralize. 

As a result, no current of these frequencies will be 
required of the primary coils or line and the residue of 
harmonics to be taken from the line will be the same as 


or compensating windings, if used, must have small 
leakage reactance between them and the polygon if more 
than a few of the lower harmonics are to flow in appre- 
ciable amount. 

Transformers for tube rectification are frequently 
connected in star rather than ina polygon. Ifthereare 
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an even number of phases with this arrangement all 
even harmonics will cancel. A series of odd harmonics 
will remain as in the polygon connection and will be 
eliminated in the same manner and to the same extent. 
The use of separate Y-connected banks, connected to- 
gether by inter-phase transformers, as shown in Fig. 8, 
will not greatly alter the conditions, the minimum 
residue of harmonics from the 12-phase system shown 
being the 11th, 13th, 23d, 25th, etc., series. The wave 
forms to be expected in tube rectifiers are described in 
some detail by D. C. Prince, in the General Electric 
Review of September, 1924. 

To illustrate more clearly the action of the harmonic 
currents, Fig. 9 shows the fundamental and fifth 
harmonics at the corner of a Y-delta connection when 
the harmonicisin phase with the fundamental at its crest. 
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Discussion 


D. C. Prince: There are, in general, two ways of regarding 
such waves as those set up by commutating devices whether of 
rotating or static character. Fig. 4, in Mr. Lennox’s paper, is 


typical of the waves encountered. Such a wave may be re- 


garded as made up of a series of constant-amplitude waves of 
different frequencies, as Mr. Lennox has done, or it may be re- 


- garded as a succession of simple states. 


( 


From this latter point of view, the wave shown consists of direct- 
current portions joined by portions of constant slope. Both 
these states must independently obey Kirchoff’s laws. This 
enables the wave forms, at least in the simpler networks, to be 
made up, taking into account the various impedances. - 


In particular, the transition portions of rectifier waves have as 


- their driving force the impressed sine-wave so that the transition 
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currents are sine waves of fundamental frequency superimposed — 
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upon either steady or decaying direct currents. These lend 
themselves readily to quantitative analysis where the harmonic 
analysis may present some difficulty. 

From the point of view of inductive interference, some error 
may be invited if the analysis method is used. For instance, a 
square wave under harmonic analysis may give waves of all 
frequencies which are multiples of the fundamental. Some of the 
frequencies with the indicated amplitudes might set up objection- 
able interference. Physically, however, the inductive effect is 
in the form of impulses sent out at half-cycle intervals. These 
impulses set up a series of damped wave trains in a resonant 
circuit or simply a series of pulses in a cireuit damped beyond the 
critical point. Neither of these responses is necessarily objec- 
tionable. The difference is that, when a wave is analyzed, the 
effect of all the components must be included. Many of these 
will have cancelling effects which might be lost sight of in treating 


‘any given problem by harmonic analysis. 
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Measurement of Transients by the 
Lichtenberg Figures 


BY K. B. McEACHRON* 


Member, A. I. E. E. 


Synopsis.—The paper gives the results of a comprehensive study 
of the effect of transients on the size and appearance of Lichtenberg 
figures. Sixteen different rates of voltage rise were used, varying 
from about 20 minutes to 0.1 microsecond to reach a crest value of 
25 kv. Results were obtained with transients the crest voltages 
of which ranged from & to 25 kv. The steeper wave fronts were 
checked with the Dufour cathode-ray oscillograph. 

Calibration curves are given, showing that the positive figures 


are not much affected by changes in wave front, while the negatiwe 
figures vary considerably with changes in wave front, especially 
at the lower voltages. 

The positive figures are divided into three types according to 
their appearance which is found to depend on the rate of voltage 
rise. It is concluded that for most conditions the size of the positive 
figures will give a determination of the crest voltage of the applied 
transient to within approximately 25 per cent. 


NTIL the cathode-ray oscillograph was applied 
to the measurement of transient phenomena, 
engineers were unable to determine accurately 

by experiment the form of a transient voltage or current, 
the wave front of which occupied only a few millionths 
of a second of time. Such transients may occur on 
transmission or distribution circuits during periods of 
disturbance,—as, for instance, during a lightning 
storm,—and may cause considerable damage to unpro- 
tected apparatus. 

Although the cathode-ray oscillograph can be ar- 
ranged to show the volt-time, ampere-time or volt- 
ampere relations, yet there is need of a device which may 
be used to record these disturbances with fair accuracy 
at the same time involving a small amount of equipment 
so that a large number of them can be spread over the 
systems of the country at a comparatively small cost. 


LICHTENBERG FIGURES 


If a sheet of insulating material, such as hard rubber 
or glass, is placed on a metal sheet and an electrode of 
any shape is allowed to rest on the upper surface of the 
insulating material, a Lichtenberg figure will be formed 
by the application of voltage between the electrode and 
the metal sheet. The figure may be made visible by 
the use of chalk’ dust which may be applied to the in- 
sulating surface before or soon after the application of 
voltage. A permanent photographic record of the 
figures can be made by placing a photographic film 
between the electrode and the insulating plate with 
the emulsion side in contact with the electrode. 


A large amount of work has been done with these 
figures in the effort to discover their exact meaning 
and the variables which control the figures. Among 
those who have experimented with them may be 
mentioned P. O. Pederson', Toepler?, Przibram’, 
and others‘, all of whom have made notable contribu- 
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tion to the solution of the problem of the proper under- 
standing of the Lichtenberg figures. Peters’ applied 
the Lichtenberg figures to the study of transmission 
line transients, and suggested means for making 
connections to the transmission line to determine 
supplementary information about the transient. In 
order that the surges might be recorded with respect 
to time, Peters made use of a moving electrode, the 
complete instrument being termed the klydonograph. 

Cox and Legg* later described some of the results 
obtained on transmission systems by using the revolving 
electrode type and described an improved klydonograph 
which made use of a roll film. As a result of tests 
with the klydonograph, Cox and Legg concluded that 
the relation between the size of figure and crest value 
of the transient was not appreciably influenced by the 
wave front between the limits represented by a 25- 
cycle wave and a wave whose crest is reached in 5 
microseconds. 

All investigators have found that the positive and 
negative figures were different in appearance and that 
when the electrode was positive a larger figure was 
formed than when the electrode was negative. At 
times the figures are complicated by tree-like growths 
which have been ascribed by some to over-loading the 
film, but this does not always seem to be the case as 
they are sometimes found at lower crest voltage than 
that which at other times does not produce them. 
In the practical interpretation of the figures, it seems 
to be necessary to neglect these effects until their 
meaning is known. 


EFFECT OF WAVE FRONT 
The author is not aware of any systematic work that 


has been done having for its object the calibration of 


the figures with respect to the form of the voltage 
transient. Up to the present time, the figure has been 
regarded as not being much affected by rate of voltage 
application and therefore the present investigation was 
undertaken to determine, if possible, the relation be- 
tween the size of the figure and the rate of voltage 
application, as well as the crest value. 

A transient, such as that shown in Fig. 1, consists of 
three major parts; the front, and the part we may call 
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the body for want of a better name, and the tail. In 
the simple wave of this kind, presumably each of these 
parts may play a role in the production of the Lichten- 
berg figure. The investigation to be described in this 
paper is concerned altogether with the front of the 
wave, as the rate of voltage rise and the crest value of 
voltage appear to be the dominant factors in determin- 
ing the characteristics and the size of the figures. 

To make the work as complete as possible, tests have 
been carried out covering a wide range of wave fronts, 
the slowest being slower probably than any ever ob- 
tained in practise, while the fastest are probably as 
fast as any that ever occur in service, being but a few 
hundred feet in length. Sixteen different wave fronts 
at five different voltages were used and, except at the 
very slowest, oscillograms were taken of each voltage 
application. Every care was taken with the shorter 
waves to eliminate the effect of reflection and to keep the 
oscillation on the wave front to a minimum. This has 
been possible only through the use of the Dufour 
cathode-ray oscillograph’ the voltage dividing system 
of which was connected directly across the electrodes 
producing the Lichtenberg figures, using leads only 
two or three feet in length. 

It would have been desirable perhaps to have used 
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a wave throughout having an initial value of de/dt 
kept constant up to the crest value of voltage; yet, with 
the steepest wave this limitation would have complicat- 
ed the test seriously without adding much to the 
practical value thereof. 


VOLTAGE AND TIME CALIBRATION 


The sphere-gap was used as the primary means of 
determining the crest value of voltage of the transient. 
With the slower waves the crest potential of which was 
reached in times longer than 10 seconds, it was possible 
to check the sphere-gap against a static voltmeter and 
also against meters located in some of the low tension 
circuits. The time for the slow waves was conveniently 
determined with a stop watch. 

Within its range, the electromagnetic oscillograph 
record gave the time calibration of the transient, the 
time being based on a 60-cycle wave recorded on the 
same film. The transients above the range of the 
electromagnetic oscillograph were recorded with the 
Dufour cathode-ray oscillograph with time scale 
calibrated by the use of a wave meter. With the type 
of circuit used, the wave front could be calculated quite 
accurately and, except for the oscillations which in 
most cases were successfully removed, the oscillograms 
checked the calculations within the experimental error 
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in practically every case except for the steepest waves 
where stray capacities become of importance. In all 
such cases, the oscillogram after being checked care- 
fully was assumed to be correct. 


CIRCUIT ARRANGEMENTS 
The slowest waves were obtained with the circuit 
given in Fig. 2 in which the condenser C' was charged 
slowly by the use of a motor driven regulator connected 
in the primary of the charging transformer. The 
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Fig. 2—ConnectTion D1aGRAM FoR SLOw Waves Usine Mortor- 
Driven REGULATOR 
Time to reach”crest 20 min. 55 sec. 


reduction gears were such that, for the longest wave 
front, 22 minutes were required to reach a crest value 
of 25 kv. The limit of this method was about a 12- 
second front. 

Other circuits used were similar to that shown in 
Fig. 3, in that a capacity C, was allowed to discharge in 
another capacity C. By varying the amount of 
capacity employed, together with appropriate values 
for series resistance connected between the condensers, 
the desired changes in wave front were obtained. 
A sphere-gap was used in series between the two 
condensers for the steeper waves, while with the slower | 
waves, using this type of circuit, a kenotron was con- 
nected between the two condensers and the transient 
initiated by heating the filament at the proper time. 

Considerable difficulty was experienced with the 
steepest waves in decreasing the amount of oscillation 
on the wave front. The rate of voltage rise was ex- 


60 Cycle Supply 


Dufour Ouullderanh 
8-—ConnecTION DiaGRAM FOR VOLTAGE TRANSIENTS 
Time to reach crest 1.0 sec.—0.1 microsecond 


Fra. 


tremely rapid, being 100 kv. per microsecond. The 
final circuit used was physically quite small with all 
connections made with conductors having a high 
uniform resistance to aid in damping out the oscilla- 
tions. Such a wave front is shown in Fig. 18. 


RESULTS—EFFECT OF CHANGES IN WAVE FRONT 


The Lichtenberg figures were taken, using a piece of 
plate glass 20.3 em. X 25.4 cm., 3.8 mm. thick, with a 
cylindrical brass electrode 1 cm. in diameter in contact 
with the photographic film. The films, which were East- 
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man’s super speed portrait films, were placed on the 
glass plate with the emulsion side in contact with the 
electrode. On the reverse side of the glass plate and 
opposite the electrode was a lead foil so connected that 
the electrode and foil were of opposite polarity. The 
parts were arranged in a light-tight box with the 
electrode projecting, to which connections were con- 
veniently made, as shown in Fig. 4. 

The results are plotted in terms of the radius of the 


Electrode 


Film-; 
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figure plotted against slope of the wave front in volts 
per microsecond for five voltages, 5.5 kv., 9 kv., 12 
kv., 17 kv., and 25 kv. (All voltages are crest values.) 
The curves for the positive figures are given in Fig. 5 
and for the negative figures in Fig. 6. 

Notwithstanding the precautions taken to control 
all of the known variables, the plotted points show 
considerable variation which is most marked with the 
shorter waves andat 17 kv. and 25kv. For all voltages, 
the positive figures increase in size as the wave be- 
comes steeper, until a rate of rise of between one kv. per 
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Fig. 5—VaRIATION oF Positive LicHTENBERG FIGURES FOR 
DIFFERENT CREST VOLTAGES AND Rates or Voutrace Rise 


microsecond and 10 kv. per microsecond is reached. 
With wave fronts steeper than this, which corresponds 
to about a 60-cycle front, the lower voltage figures re- 
main constant in size while the 17-kv. and 25-kv. 
figures decrease somewhat at the steepest points. Fig. 
5 has been divided into three zones which are deter- 
mined from the appearance of the positive figures and 
will be discussed in connection with the different types 
of figures. 

The negative figures were less satisfactory at the slow 
rates of voltage rise than were the positive figures, it 
sometimes being difficult to separate what appeared to 
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be corona from the Lichtenberg figure. The results do 
indicate a rather abrupt increase in the size of the 
negative figure between 0.001 volts per microsecond 
and 0.01 volts per microsecond. As the voltage rises 
faster and faster, the negative figure increases in size, 
the greatest percentage change occurring with the 
lower voltages. For instance, the figure at 5.5 kv. 
increases from about 0.2 mm. to 18. mm. when the 
front changes from 0.01 volts per microsecond to 
100,000 volts per microsecond. At 9 kv. the radius 
changes from 0.5 mm. to 2.4 mm. when the wave front 
changes through a similar range. The radius at 25 kv. 
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FIGURES FOR DIFFERENT CrEST VOLTAGES AND RaTES OF 
VOLTAGE RISE 


shows a sudden increase for fronts steeper than 10,000 
kv. per microsecond. ; 
Using the curves in Figs. 5 and 6 as representing the 
average values from the data, calibration curves have 
been drawn as given in Fig. 7. These curves show 
that the average positive figures are not appreciably 
affected by wave front except for the highest voltage 
and steepest front. The variation between the slowest 
and fastest waves for the negative figures is much 
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greater than for the positive and should be considered 
when determining the voltage from a negative figure. 
At 17 kv., an increase of nearly 50 per cent takes place 
when the wave front changes from that corresponding 
to a 60-cycle wave to one which rises to 17 kv. in 0.1 
microsecond, while, for lower values of crest voltage, 
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the variation is much greater. Some idea of the wave 
front may be determined by the comparative sizes of 
the positive and negative, but there is sufficient 
variation among pictures at the same wave front to 
make such a procedure doubtful for everything except 
very approximate results. 


APPEARANCE OF THE FIGURES 


It is possible to divide the positive figures according 
to appearance into three definite type forms with respect 


Fig. 8—LicutenserG Fiagures Propucep By A VERY SLOW 
Rise in Vourace (Type I—Positive Ficurss) 


A. FP L—20519 R B. P L—20512 R 
17 ky. in 840 sec. 25 kv. in 85 sec. 


to rate of voltage rise on the electrode. These three 
types are shown in Figs. 8, 9, and 10, type I being the 
slowest while type III represents the greatest rates of 
voltage rise. 

Type I consists of fine straight lines emanating from 


Fig. 9—LicHTeENBERG FIGURES PRODUCED BY A Fast TRANSIENT 
(Tyrer II—PosiItIvE FIGURE) 
P L—20573 L—21.6 kv. in 48 microseconds 


the center and perhaps extending only partially round 
the entire electrode. The appearance is much like 
that of fine hair being blown out by some force at the 
center. As the rate of voltage rise becomes smaller, 
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both the number of hairs and their length decrease 
until, in one case with a 6-second wave at 5.5-kv. crest, 
only five hairs were found, their length varying from 7.5 
mm.to8mm. However, with a 6-minute front at the 
same crest voltage, the length of the hairs had been 
reduced to 4 mm., while the number of hairs had in- 
creased to perhaps 30 or 40, bunched in two or three 
small tufts. Some representative type I, positive 
figures are shown in Fig. 8. 

The negative figures become smaller and smaller 
with decreasing rates of voltage rise until they dis- 
appear altogether or become so indefinite and indis- 
tinct that they cannot be measured. 

In appearance, type II figures are quite different 
from type I, being characterized by crooked lines which 
are likely to have sharp turns or elbows near the ends 
and usually split or branching. Sometimes short 
projections like thorns appear, but these belong more 
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Frg.. 10—LicutensperG Ficures Propucep By VERY Fast 
Transients. (Type I]I—Posrtivp Fiaures) 


A. P L—20607 L B. P L—20605 R 
7.3 kv. in 0.1 microseconds. Pro- 17.8 kv. in 0.15 microsecond. 
duced by transient shown in Fig. 12 Produced by transient shown 
in Fig. 13 


to type III than to type II. Fig. 9 shows a typical 
figure of this type. The so-called slips are quite likely 
to have type II figures at the ends, even though the body 
of the figure is of another type. It should be noticed, 
also, that with type II figures, there is almost no cross- 
ing of lines even though the voltage was sustained for 
an appreciable length of time compared to the wave 
front. ; 

The figures which have been called type III exhibit 
characteristics very different from either type I or type 
II. Type III figures as shown in Fig. 10 are recognized 
by their straight radial lines, having rather broad 
bases with splits and thorns. In type III figures, 
the lines do not cross and once seen it is not difficult 
to recognize a figure of this type indicating as a rule 
waves of quite steep fronts. 

The voltage and frequency at which the three different 
types of figures are found are shown in Fig. 5 where the 
three types of figures are indicated. Some overlapping 
takes place where two types are found in the same 
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figure. At the 5.5 kv., it is interesting to note that the 
range of wave fronts over which type II figures appear 
is very small, and in fact they are not found alone at 
this voltage, always being mixed with either type I 
or type III figures. 

The negative figures undergo considerable change in 
appearance as the wave front becomes steeper, but the 
change is gradual and it is not possible, using the data 
now available to draw definite limits or to divide them 
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Fig. 11—Dvrour OscitntogRaAm oF TRANSIENT VOLTAGE 
21.6 ky. in 48 microseconds. Corresponding to Lichtenberg figure shown 
in Fig. 9. 


into types. In Figs. 9 and 10 representative negative 
figures are given, corresponding to the wave fronts 
shown in Figs. 11, 12 and 18. The slow negative 
waves as in Fig. 8 show a rather hazy indefinite outline 
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Fig. 12—Durour OscrntogRaM or TRANSIENT VOLTAGE 


RETOUCHED 


7.3ky.in0.1 microsecond. Corresponding to Lichtenberg figure shown 
in Fig. 10. 


with a tendency to concentrate in tufts. These figures 
are difficult to measure and look much like photographs 
of corona. 

With steeper waves, as in Fig. 9, radial sectors of 
exposed film appear with more or less definite unexposed 
space between. Superimposed, many short crooked 
lines are frequently found not often extending beyond 
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the exposed radial portion. While this form of nega- 
tive is easier to measure than that obtained with the 
very slow waves, the limit of the figure is not sharply 
defined. 

Very short waves produce a negative as in Fig. 10 
in which the radial sectors are clearly defined and the 
limit of the figure is quite definite. Not only are the 
sectors more sharply defined but the width at the cir- 
cumference of the figure is reduced, the space being 
occupied by a larger number of sectors. While crooked 
lines superimposed on the figure appear frequently, 
they are often less prominent than those seen with 
slower waves as in Fig. 9. 


OSCILLOGRAMS 


Three oscillograms are shown in Figs. 11, 13, and ke 
to indicate the form of waves actually applied to the 
photographic film when taking the Lichtenberg figures. 
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Fig. 13—Dvrour OscituoGRaM oF TRANSIENT VOLTAGE 


17.8 in 0.15 microseconds. 
in Fig. 10. 


Corresponding to Lichtenberg figure shown 


These oscillograms were taken with the Dufour cathode- 
ray oscillograph and show some of the wave fronts 
used in making the Lichtenberg figures shown in Figs. 
8, 9, and 10. In Fig. 11 is shown an oscillogram of 
the wave taken at the same time as film PL-20573L 
shown in Fig. 9. This film shows that the voltage 
rose to its maximum (21.6 kv.) in 48 microseconds the 
average rate of voltage rise being 450 volts per micro- 
second while the maximum rate is 1800 volts per mi- 
erosecond. The film shows that the final voltage was 
attained without oscillation and that the voltage 
dropped very slowly compared to the front after 
reaching its crest. All of the waves used in this in- 
vestigation, as a rule, had long tails as compared with 
the front, so as to be sure that the tail did not disturb 
the results. 

As the time to rise to maximum voltage was reduced, 
the difficulty of getting a smooth wave increased, but 
that a fair degree of success was finally attained is 
seen in Fig. 12. This film shows that a voltage of 
7.3 kv. was reached in 0.1 microsecond which is equiva- 
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lent to an average rate of rise of 73,000 volts in one mil- 
lionth of a second (Lichtenberg figure PL-20607L, 
Fig. 10). While some oscillations are present, their 
amplitude does not appear to be sufficient to make them 
a matter of importance. 

Another film in which a still greater rate of voltage 
rise is recorded is shown in Fig. 18. Here the average 
rate of rise of potential is 120,000 volts per microsecond. 
The Lichtenberg figure corresponding to this wave 
front is shown in Fig. 10 film PL-20605R. 

Films similar to these were taken for every voltage 
application when making Lichtenberg figures and it 
can be stated that for waves having a longer front than 
10 microseconds any oscillations which were present 
were negligible and that for the shortest waves such 
oscillations did not exceed 20 per cent of the crest 
voltage. 

It is interesting to note that when working with these 
figures the impression is gained that the presence of 
oscillations increases the distinctness and clarity of the 
figures and that this is particularly true of the negative. 
While this as yet is only an impression, the cleanest 
figures always were associated with the waves having 
oscillations on the wave front. 


CONCLUSIONS 


As a result of this investigation, it can be definitely 
stated that the size and appearance of both positive and 
negative Lichtenberg figures are dependent on the wave 
front as well as on the crest voltage. 

Throughout the range of wave fronts probably found 
in service, the size of the positive figure is not much 
changed by a change in wavefront only, except at 
voltages close to the upper limit of potential where a 
decrease in the size of figure is indicated with very 
abrupt fronts. 

The positive figures may be divided into three type 
forms which are partly determined by wave front and 
partly by the value of the crest voltage. It is possible 
to gain some idea of the steepness of the front from the 
appearance of the positive figure. 

The size and appearance of the negative figures are 


considerably affected by changes in wave front, the. 


steepest waves always giving the largest figures. The 
percentage change with a constant crest voltage applied 
is greatest for the lower voltages. ‘The change seems 
to be great enough so that it cannot be neglected. The 
negative figures change in appearance with increasing 
steepness of wave front, but the changes are so in- 
definite that it is only possible to state that a particular 


negative figure probably represents a fast wave or a 


slow wave. 

No value is given for the possible variation in radius 
of figures with identical wave front from the average, 
although the usual variation is probably not greater 
than 25 percent. Occasionally, one will be found where 
the figure is 50 per cent or more, larger or smaller than 
the average for that particular wave. There seems 
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to be some tendency for the greatest variations to 
occur with the steepest wave fronts. 

The curves which have been given apply to apparatus 
of certain characteristics and should not be applied to 
figures taken with a different dielectric than used here 
or for other different conditions. It seems likely, 
however, that similar results will be found with other 
apparatus constants although the values would be 
different. 

Additional work is being done with the cathode-ray 
oscillograph in an effort to determine how the Lichten- 
berg figures grow and the reasons for the various 
characteristics which they exhibit. 

The author wishes to express his appreciation of the 
work of E. M. Duvoisin and T. Brownlee, who have 
supplied all the figures and most of the oscillograms, 
and to E. J. Wade for his valuable assistance, particu- 
larly in arranging the circuits so as to avoid oscillation. 
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The Klydonograph and Its 
Al J. E. EH. Journat. 


Discussion 


J. H: Cox: Iam glad to note that the Lichtenberg figures 
are receiving attention, from the engineering standpoint, from 
others. All of this work will hasten a more thorough under- 
standing of the phenomenon. 

I may state that the klydonograph, the surge recorder which 
utilizes this principle, was placed in use not with the contention 
that we knew all there was to be known about the phenomenon, 
but rather that we knew enough about it to be sure that valuable 
and sufficiently reliable information could be obtained by its. 
use and that any information so widely desired as that on trans- 
mission-line surges should not be withheld until all of the less. 
important points were determined. Of course, the sooner these 
points are learned the better. 

Although from the standpoint of a surge recorder the data 
obtained by Mr. McEachron at the extremes of wave front are 
of no practical value, they are interesting in view of the figures 
in the practical range. 

In general, Mr. McEachron’s results agree quite well with our 
own. Iamsurprised that he obtained such large positive figures. 
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with slowly applied potentials. Our tests show that the more 
sloping wave fronts produce smaller figures. This effect was 
noticeable to a slight degree at 60 cycles, true to a greater 
extent with the negative figures but also evident with the positive 
figures whether half-cycles or the full wave was taken. 

Dr. P. 0. Pedersen, who has probably done more work than 


any other investigator on this subject, states the following:: 


“The figures appear only if the potential difference across the 
Lichtenberg gap is altered in an impulsive or sudden manner, and 
not if the potential is raised gradually.’ This observation was 
made by Reis and Mikola: ‘At a certain stage of the charging 
of the electrode the intensity of the field between it and the plate 
reaches a value at which ionization by collision commences. 
The ionization current charges the surface of the insulating 
plate and thus keeps the intensity of the electric field between the 
electrode and plate below the high value necessary to form the 
Lichtenberg figure. With a rapidly varying potential there is, 
however, a possibility of obtaining sufficiently strong fields 
because it takes some time to establish the compensating charge 
on the insulating plate.” 

In our work at East Pittsburgh we were able to obtain some 
figures but they were smaller than the impulse figures. We 
found that there were variations due to conditions of the emulsion 
and it is possible that Dr. Pedersen’s emulsion was so conductive 
that his failure to obtain figures with slowly applied potentials 
was due to conduction current rather than ionization currents. 

The nature of the formation of the figure is still unknown, 
but we all agree that it is caused by the state of stress in the gas 
adjacent to the emulsion. 

In the klydonograph, when a potential is impressed on the 
electrode there is an electrostatic field set up between it and the 
metal plate. The gradient is of course more intense near the 
electrode and, proceeding away from the electrode, a point is 
reached where the gradient is not sufficient to form the figure, 
and hence the boundary of the figure. If the emulsion surface 
were conducting there would then be a charge distributed over 
the surface of the plate and the stress would be entirely in the 
dielectric. Since there would be no stress in the gas there would 
be no figure. 

It is evident that with emulsions such as we get, which are 
only slightly conducting, there is no time for this charge to creep 
out from the electrode under impulsive conditions, but the slower 
the application the more creepage is possible and hence a smaller 
figure. 

Surface conductivity increases with moisture content and we 
have found that under humid conditions 60-cyele figures are 
smaller than under dry conditions. As far as we have been able 
to determine, there is not time enough for this effect under any 
application rapid enough to be important in surge conditions on 
transmission systems. 

Mr. McEachron’s positive figures agree with ours, and as he 
states, their appearance is only an approximate measure of the 
rate of application. JI am unable to understand the difference 
between his negative figures and ours. Our abrupt-front nega- 
tives were very clean-cut with straight rays. The five-micro- 
second negatives were clean-cut, but clover-leafed. It was 
only in the longer wave fronts that they had the fuzzy appearance. 


We have found in practise that the negative figures are much 
less satisfactory to deal with than the positive, and agree that 
they vary more with frequency. 


Fortunately, the large majority of surges found in practise are 
positive. I see no reason for this in the case of switching surges, 
but it is nevertheless true. 


In the case of an oscillation the negative is evident and can be 
measured, although smaller than the positive, except in the 
case of a sustained oscillation. when we are not interested in it 
because it would have no higher voltage than the positive. 

It seems rather remarkable that the distinet breaks shown in 
Mr. McEachron’s curves for negative figures come at the same 
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point of wave front for all voltages. There seems to be no ex- 
planation why there should be such an abrupt break in a phe- 
nomenon of this sort. Is it not possible that this was caused by 
the change in the type of circuit used when going from the long 
to the short wave fronts? 

As to accuracy, I cannot help but feel that a great part of 
the variation in the figures is due to applied voltage. My 
reason for believing this is that when a potential was impressed 
on six terminals in parallel usually no measurable difference 
could be detected in the figures. We found, as Mr. McEachron 
did, that an occasional freak figure would appear. This would be 
perhaps 50 per cent smaller than it should be, never larger. 
However, such a picture would occur in less than one per cent 
of the tests and therefore does not throw a great amount of 
doubt on conditions found from tests over any appreciable 
length of time. 

I would like to ask what degree of accuracy is possible with the 
cathode-ray oscillograph. I noticed in some of Mr. Lee’s work 
that the width of the zero line of an oscillogram was sometimes 
20 per cent of the maximum deflection. I would also like to ask 
whether or not successive oscillograms taken with the same 
circuit with the same settings were identical in all respects. 

It is desirable, of course, to know the accuracy of any instru- 
ment we use and therefore any work done to determine this is 
valuable. However, extreme accuracy in a surge recorder is not 
necessary. I believe it will be agreed that the operating engineer 
is interested only in the order of magnitude of the surge voltages 
on his line. Any instrument-which will give this within 25 per 
cent is sufficiently accurate for practical purposes. I am con- 
fident that the accuracy of the klydonograph is well within that 
margin—within the frequencies present in actual lines. These 
frequencies range from one microsecond to a few hundred micro- 
seconds. I do not believe that we need worry about wave fronts 
steeper than one microsecond. Our tests have strengthened 
this belief. 


(Discussion aT Satt Lake City) 


Joseph Slepian: The klydonograph is the only practical 
graphic surge recorder available at present, and its growing use 
is bringing us a wealth of information about abnormal voltages 
occurring on lines in practise. The proper interpretation of the 
figures obtained, therefore, is of highest importance, and Mr. 
McEachron is to be commended for his painstaking study of the 
relation between the figures and the surges which produce them. 

As Mr. McEachron says, in spite of the interest which has been 
aroused by these figures, no adequate theory of them has yet been 
developed. However, there are a few facts which have been 
well established and which may be used in interpreting such data 
as Mr. McEKachron presents. 

First, we can be sure that the figures are produced by the high 
electrostatic stress in the air immediately adjacent to the film. 
Undoubtedly, the primary cause of the figures is some sort of 
electric discharge in the air. We know this because if a gas other 
than air is used or if the air pressure is changed, the figures are ' 
changed very radically both in appearance and size. 

Second, we know that the figures are formed with extreme 
rapidity, in less than 10~? seconds. In fact, the figures have been 
used to measure times as short as 10—" seconds. 

Now if the figures are produced by stress in the gas next to 
the photographic film, and in such very short times, it seems to 
follow inevitably that the figure size must accurately depend 
upon the peak stress in the gas, irrespective of the shape of the ~ 
surge producing this stress up to the fastest surges with which 
we would be interested in practise. If, however, the figure size 
does vary under different circumstances with constant peak 
surge voltage in the line, it must be only because the peak stress 
in the gas does not bear a constant ratio to the peak voltage in 
the line. Such a variation in the ratio of stress in gas to line 
voltage is only to be expected if the electrostatic system in the 
neighborhood of the electrode on the plate is considered. It is 
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evident that the electrostatic field at the electrode end will be 
determined not only by the voltage on the electrode but also by 
the dielectric properties of the glass, and by the surface electrical 
conductivity of the film. Evidently for extremely low frequen- 
cies, the surface conductivity of the film will play a significant 
part, and will operate to reduce the stress in the gas. Hence for 
these lower frequencies, from perhaps a thousand cycles down- 
wards, the figures will come out too small. This agrees with 
Mr. MecKachron’s findings. For higher frequencies, however, 
the influence of this surface leakage should be negligible. 

If there is any systematic variation in size of figure with 
frequency for higher frequency, then this is to be attributed to the 
dielectric properties of glass under single impulses. 

I do not believe that Mr. McEachron has proved that there is 
a systematic change in figure size with frequency for the higher 
frequencies, even for negative figures, for which Mr. McHachron 
shows the greatest per cent variation. 

Examining Mr. McHachron’s Fig. 6, and considering only 
those points to the right of, say, his 10-volt per microsecond 
line, we see that it is extremely hazardous to draw any kind of 
straight line through the points. The upward tendency of the 
lines which Mr. McEachron has drawn is largely due to his 
including low-frequency points on the lines. However, I 
believe it is erroneous to assume that the undoubted upward 
tendency of the points at low frequencies exists also at the high 
frequencies. If, as is likely, this effect is due to surface leakage, 
it will disappear at the higher frequencies. I suspect that we 
have here an erroneous extrapolation of the effect of surface 
leakage. 

All that we may conclude from Mr. McEachron’s points at the 
right of his Fig. 6 is that he obtained considerable variation in 
the figure size. Ihave plotted these points of Mr. MeEachron on 
a sort of shot-gun diagram, and find that for a given figure size, 
the extremes of voltage differ by 33 per cent from their average. 
This, then, would be maximum error for practically occurring 
surges if the arrangement of Mr. McHachron were used in a 
klydonograph. 

It is interesting to compare this result with the results obtained 
by Westinghouse engineers. Mr. Peters, in his early work with 
photographie plates, found that the figures produced simulta- 
neously by asingle surge, on a single plate, never differed in size 
among themselves by more than five per cent. When the figures 
were produced on different plates, differences as much as 15 per 
cent were found occasionally. When figures were produced by 
successive discharges from the same condenser circuit, Mr. 
Peters also found variations which he was led to attribute to 
variation in the surge voltage. 

The character of the discharge in a short-impulse circuit is 
affected greatly by the state of the initiating spark-gap, and Mr. 
Peters believed that ‘variations in the surge voltage due to the 
varying state of the initiating spark-gap caused apparent varia- 
tions in figure size. 

On this account, therefore, I would like to ask Mr. McEKachron 
whether an oscillogram was taken for each point shownin Fig. 6, 
and if not, whether some of the variability was not due to the 
discharges not repeating accurately. , 

I would like to ask Mr. McEachron about the nature of his 
voltage-dividing system for the Dufour oscillograph, which is 
indicated as being a resistance potentiometer in Fig. 3, and 
particularly whether, for the very steep wave fronts, the capacity 
to space of these resistors might not cause the oscillogram to 
fail to portray the voltage on the Lichtenberg-figure electrode. 
Also, I would like to know whether these resistors contributed 
to the damping out of oscillations at the oscillograph, and if so, 
whether these oscillations ‘might not still be present at the 
Lichtenberg-figure electrode. 

Herman Halperin: It appears to me that Mr. McEachron 
deserves great credit for his exhaustive calibration of the Lich- 
tenberg figures. These figures, as recorded on the commercial 
device known as the klydonograph, have been used in investi- 
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gating transient voltages on several large systems during the past 
few years. There has been considerable discussion as to the 
frequency of surges on transmission systems, and the nearest 
that we could come to the nature of the surges up to this time was 
to use the klydonograph figures and estimate whether the surge 
was ‘‘fast” or “‘slow.’’ Now from the data given in Figs. 5 and 6, 
it appears that a much more definite idea can be obtained of the 
steepness of the surges that occur on commercial transmission 
systems. 

The figures obtained in the experience of the Commonwealth 
Edison Company on its 12-kv., 60-cycle, underground cable 
system showed that the surges were of the upper range of Type 
II. Its experience also indicated that most of the surges re- 
corded were positive in nature. The probable reason for this is 
that when a negative surge occurred, the length of the figure was 
so small that it was covered by the line made on the klydono- 
graph plate by the positive alternations of the normal 60-cycle 
supply. As shown by Mr. McEachron’s paper, the positive 
figures are several times as large as the negative figures for a given 
voltage. This meant that a negative surge would have to be 
several times normal voltage in order to be found. The ex- 
perience of the members of the various companies represented 
on the A. BE. I. C. Subcommittee on Transients on Underground 
Cable Systems showed that the highest three per cent of the 
transient voltages on underground systems were 3.0 to 4.7 times 
normal operating voltage. It appears from the paper that the 
negative surges of even three times normal operating voltage 
would be covered by the figures caused by normal operating 
voltage of the positive polarity. 

P. B. Garrett: It was my privilege to take a small part in 
the practical tests which were made on the system of the Southern 
California Edison Co. with the klydonograph. My primary 
interest in the Lichtenberg figures, therefore, lies in the practical 
knowledge which has resulted from their use. 

From the studies made by Westinghouse engineers, it was felt 
that the klydonograph was sufficiently accurate, within the range 
of surge frequencies encountered in practise, to make it an 
entirely feasible and practical instrument for system studies. 
We felt it to be accurate within 25 per cent and it is particularly 
gratifying to find that Mr. McHachron’s very thorough investi- 
gation bears this out. I believe that Figs. 6 and 7 in Mr. Mc- 
Eachron’s paper indicate very clearly that the figures produced 
within the practical range of frequencies are well within the 25 
per cent error just mentioned. In fact, these figures show in 
some cases an accuracy within approximately 10 per cent in the 
negative figures and considerably less in the positive figures. 
In this connection, it seems a happy circumstance that by far 
the greater number of the figures encountered in our practical 
tests were positive in nature. We know of no very good reason 
why this should be true, but it nevertheless is the case. The 
negative figures being so much less satisfactory to deal with in 
every way than the positive figures makes us very grateful for 
the positive figures we find in such large majority in practise. 

K. B. McEachron: In conducting this investigation every 
care was taken to insure reliable results, many of the figures at the 
different wave fronts being checked several times. 

The films used were not subjected, for this particular study, to 
any conditioning process either to increase or decrease the mois- 
ture content, as this would introduce a condition different from 
that usually found in practise. _ 

The reference made by Mr. Cox to the lack of clearness of the 
negative figures compared with those obtained in the tests he 
made, can probably be best explained by stating that the in- 
creased clearness of figures seems to be due to the presence of 
oscillations on the wave front. The statement in the paper about 
this point is to be found in the last paragraph before the 
conclusions. 

The experience of myself and those associated with me is that 
it is extremely unlikely that any impulse circuit producing 
impulses having fronts of the order of one microsecond will not 
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be free from oscillation unless some proper oscillographie device 
is used to guide one in improving the circuit. 

It seems likely that the reason why the switching surge is 
usually positive is because in a damped oscillation the negative, 
although occurring first, is obscured in many cases by the larger 
positive figures even though the positive lobe may have a much 
smaller amplitude than the negative. 

The abrupt change in the negative figures with slow waves 
mentioned by Mr. Cox has not been accounted for as yet. With 
such slow waves, it seems doubtful that any circuit changes 
could have any effect when the voltage and time relations 
are known in every case. The circuit can only have an effect 
when it modifies the wave front. 

Concerning the accuracy of the cathode-ray oscillograph 
- there is much to be said, but I am satisfied that for the results 
given in this paper the voltage is within five per cent and the time 
within one per cent of the correct values. The width of the 
trace on the photographic film is not troublesome as shown 
by the oscillograms given in the paper, the traces being as good 
as with the ordinary oscillograph, and frequently much finer 
and sharper lines are obtained. 

It is true that successive impulses from the same circuit differ 
frequently, but since oscillograms were taken of every voltage 
application the changes in voltage and time relations could always 
be properly evaluated. 
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Dr. Slepian’s discussion of the stress conditions in the air is 
interesting and agrees with our own analysis. I do not agree, 
however, that it is proper to consider only data beyond a certain 
arbitrary point such as the 10-volt per microsecond point in 
Fig. 6 without having experimental evidence to establish the 
existence of such a point. ‘It is recognized that when dealing 
with Lichtenberg figures a curve or line drawn represents averages 
only, and that the true calibration is not a line but a band whose 
width is such that practically all the points fall within its 
boundary. 

Dr. Slepian raises the same question as that asked by Mr. Cox 
as to the possibility of variation in succeeding impulses. The 
answer is the same, #. ¢., an oscillogram was taken for each of the 
Lichtenberg figures. 

It was early recognized in dealing with transients that stray 
capacities even of extremely small values could not be neglected. 
To make the dividing system function correctly without being 
dependent upon wave front it has been necessary to introduce 
proper compensation. The possibility of oscillations of dis- 
turbing magnitude existing between the dividing system and the 
surge recorder is rather remote because this possibility along with 
many others was foreseen and oscillograms were taken to determine 
whether or not such oscillations existed, and if found, the circuit 
was redesigned until the oscillations beeame small enough to be 
negligible. : 


A Flux Voltmeter for Magnetic Tests 


BY G. CAMILLE: 
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Synopsis.—A voltmeter is described for a-c. circuits the voltage 
indications of which are directly proportional to the maximum 
flux density, regardless of the wave shape of the voltage. While 
the instrument is suitable for many varieties of magnetic tests, rts 
most important application is to the reduction of transformer core- 
loss measurements to sine-wave basis. Test data indicate excellent 
accuracy for the meter in this application in comparison with other 


schemes or outfits used at the present time for that purpose. Losses 
determined by this new meter are, in general, appreciably larger 
than those determined by the older methods. 

The new meter makes it unnecessary to use, for reliable results, 
large generators to reduce the wave distortion ca used by transformer 
excitation loads, and permits the use of any generator that will 
carry the load thermally. 


INTRODUCTION 


HIS paper describes a voltmeter for a-c. measure- 
ments designed so that its indications are directly 
proportional to the maximum value of a-c. mag- 

netic flux regardless of wave shape. It is graduated in 
terms of equivalent effective sine-wave voltage, so 
that at any wave shape the maximum magnetic flux 
is the same as the maximum value of sine-wave flux 
generating a sine-wave voltage of the same effective 
value as the indication of this voltmeter. The instru- 
ment is particularly useful in core-loss measurement and 
for exploring alternating-flux magnetic networks. It 
is useful also for the determination of the form factor of 
a-c. voltages, and, with slight modifications, the form 
factor of alternating currents. 

It is recognized that certain circuit characteristics are 
functions of the maximum value of the alternating 
wave. For instance, hysteresis loss and also magnet- 
izing current to a large extent are functions of the 
maximum flux density, not functions of r. m. s. values of 
current, voltage or flux. The problem of measuring 
this maximum flux has not been satisfactorily solved by 
other methods though ballistic galvanometers and 
core-loss voltmeters or correction outfits have been 
developed and used for the purpose. The ballistic 
galvanometer is not well suited to a-c. measurements, 
and core-loss voltmeters have serious limitations as 
will be pointed out later. r 

The instrument developed by the writer*for this 
purpose, called a ‘flux voltmeter, consists essentially of 
a rectifier in series with a d-c. voltmeter. Across these 
two in series is impressed the voltage which is generated 
in a coil surrounding the core under test in which the 
alternating flux exists. Under this condition, the 
voltmeter indications, as will be proved later, are 
proportional to the maximum magnetic flux in the core. 


THEORY OF THE INSTRUMENT 


The principles underlying the functioning of the flux 


voltmeter are two: Mee 
First, in an a-c. circuit, the maximum alternating flux 
density is proportional to the arithmetic average value 
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of the reactive voltage drop regardless of the wave 
shape of the voltage, provided the wave does not cross 
the zero line more than twice per cycle. 

Second, if an alternating voltage is rectified without 
changing the wave shape, and is impressed on a d-c. 
voltmeter, the meter indication is proportional to the 
arithmetic average value of the rectified wave which 
is the same as the arithmetic average value of the 
unrectified a-c. wave. 

The proof of the first theorem is as follows: 

Let e be the instantaneous voltage consumed in the 
inductance of a circuit, and ¢ the flux associated with 
that circuit. By elementary theory, 


do 
ae Bae (1) 


where K is constant of the circuit. It follows from (1) 
that 
éedi=Kao 
Sf edt =I 

The integral of d ¢ is obviously the change in the flux; 
and its maximum value, that is, the maximum change 
in flux, is obtained by finding the maximum change in 
the integral of edt. Referring to Fig. 6, the integral 
of edt is the area of the voltage wave (alternately 
positive and negative, plus a constant of integration), 
and the maximum change in J e dt is the area of half 
a cycle of the voltage wave. Thus, 

: tg @ upper limit 


fedt=K fag 


ty @ lower limit 
— K times the maximum change in flux. 
The area of one-half cycle of the voltage wave may 
be also determined, however, if we know the average 
voltage, by the equation, 


edt = area of half-cycle 


= Carg (te ar ti) 


The maximum change in flux is therefore propor- 
tional to @a, since (t:— é:) is a constant, being the 
duration of half a cycle dependent only on the fre- 
quency of the circuit. Since, also; the flux density is 
proportional to the total flux, the maximum a-c. flux 
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density, Bnaz, must be proportional to the maximum 
total a-c. flux, @maz, and thus we have, 
Bnaz iS proportional to @av,. 

The factor of proportionality is taken care of as 
follows: the meter scale being graduated in terms of 
effective sine-wave voltage, it follows that the alter- 
nating flux density in the circuit under test corre- 
sponds to an effective sine-wave voltage of the same 
equivalent value as the indication of the flux voltmeter. 
In other words, for any given wave shape of voltage, 
the flux voltmeter indicates its equivalent sine-wave 
value, which would cause the same maximum flux or 


Impressed Voltage 


Miers al 


flux density. On pure sine-wave voltage, the indica- 
tions of the flux voltmeter are naturally identically the 
same as those of an ordinary r.m.s., a-c. voltmeter. 
In fact, the meter is calibrated in this way. 

The reason for the limit to wave distortion mentioned 
above, namely, that the wave must not cross the zero 


Impressed 
Voltage 


Fig. 2 


more than twice per cycle, may be understood as follows. 

Considering the positive half-cycle of the voltage 
wave, assume that this dips through the zero and has a 
negative portion. The positive portions of the half- 
cycle will add to the flux in accordance with the integral 
of edt, and the negative portion will subtract by the 


Jmpressed Voltage 


Fie. 3 


same integral. Since the flux voltmeter rectifies the 
entire wave, this small negative portion will also be 
rectified and instead of reducing the voltmeter reading 
will increase it. The reading of the voltmeter, there- 
fore, even though it still represents the _arithmetic 
average of the voltage wave, will not truly represent 
the maximum of the flux wave. This limitation, how- 
ever, is hardly a handicap because it is almost incon- 
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ceivable that a commercial voltage wave could be so 
distorted as to cross the zero more than twice per cycle. 

Description of the Instrument. The practical con- 
struction of an instrument to meet these requirements 
is quite simple. Vacuum tubes are used for rectifi- 
cation, and a high-resistance, d-c. voltmeter to read the 
arithmetic average value of the rectified wave. 

A diagrammatic sketch of the simplest possible con- 


Fig. 4 


struction is shown in Fig. 1 which shows a single rectifier 
tube in series with a d-c. voltmeter. The voltage to 
be measured is impressed across the voltmeter and 
rectifier in series; and the meter indication is then 
proportional to the integral of the impressed voltage. 

Although the scheme of Fig. 1 is extremely simple, it 
suffers from two disadvantages: first, due to half-wave 
rectification the frequency of the pulsations of the 
rectified wave is one-half of that of the completely 
rectified wave, and it was observed that with 25-cycle 
impressed voltage, the needles of some voltmeters would 
vibrate like a frequency-meter reed. The second dis- 
advantage is that with half-wave rectification the deflec- 
tion of the meter is reduced to one-half. To increase 
the defiection would require a reduction in the resis- 
tance of the meter to one-half, double the current, or 
double the losses,—all of which would be undesirable. 

The scheme shown in Fig. 2 using two tubes and an 
auto-transformer for rectifier yields full-wave recti- 
fication and better characteristics in general, except 
that the exciting current drawn by the shunt auto- 
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transformer might be objectionable, especially when 
instrument transformers are used. 

The connection found most satisfactory is shown 
diagrammatically in Fig. 3, consisting of a four-tube, 
full-wave rectifier in pombinatiog with a d-c. voltmeter. 
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The instrument used for the investigations described 
below was constructed in accordance with the scheme 
of Fig. 8. Fig. 4 is a reproduction of a photograph of 
the outfit, showing the rectifier and voltmeter in sepa- 
rate cases, although some units now under construction 
incorporate the rectifier and voltmeter in one case. 
Fig. 5 shows the contents of the rectifier unit,—four 
vacuum tubes and one filament-current transformer. 
The purpose of the filament-current transformer is to 
obtain the necessary filament current from the lighting 
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Fig. 12 


circuit instead of from the circuit under test. To draw 
this current from the circuit under test would be doubly 
objectionable: it would load the potential transformers 
in{the circuit unnecessarily and reduce their accuracy, 
and it would change the calibration of the instrument 
with: varying load voltage. Supplying the filament 
- excitation from a lighting circuit eliminates both these 
difficulties, especially the latter, inasmuch as variations 
of the voltage of the lighting circuit, within the range 
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of 110 to 125 volts, have no sensible effect on the cali- 
bration of the instrument. 

The voltmeter is graduated in terms of equivalent 
effective r.m. s. sine-wave voltage, so that the maxi- 
mum flux density in the core under test is the same as 
the maximum flux density for an r.m.s. sine-wave 
voltage of the same value as that indicated by the 
flux voltmeter. 

The constants of the tubes, meter and transformer, 
are as follows: 


Voltage ieee: ‘ 
(era Kactoo -lk3 


lade 7 


Fig. 9 


Ve oad Voltage Wave. 


Foe Factor tig Crest fatter 6. 57. 
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Tubes: Radio Corporation of America type, U X- 
120 tubes, well known to the radio public. Although 
this tube is of the three-element type, its grid and 
plate are connected together so as to act as a single 
electrode for rectification. The resistance of the tube 
in this connection is of the order of 5000 ohms. 
Rated filament voltage three volts, filament current 
0.125 amperes. ; 

Transformer: primary rated 110—125 volts, 25—60 
cycles; four secondary windings, one for each tube, each: 
rated 3—38.75 volts. . 

Voltmeter: d’Arsonval type, d-c. voltmeter, resis- 
tance 178,000 ohms. Scale 150 volts, equivalent sine- 
wave voltage. 


EFFECT OF TUBE RESISTANCE 


A voltmeter circuit always has a large series resis- 
tance incorporated within the voltmeter box. Tube 
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resistance, therefore, not only is not a handicap but is 
a useful element, furnishing some of the desired resis- 
tance to the voltmeter circuit. In fact, were it not for 
the variability of tube resistance, it would have been 
desirable to use sufficiently high-resistance tubes to 
replace and eliminate all other series resistance. It is 
known that tube resistance varies with plate voltage, 
however, and therefore the tubes were chosen so as to 
make their resistance a small fraction of the total resis- 
tance of the voltmeter circuit. In the outfit described 
above, the tube resistance is only about five per cent 
of the total resistance, and therefore any little varia- 
tions in the tube resistance are imperceptible in the 
total resistance. 


ACCURACY OF THE FLUX VOLTMETER 


The accuracy of the flux voltmeter in measuring the 
average value of any given voltage was tested both by 
the writer and by the Bureau of Standards and in both 
instances was found to be very satisfactory. Our tests 
consisted of (a) form-factor tests checked by oscillo- 
graphic analyses, and (b) tests of application to core 
loss measurements. 

FORM-FACTOR MEASUREMENTS 

The form factor of a wave is defined as the ratio of 
the r. m. s. value of the wave to its arithmetical aver- 
age value. Since ordinary a-c. voltmeters give the 
r.m.s. value, and the flux voltmeter the arithmetical 
average value, the form factor of a given voltage wave 
may be obtained by means of these instruments. The 
value so obtained may be checked oscillographically 
by computing from an oscillographic record of the wave 
both its effective and its average values in accordance 
with well-known methods. Since the flux voltmeter is 
graduated in terms of equivalent effective sine-wave 
volts, and since the form factor of a sine wave is 1.11, 
it follows that the form factor of a distorted wave is: 


a-c. voltmeter reading 


form factor = 1.11 X “fox voltmeter reading 


The foregoing method of test and checking was 
applied. to seven different wave shapes obtained on 
different generators under different conditions of load- 
ing, with results as follows: 


Form Factor 


Exciting Cur- 
rent Load on By Flux 
Items the Generator By Oscill. Voltmeter Figures 
Per Cent 

1 20 1.21 1.231 6 
2 rd aes 1.128 if 
3 30 1.148 1.149 8 
4 6 1.128 1.122 9 
5 55 ais 1,18 10 
6 18 1.14 115 lal 
ih 2.2 els Ldds 12 


Those who are familiar with oscillographic analyses 
: will appreciate the great difficulty of obtaining precise 
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results. In view of this fact, and also in view of the 
possible small errors of the a-c. voltmeter used, the 
foregoing tests may be considered excellent commercial 
checks on the commercial accuracy of the flux voltmeter. 
The instrument is really much more precise than these 
tests seem to indicate, as the ne) of Standards tests 
show. 

The analyses of the oscillograms were made by a 
different person who had no knowledge of the form 
factor obtained by the flux voltmeter, in order that the 
observations might be unbiased. 


MEASUREMENT OF TRANSFORMER CORE LOSS 


The Institute rules provide that the efficiency rating 
of transformer shall be based on sine-wave operation. 
Although certain classes of transformer losses, such as 
the ohmic loss of the conductor, are not affected appre- 
ciably by ordinary variations in wave shape, it is known 
that core loss is seriously affected by the wave shape of 
the impressed voltage. Since it is difficult to obtain 
sine-wave voltage on a commercial scale for the testing 
of transformers, particularly for the condition of excit- 
ing current loads which tend to distort the generator 
voltage, some scheme that will reduce core-loss tests 
to a sine-wave basis is a necessity. The flux voltmeter 
was developed primarily for this purpose. The gradua- 
tion of the scale in terms of equivalent effective sine- 
wave voltage is particularly useful for this purpose. 

The principle of the application of the flux voltmeter 
to core-loss measurement is based on the fact that if the 
rated excitation voltage is set by the flux voltmeter at 
the rated frequency, the maximum flux density in the 
core corresponds to the rated sine-wave voltage excita- 
tion, even though the actual impressed voltage may be 
badly distorted. 

The maintenance of the correct rated maximum flux 
density in the core by this means assures that the 
hysteresis loss of the core will correspond to the rated 
sine-wave voltage, because hysteresis depends on the 
maximum flux density. 

Aside from the hysteresis loss, a core has also eddy- 
current losses. 

Comparing the two types of losses we find that, in 
general, 


(a) The eddy-current loss in laminated transformer 
cores is much smaller than the hysteresis loss, the eddy- 
current loss being of the order of one-quarter of the 
hysteresis loss. This difference in magnitude empha- 
sizes the much greater importance of obtaining the 
hysteresis loss correctly than of obtaining the eddy-cur- 
rent loss correctly. 


(b) While hysteresis loss varies as a complicated 
function of the density, the eddy-current loss varies 
substantially as the square of the effective r. m. Ps. 
voltage. So by means of the flux voltmeter we obtain 
the hysteresis loss correctly, and by means of an ordi- 
nary r.m.s. voltmeter we are able to make correction 
for the eddy-current loss. 
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(c) For a given line of sheet steel, the hysteresis 
loss per pound may vary a great deal depending on the 
annealing process and handling, but the eddy-current 
loss is relatively very slightly affected by these factors. 
This means that the eddy-current loss of a line of steel 
may be considered fairly constant without serious error, 
and hence, calculated corrections applied for it, when 
necessary, as described below. 

When the excitation voltage is set by the flux volt- 
meter, the desired maximum flux density, and hence the 
correct hysteresis loss, is obtained. If the voltage 
wave is distorted, however, the a-c., r. m.s. voltage will 
be different from the flux voltmeter voltage, and there- 
fore the actual eddy-current voltage under test will be 
different from that corresponding to the rated sine-wave 
voltage in the ratio 


True eddy loss 
Observed eddy loss 


( r.m.s. voltage } 
~ \ flux voltmeter reading 


A correction, therefore, has to be applied for the changed 
eddy loss. The method used in the tests described 
below was as follows. If, in a normal sample at sine- 
wave voltage, the percentage values of the eddy and 
hysteresis losses are known over the desired range of 
densities, then, if the eddy-current loss is left unchanged 
and the hysteresis loss altered and if for the test purpose 
the voltage is set by the flux voltmeter, it follows that 
the 


True sine-wave core loss 


Observed total loss x 100 
= Per cent hysteresis + k X per cent eddy loss 


where k is the square of the ratio of the a-c. voltmeter 
reading to the flux voltmeter reading. The relative 
values of the eddy and hysteresis losses in the iron 
sheets may be obtained from the Epstein test’. 


2. Since the preparation of this paper, an excellent method 
used by the Bureau of Standards has come to the attention of the 
writer in which no assumption whatever is made about the 
percentage values of the eddy and hysteresis losses but two 
measurements are made at different wave shapes to obtain the 
separation of the actual eddy and hysteresis losses. The 
method, of course, involves the use of either the flux voltmeter 
or its equivalent in some form. The method is quite simple. 

The core loss test is made at two different wave-shapes, setting 
the voltage by the flux voltmeter. Assume that Wi and W» are 
the observed total losses, and #, and.H, the corresponding ob- 
served effective a-c. voltages. Then the true total core loss Ws 
for the rated sine wave voltage E, indicated on the flux volt- 


meter is — 


eo aaee BA) Walt ee 
BS ll EY — EY 


This is derived from the following basic equations:— 

Wi =e Jal +-Wo EY 

W2 a H + Wo E 2 i 
in which H is the hysterisis loss and is the same at both wave- 
shapes for the same flux voltmeter voltage; while W is the eddy- 
current loss for unit effective voltage, and when multiplied by the 
square of the actual effective voltage gives the total eddy-current 
loss for that test. - 
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The fact that the percentage eddy loss varied at 
different densities is to be taken into consideration by 
using the characteristic curve of the material similar to 
the sample characteristic curve shown in Fig. 13. It is 
to be granted that in large built cores the ratio of eddy 
to hysteresis is not necessarily exactly the same as in 
small samples, due to increased intersheet eddies result- 
ing from the closer contact of the sheets under pressure 
from highly tightened bolts. Large cores, however, 
have also increased hysteresis loss due to pressure of 
bolts and other reasons, so that in large cores the ratio 
of eddy to hysteresis probably does not increase as 
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much as one might expect. Furthermore, it may be 
shown by an example that the error that may result 
from this variation is not very large. 


EXAMPLE 


100 per cent rated voltage 
105 per cent rated voltage 


Flux voltmeter setting 
Actual r. m. s. voltage 


k ( r.m.s. voltage 
~ \ Flux voltmeter voltage 


2 
) =) 1:10 


True core loss = Observed loss 


( 100 ) 
Per cent hyst. + k per cent eddy 
If the eddy loss is 20 per cent, 


100 
True core loss = Observed loss ( Tem ehy so 20 ) 
a 100 
= Observed loss 02 


The correction for error in the eddy-current loss thus 
amounts to two per cent. If the flux voltmeter were 
not used at all and no correction applied, the observed 
loss would be about ten per cent in error. 

To show that the assumption of a considerably dif- 
ferent percentage value of eddy loss would not affect 
the foregoing result appreciably, we may suppose that 
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the percentage is 30 instead of 20 and recalculate the 


true loss. We would then have 
; 100 ) 
True loss = Observed loss e + 1.10 x 30 
Al 100 
= Observed loss 103 


Comparing this with the previous result, it will be 
observed that a 50 per cent error in the percentage value of 
the assumed eddy loss has influenced the final result by 
only one per cent. 

Test Data. In the data tabulated below, a given 
transformer was tested on two or more generators of 
widely different wave shape, thus using the degree of 
agreement among the results so obtained as a measure 
of the accuracy of the instrument in this application. 
An attempt was made, of course, to make one of the 
wave shapes in each instance as near sine wave as 
possible and the other, or others, as distorted as possi- 
ble. Oscillograms of wave shape are shown for each 
instance. Furthermore, to give to the reader an idea 
as to how much the wave-shape error would have 
amounted to if no attempt at correction for wave shape 
were made, the losses observed when the voltage was 
set by an a-c., r.m.s. voltmeter are also given for 
each instance. 

Since in these tests the comparative values of the 
losses rather than their absolute values are of interest, 
the loss data, to facilitate comparison, have all been 
reduced to percentage values calling one of the readings 
as 100 per cent. 


TABLE I 
Trans. | Generator | Percent | Core Loss | Core Loss Oscillo- 
Ky-a. Ky-a. Load on with without gram 
Item | Rating] Rating Generator | Flux-volt | Flux-volt Fig. 
Per Cent| Per Cent 
No.1} 1,500 500 20 100 81.6 6 
“s 1,500 if 100 94 Kf 
No.2} 1,667 500 30 100 88.5 8 
v 3,000 5 100 94.2 9 
No.3] 8,000 500 55 100 87.8 10 
i 1,500 18 100.5 92.2 at 
“f 12,000 2.2 99.5 98.8 12 
No. 4} 10,000 500 50 100.3 83 —_ 
as 3,000 9 100 93 — 
oe 12,000 2 100 101.5 —_— 
No. 5| 28,866 1,500 45 100 82 
ee 24,000 3 100 90.8 


These data would seem to indicate excellent com- 
‘mercial accuracy for the flux voltmeter, inasmuch as 
practically the same result is obtained no matter how 
distorted or how pure the wave shape is. The dis- 
tortion of the wave in some instances was so great 
(see item No. 1) that more than 18 per cent error would 
have existed in the core-loss measurement if the 
voltage had been set by an r. m.s., a-c. voltmeter. 


COMPARISON WITH OTHER METHODS | 
Two very similar methods have in the past been 
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used for the purpose of reducing core-loss measurements 
to a sine-wave basis. It may be of interest, therefore, 
to present data as to how the accuracy of the flux- 
voltmeter method compares with theirs. 

In the two older methods, use is made of a little 
“Standard” transformer the core loss of which has been 
calibrated on pure sine-wave voltage. In both methods, 
this “standard” transformer is excited, through po- 
tential transformers when necessary, in parallel with 
the power transformer under test. In one of the 
schemes, the voltage of the circuit is adjusted to a 
value such as to make the core loss of the ‘‘standard” 
the value corresponding to the desired sine-wave 
voltage. In the other scheme, the desired voltage is set 
by an r. m. s. voltmeter and the actual losses in both 
the power transformer and the little “standard” are 
observed. The factor which would convert the ob- 
served core loss of the little standard into its sine- 
wave value (known from its calibration curve) is used 
to convert the observed loss of the power transformer 
to sine-wave basis. 

Tests indicated in Table I for the flux voltmeter were 
repeated, making corrections by these two schemes. 
The items in the following tabulation refer to the same 
apparatus and conditions as the corresponding items in 
Table I. 


TABLE II 
Core Loss by 
Flux- 
Voltmeter Scheme No. 1 | Scheme No. 2 
Per Cent Per Cent Per Cent 
Item No. 1 100 90 91.7 
100 95 95.4 
Item No. 2 100 93.3 94.2 
100 95.3 98.2 
Item No. 3 100 95.2 98.8 
100.5 97.6 99.2 
99.5 99.2 102. 
Item No. 4 100.3 95 96 
100 97 103.5 
100 109 111 
Item No. 5 100 90.2 93.6 
100 97.4 97.4 


It is interesting to note that (1) core-loss measure- 
ments made by the older schemes are influenced a great 
deal by differences in wave shape and that with badly 
distorted waves they would be very unreliable, and 
(2) that in eleven cases out of twelve, the losses 
obtained by the older methods were considerably less 
than those obtained by the flux voltmeter (and the 
one instance, in which they were more) might be some- 
what doubted. 

Outfits of this type have no doubt served an excellent 
purpose in the past, and even now, when the wave 
distortion is not large, they may give results which are 
entirely satisfactory. On the other hand, however, 
it appears that conditions have so changed in recent 
years that the average accuracy which was obtained 
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by the aid of such outfits five or ten years ago is not 
readily obtained under present conditions. The rea- 
sons for this may be seen as follows: 

1. These older schemes do not attempt to maintain 
a known flux density in the core, but aim at drawing 
inferences from the losses of a small unit to the losses of 
the main transformer. If the two transformers were 
operated at the same density, this might be possible, 
assuming that other conditions are favorable. It is 
not practicable, however, to duplicate the density of the 
main transformer in the auxiliary ‘‘standard’’ core, 
and therefore the greater the difference in density the 
less reliable is the result. Scheme No. 2 described above 
utilizes an extra theoretical correction based on the 
difference in the density of the two transformers and it 
will be observed that it gives, in general, more correct 
results than scheme No.1. Still, it is not by any means 
as consistent and accurate as the flux voltmeter. 


2. Transformer sheet steel is constantly being 
improved, so that hysteresis characteristics and the 
eddy-current ratio are modified as time goes on, and the 
assumed “standard” core, even when operated at the 
same density as the transformer under test, ceases to be 
representative in a short period of progress. Even ata 
given time, a great variety of sheet steels are used, and 
it would be impossible.for a given “standard”’ core to 
duplicate the characteristics of them all. 


3. Although the kv-a. capacity of transformers built 
in recent years has steadily increased, the kv-a. capac- 
ity of generating units used for testing the core-loss of 
the transformers has not proportionately increased, and 
as a result, the core-loss load on generators in testing 
departments is a much larger percentage of their 
capacity and as a consequence the wave distortion is on 
the average much larger than formerly. It may be 
noted that generator voltage wave distortion due to 
transformer exciting current load is far more than that 
due to other loads, on account of the fact that the 
former draws a badly distorted current. Even in 
a carefully designed generator, the harmonies of the 
transformer exciting current will produce a large 
distorted regulation through the usually high syn- 
chronous impedance of the generator. 


APPLICATION OF FLUX VOLTMETER TO ALTERNATING 
FLUX NETWORKS 

In a magnetic network, the flux density in different 
branches may be badly distorted, even with sine-wave 
line voltage and sine-wave total flux. In such cases, 
observing the r. m. Ss. voltages in exploring coils on 
different branches would not indicate the true flux 
densities in the respective branches, whereas voltage 
observations made by the flux voltmeter would defi- 
nitely and correctly indicate the corresponding densi- 
ties regardless of the shapes of the waves, provided, of 
course, that the voltage wave does not cross the zero 
more than twice per cycle. This application is too 
simple to require any further comments. 


CAMILLI: A FLUX VOLTMETER FOR MAGNETIC TESTS 727 


CONCLUSIONS 


1. A voltmeter, suggestively called “flux volt- 
meter,” is described for a-c. circuits, the indications of 
which are proportional to the arithmetic average value 
of the voltage wave and hence proportional to the 
maximum flux density, if the voltage is the reactive drop 
corresponding to the flux. 

2. The primary application of the instrument 1s to 
the reduction of the core-loss measurements of trans- 
formers to sine-wave basis. The method is to set the 
desired value of the voltage by means of this instrument, 
in which case the maximum flux density in the core 
corresponds to the desired sine-wave voltage, even 
though the impressed voltage is badly distorted. 
Methods are indicated for taking into consideration the 
error in the eddy-current loss. Accuracy of the meter 
in this application is believed to be within one-half of 
one per cent. 

3. In comparison with other and older schemes for 
the reduction of core loss to sine-wave basis, it is noted 
that the flux voltmeter has the following advantages: 

a. Its results are unaffected by the rated flux 
density of the transformer core. 

b. It is unaffected by the quality of the core 
material used. 

ce. Itisapplicable to all commercial frequencies. 

d. In general, core losses obtained by other 
schemes are smaller than those obtained with the 
aid of the flux voltmeter. 

e. The flux voltmeter puts practically no load 
on the instrument transformers. 

4. The flux voltmeter may also be used for ex- 
ploring alternating flux networks. 

5. The only limitation of the flux voltmeter seems 
to be in those instances in which the voltage wave 
crosses the zero line more than twice per eycle. Such 
distortions of voltage waves, however, are so rare 
commercially that it is difficult to conceive of en- 
countering them in practical core-loss tests. 

The author is indebted to Mr. C. A. Read for the 
taking and analysis of the oscillograms; to Messrs. 
M. G. Newman and A. Boyajian for advice in the 
progress of the investigation; and to Mr. L. de Nagy for 
assistance in making the tests. 

Some references that have come to the author’s 
attention are listed below. . 

V. Karapetoff, Experimental Electrical Engineering, 
Viole 

E. W. Chubb, Trans. A. I. E. E., 1909, Part 

Barr, Influence of P. D. Wave Form on Iron Losses, 
Electrician, Vol. XX XVII. 

W. Becket Burnie, Iron Losses, Electrician, Vol. 
LXXVI. 

H. M. Lacey and C. H. Stubbings, Core Loss as 
Affected by Triple Harmonics, A. 1. E. E., Vol. LXVIE: 

R. C. Chicker, Transformer Core Losses as Affected 
by Triple Harmonics, Electrician, Vol. LX XVI. 


Discussion 


R. L. Sanford: For the determination of the average value 
of an alternating electromotive force a rectifier of some kind is 
necessary. While somewhat difficult to keep in good working 
condition, the rectifying commutator, either mounted directly 
on the generator shaft or driven by a synchronous motor, has 
been, up to the present time, the only satisfactory apparatus for 
the purpose. The commutator has a number of disadvantages 
which are obvious to any one that has had oceasion to use it and 
the development of a really satisfactory method for measuring 
average volts represents a distinct advanee in the art. 

The device described by Mr. Camilli has the advantages of 
simplicity and portability. While the evidence of its reliability 
presented in the paper seems to be fairly conclusive, it was felt 
that a really crucial test would be a direct comparison with the 
rectifying commutator using a sine wave of voltage and also with 
various degrees of distortion. This was done at the Bureau of 
Standards. In making the test, the commutator brushes were 
adjusted for rectification at the zero point on the wave and its 
condition was checked by noting that the reading of an a-e. 
voltmeter was the same whether connected to the source directly 
or through the commutator. The average volts were read by 
means of a Brooks deflection potentiometer and a volt-box. 
Simultaneous readings were taken by different observers with 
the potentiometer and the flux voltmeter, and the values in all 
cases agreed well within the limits of the allowable error. It 
appears, therefore, that the flux voltmeter measures average 
volts with a satisfactory degree of accuracy and should prove to 
be a very useful instrument for a number of purposes. 

As pointed out by Mr. Camilli, the total core loss with a dis- 
torted wave is somewhat high, as the eddy-current loss is pro- 
portional to the square of the effective voltage rather than to 
the average voltage. He has indicated an indirect method 
for making the correction. It would appear better, however, 
to determine the correction directly by making measurements 
with different degrees of distortion, noting the effective voltage 
ineach case. The correction can then be made by simple caleu- 
lation. This method has the advantage that no assumption as 
to the ratio of eddy currents to hysteresis is necessary. 

W. H. Cooney: Any one who has endeavored to obtain a 
given core loss twice on the same transformer when using differ- 
ent generators on each test with consequent variations in wave 
form will appreciate the development of a meter which will give 
consistent results regardless of how distorted or how near sine 
wave the wave form is. 

In the past, many core-loss correction outfits have been based 
on setting voltage by an a-c. voltmeter, thus getting the r. m. s. 
value. Since, as Mr. Camilli pointed out, only the eddy 
loss is a function of the r. m. s. value, the correction 
which had to be made was almost entirely in the hysteretic 
component. That this was not the proper end from which to 
tackle the problem can be realized by considering the general 
proportion of hysteresis and eddy losses. 

Eddy losses are very rarely more than 20 per cent of the total 
loss and are usually much less. By the use of this scheme, which 
holds the average voltage corresponding to the effective sine-wave 
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voltage desired, the correct hysteresis loss is maintained and the 
correction need be made only on the eddy component, which, as 
has been-said before, is comparatively small. 

Some of the previous core-loss corrections consisted essentially 
of a small ‘‘standard” transformer excited in parallel with the 
transformer under test, and one of two methods was used: 
(1) The available voltage was varied until the “standard” trans- 
former held the desired core loss; or (2) the available voltage was 
adjusted to the desired root-mean-square value (regardless of 
the wave form) and the loss of the transformer under test was 
corrected in the same proportion in which it was necessary to 
correct the ‘‘standard” transformer in order to put the latter on a 
sine-wave basis. 

The objections to the use of a small “standard’’ are quite 
apparent. The chief objection is that the ‘“‘standard” is very 
seldom at the same density as the main transformer and thus is 
not operating on the same part of the density-loss curve which has 
a decided “‘knee”’ in it. It is necessary to maintain all sorts of 
calibration curves with the increased liability of introducing 
errors. There is finally the general objection that a small model 
in tests of this sort cannot be expected to duplicate the phenomena 
occurring in large apparatus. 

The only correction which needs to be applied to this meter 
(for eddy loss) can be made very easily, as very few calibration 
curves will be necessary since the division of hysteresis and eddy 
losses ean be determined closely enough for any given line of 
steel. The only possible case in which this meter will be in- 
accurate is where the wave goes through zero more than twice 
in a cyele, and this should never Occur in commercial testing. 


Aram Boyajian: The simplicity of the theory, construction 
and method of application of the flux voltmeter may tempt us 
to underestimate the excellent engineering which has been in- 
corporated into this outfit. Itis true that such parts of the outfit 
as d-c. voltmeters and vacuum-tube rectifiers have been available 
separately, and it is also true that the mathematical relation 
between maximum flux density and arithmetical average voltage 
has been known to the electrical art for a long time. It re- 
mained for Mr. Camilli, however, to bring together the theory 
and these pieces of apparatus into an outfit which accomplishes a 
new function in a new and very satisfactory manner. The ac- 
curacy and consistency of core-loss tests made with the aid of 
this outfit are surprisingly good, especially in comparison with the 
older schemes. The extent to which the older schemes under- 
estimate the core loss under conditions of bad wave distortion 
will no doubt interest very strongly inspectors on acceptance 
tests as well as those engineers who draw up specifications. 


T.C. Lennox: [should like to point out the advantage of this 
device for determining the core losses in interphase transformers 
for rectifiers. These interphase transformers have voltages 
which are not of sine-wave form and furthermore have different 
wave forms for different conditions of load so that it is difficult 
to obtain loss measurements which are representative of actual 
losses under load. The flux voltmeter could be very easily 
applied to obtain the actual flux densities under load conditions 
and thus aid greatly in obtaining a correct measurement of the 
efficiency of the equipment as a whole. 


Variable Armature Leakage Reactance in Salient- 


Pole Synchronous Machines 
BY VLADIMIR KARAPETOFF: 


Fellow, A. I. E. E. 


Synopsis.—The electrical performance characteristics of a poly- 
phase synchronous machine, that is, its voltage-current relations 
under load, depend essentially upon the nature and the extent of the 
magnetomotive forces of the armature currents. Broadly speaking, 
the effect of these magnetomotive forces is two-fold; 7. e., (a) they 
oppose and distort the field magnetomotive force and (b) they create 
leakage fields linked with the armature conductors. The first 
influence is known as the armature reaction, and the second as the 
armature reactance. More specifically, in a machine with salient 
poles, the armature reaction may be resolved for purposes of compu- 
tation into the direct reaction (along the center lines of the poles) 
and the transverse reaction, midway between the poles. In polyphase 
machines of usual proportions, the armature leakage reactance, x, 
usually plays a secondary role, and for most purposes is assumed to 
be constant and independent of the power factor of the load. The 
vector of the reactive drop, Ix, is simply drawn in a leading time 
quadrature with the current I. 

However, in machines with considerable armature reactance, or 
where higher accuracy is required, the assumption of a constant x 
leads to noticeable discrepancies between the computed and observed 
data. This is of particular importance in problems which involve 
hunting, instability, etc., and in which the torque (or displacement) 
angle must be predicted. This angle depends to a considerable 


degree wpon the leakage reactance of the machine. It has been 
previously proposed by others to use two distinct values of leakage 
reactance, one when the leakage paths around a group or belt of 
armature slots are closed through the center of a pole face (maximum 
reactance), and the other when such slots are midway between 
the poles (minimum reactance). However, no account has been 
taken apparently of a gradual change in the reactance between the two 
extreme positions, nor have the results been properly correlated 
with the rest of the factors which enter in the performance of the 
machine. 

In the present paper, the leakage inductance is assumed to consist 
of two parts, one of which is constant (the average inductance), and 
the other. varying harmonically at a double frequency, reaches @ 
maximum opposite the centers of the poles. A magnetic linkage 
equation is written, and its derivative with respect to the time angle 
is taken to obtain the induced voltage. The result shows that the 
foregoing assumption leads to two reactive drops, one, the usual 
average Ix drop and another a supplementary drop, leading Ix by 
an angle 2 W, where W is the internal phase angle at which the 
machine is operating. These quantities are introduced in the usual 
Blondel diagrams for the generator and the motor, and the relation- 
ships among the various quantities are established both graphically 
and analytically. 


N the performance characteristics of synchronous 
machines with salient poles, there are certain 
discrepancies between the computed and the 

measured electrical quantities, even when the usual 
Blondel diagram is used which is supposed to take into 
consideration the influence of salient poles on the arma- 
ture reaction’. These discrepancies may be accounted 
for, at least in part, by taking into consideration the 
variations in the value of the permeance of the armature 
leakage flux during a cycle. 

At zero power factor of the load, the armature leakage 
flux reaches a lower maximum value than with the same 
armature current at unity power factor, because in the 
latter case the armature slots, in which the current 
reaches its maximum, are almost opposite the centers 
of the poles, and the permeance of the leakage paths is 
greater. Hence, at high values of power factor, the 
machine should be expected to behave as if its leakage 
reactance were greater than that obtained from a short- 
circuit test. Often such is actually the case. More- 
over, the torque (or displacement) angle® often comes 
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29. For a theory of Blondel’s diagram, see V. Karapetoff, 
The Magnetic Circuit, Arts. 48 and 49. The subject of direct and 
transverse armature reaction is also treated in detail in Chaps. 
47 and 48 of the author’s Experimental Electrical Engineering, 
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out from test larger than from computation. This also 
indicates an actual increase in the equivalent reactive 
drop iz, as would be expected theoretically at higher 
values of power factor. . 

Several authors have pointed out the fact that the 
armature leakage reactance varies during the cycle, and 
some have used two values of reactance, one opposite the 
poles, the other midway between the poles‘. How- 
ever, to the writer’s knowledge, gradual changes in the 
reactance have not as yet been considered quantitatively 
in their effect upon the Blondel diagram, and the latter 
is usually drawn with a constant 7” drop. An attempt 
is made below to develop a method whereby such 
cyclic variations in the reactance can be taken into 
consideration in Blondel’s theory of two armature 
reactions. Of course, a similar correction could be 
applied to the less accurate Potier diagram, but it 
would seem hardly logical to correct for the effect of 
salient poles upon the leakage reactance in a diagram 
in which the effect of salient poles on the armature 
reaction is disregarded altogether. 

I. AVERAGE REACTANCE AND SUPPLEMENTARY 

REACTANCE 

In Fig. 1, the curve A BC D E represents values of 
the armature leakage inductance plotted with reference 
to the axis of abscissas X X. The time angle is denoted 
by a, where 

a=2rfit=wt (1) 
t being time and f the frequency. When a = 0, let the 


4. See, for example, C. P. Steinmetz, A-C. Phenomena, — 
Chapter on Armature Reactions in Alternators. 
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group of armature conductors under consideration be 
opposite the center of a pole. The tooth-tip leakage is 
then at a maximum, and hence the leakage inductance 
reaches its maximum value. When a = 90 deg., the 
same group of conductors is midway between the poles 
and the leakage inductance is a minimum. 

Thus, the leakage inductance varies at twice the 
frequency of the main induced voltage of the machine, 
and, as a first approximation, the inductance curve in 
this discussion will be assumed to be a sine wave of 


yi eee! Eu A Mae Re Re a 
t= yog°—_»>] > Hlectrical| Degrees 


Fig. 1—Variaste ARMATURE LEeaxacGe INpuUcTANCE La AND 
Irs AVERAGE VALUE L 


double frequency. Even when an actual test gives a 
curve departing from a sine wave, this experimental 
curve can be replaced by an equivalent sine wave, be- 
cause higher harmonics in the inductance can produce 
only higher harmonics in the terminal voltage or in the 
current of the machine, and in this paper only the 
quantities of fundamental frequency are considered. 
The variable value of inductance, La, at an instant 
of time corresponding to the electrical angle a, shall 
therefore be expressed as 

La=L+ALcos2a (2) 


Here L is the average value of the inductance over a 
cycle, and A L is the greatest departure from the aver- 
age, that is, the amplitude of the sine wave with respect 
to the axis X’ X’. 

Assuming the armature current to be sinusoidal, it 
can be written in the form 
ia = I Cos (a— p) (3) 
where J is the amplitude of the current, and y = 
Q OG, Fig. 2, is the internal phase angle at which the 
machine is operating. The angle y characterizes the 
interval of time between the instant when a group of 
armature conductors is opposite the center of a pole 
and the instant when the current in the same group of 
conductors reaches a maximum’®. For a generator, 


5. The Magnetic Circuit, pp. 154 and 155; the angle yp is 
marked in the diagrams there. 
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y is assumed to be positive when the current reaches a 
maximum after the corresponding group of conductors 
has passed by the center of a pole (although the current 
may be leading with respect to the terminal voltage). 
In a motor, v is greater than 90 deg., and may even be 
greater than 180 deg. when the motor is under-excited. 
Thus, in equation (3), the case of y = 0 corresponds to 
the generator working at such a power factor that the 
current I reaches its maximum when that group of 
conductors, through which I is flowing, is directly 
opposite the center of a pole. It can be shown that 
under these conditions the current is slightly leading 
with respect to the terminal voltage, but this fact is 
of no particular importance in this discussion. 
Multiplying equations (2) and (3) term by term, in 
order to obtain the instantaneous magnetic linkages, 
gives 
ia Le = LI Cos (a— y) + ALI Cos2.aCos (a — ¥) 
(4) 
In the last term, the product of the cosines can be re- 
placed by their sum and difference. Namely 
Cos 2 a Cos(2 a— yy) =0.5 Cos(a+y) +0.5 Cos(3 a— p) 
Leaving only the fundamental term containing a, and 
disregarding the term with 3 a (the third harmonic), 
approximately, 


Fig. 2—A Mopiriep BLonpEL DIAGRAM OF A SYNCHRONOUS 
GENERATOR WITH THE AVERAGE ReEaAcTIvVE Drop, Jz, AND 
SUPPLEMENTARY Reactive Drop, [zs 


ta La = LI Cos (a— yy) + 0.5 ALI Cos(a+ yp) (5) 
The voltage drop due to these linkages is 

é2 = d (ta La)/dt = wd (ta La)/da 
Hence, taking a derivative of equation (5), 
e, =— wLIS8in(a— y)—05wALISn(a+ y) (7) 
The term — w LJ Sin (a — y) representsa sine voltage 


which leads the current wave by 90 deg. and corresponds 
to the average constant reactance 


ei=-w GD 


(6) 


(8) 
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such as ordinarily used in the theory of synchronous 
machines. The last term in equation (7) corresponds 
to a supplementary reactance 


2,=05wAL (9) 


The corresponding voltage drop, x, I Sin (a + y), 
leads the main reactance drop I x by the angle 2 y, 
because 


ict Wee (a — ¥) 2 (10) 


Thus, the following expression is reached for the vector 
of total reactive voltage drop in the armature: 


Reactive drop = Iz /90° + Ix, /90° + 2¥ (11) 


The quantities « and z, are expressed by equations 
(8) and (9); the yalues of L and A L are shown in Fig. 1. 
The angle notation in equation (11) means that a he 
leads the vector I by 90 deg. and I x, leads I by 90 deg. 
+ 2y. In other words, I x, leads I x by 2 y. 


Il. A MopIFIED BLONDEL DIAGRAM 


An application of these results to the Blondel dia- 
gram is shown in Figs. 2 and 3 which are generalized 
Figs. 40 and 41 in the “Magnetic Circuit.” Fig. 2 
represents a generator at a lagging current and Fig. 3 
a motor at a leading current’. The current J is shown 
in both cases from the point of view of the machine 
itself (and not of the line) so that the phase angle @, 
when the machine is operating as a motor, is greater 
than 90 deg. This method of representation is of 
advantage in that the same diagram and the same set of 
formulas cover operation both as a generator and asa 
motor. 

Beginning with the line voltage E, Fig. 2, the ohmic 
drop A B = I ris added in phase with the current, and 
the average reactive drop B D = I x in leading quadra- 
ture with it. The supplementary reactive drop, 
Iz, = DD’, is added at an angle 2 y to B D, in the 
positive (counter-clockwise) direction. In the case of 
the motor, yw is greater than 90 deg., and 2 y is greater 
than 180 deg. HE, = OD’ is the total induced electro- 
motive force. The direction O C is that of the induced 
electromotive force at no load, or the center line of the 
pole. Hence, by constructing a right-angle triangle 
D’GO, with OD’ as hypotenuse, the net voltage 
OG = E,, induced by the real poles is obtained, and 
the voltage G D’ = E, induced by the fictitious (trans- 
verse) poles. 

From equations (83) to (85) on p. 156 of the “Magnetic 
Circuit,’ it will be seen that instead of drawing E: 
normal to OC, a vector D'C = E,’ can be drawn 
parallel to I x. This procedure is necessary when the 
angle y is not known, and in fact can be used to deter- 
minethis angle, namely, by completing the parallelogram 


6. The current and voltage notation has been changed from 
iand eto J and £; the induced voltage is denoted by Zp in place 
_of E. I has been defined above as the amplitude of the current. 
There is no objection, however, to considering J and £ in the 
diagram as vectors of the effective values. 
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D D’'C H and extending D H to its intersection with OC 
at K7. In the triangle K H C the angle at H is equal 
to 2 y by construction; the angle at K is equal to 90 
deg. — y, because OQ K is a right triangle, and the 
angle at 0 is equal to y. Thus, in the triangle KHC 
the remaining angle, at C, is also equal to 90 deg. — y. 
The triangle is isosceles and consequently H K = 7 %.. 
This gives the following construction for the angles 
yand 06: 

Lay off OA and A B, and draw the direction B Kk, 
normaltothecurrent. LayofiBK =Ix2+H,'+I1%,, 
and connect point K to 0. This will give both the 
internal phase angle y and the displacement of torque 
angle 6. The latter is the electrical angle by which the 
pole structure of the loaded machine is advanced (or 
retarded) with respect to an identical unloaded machine 
connected to the same bus bars. 


Fic. 3—A Mopiriep BuonpEL D1aAcGRaM, Simitar To Fia. 2, 
ror SyncHRonNouS Moror 


If it is required to compute the required excitation, 
complete the diagram by laying of B D” = I 
(x — 25), and through D’’ draw the straight line 
NN normal to OK. This will determine the net 
induced electromotive force OG = E,,; from the no- 
load saturation curve, the corresponding net excitation, 
M,, can be found. To this excitation, the direct 
armature reaction, M., is added [or subtracted, if 
sin pis negative, bid., equation (79)]. This will give the 
required field excitation, M,, at that particular load. 


7, The point K is of considerable importance in diagrams 
of synchronous machines, and Blondel uses the term Joubertian 
e.m.f. for the value of OK. It is convenient to call K the 
Joubertian point. 
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Most of the construction lines and angles indicated 
in Fig. 2 are also shown in Fig. 3, and the description 
given above, with slight modifications, may also be 
followed in Fig. 3. 


Ill. ANALYTICAL SOLUTION 


The heavily drawn polygon in Fig. 2 can be repre- 
sented in the cissoidal complex form by the equation 
ECis@ + Ir Cis 0 +I x Cis 90 deg. + I x, Cis (90 deg. 

+2y) +12; Cis 90 deg. = (H, + 1 2, Sin y) Cis 


(12) 
where 
Cis @ = Cos¢ + j Sin od = e”* (12a) 
and also 
lap] 1,6 = Lhe 1 (13) 


[Magnetic Circuit, p. 156, equation (84)], so that the 
transverse reactance, corresponding to the transverse 
armature reaction, is 
ti =kik»mnv (13a) 
Equation (12) expresses the fact that the geometric sum 
of 0 A,A B,B D,D D’ and D’ CisequeltoOG + GC. 
To solve this equation for y, multiply both sides by 
Cis (90 deg. — y)8. The real part of the resultant 
expression is 
ESin (y— ¢) + IrSin y—IxCosy—I«x, Cosy 
et eOs Va Umut (14) 


Dividing throughout by Cos y and solving for tan y, 


tan y = (ESing + 2. 1)/(E Cos @ + I 1) (15) 
where xy is the total equivalent reactance: 
Lo = & + 2%; + 4%, (15a) 


A reference to Fig. 2 will show that equation (15) could 
be written directly from the triangle OQ K, since in 
this triangle 

tany =QK/OQ (16) 


However, a derivation from equation (12) has been 
deemed to be of sufficient interest to be included in this 
paper for the sake of illustrating the general method of 
solution of such problems. This method is entirely 
automatic, while the particular geometric relations 
in a given problem may or may not be evident. The 
displacement angle § is determined from the relationship 
6=y-¢ (16a) 
for a motor @ is negative. 
Equating separately the real and the imaginary 
parts on the two sides of equation (12), and solving 
each for the term with E’,, we obtain: 


E, Cosy = HCos¢+JIr—TI (x, + 0.5%.) Sin2 y (17) 
E,8iny = ESin¢d + 1 (« + 0.5 x) 

+I (a, +0.52,) Cos2yp (18) 
Knowing the angle w from equation (15), H, can be 


8. Two Cis operators are multiplied by simply adding the 
angles; that is, Cis a. Cis b = Cis (a + 6). This follows directly 
from the exponential expression in equation (12a); see also V. 
Karapetoff, The Electric Circuit, p. 93, equation (154). 
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computed from either equation (17) or (18). When y 
is near zero, it is preferable to use equation (17); when 
vy is nearly 90 deg., equation (18) will give more ac- 
curate results. 

A graphical interpretation of equations (17) and (18) 
is shown in Fig. 4. This diagram is identical with Fig. 
2, except that a line, GW, is drawn perpendicular to 
OQ. The lengths D’R and RG are each equal to 


0.5 E,'. Equation (17) then simply means that 
OW =0Q-W® (19) 
while equation (18) states that 
WG=RG+4+WR (20) 


Whether or not this graphical relationship will prove to 
be of further practical interest, remains to be seen. it 
has been deemed advisable to note it here, as a check 
on the formulas. 


(17) 


Fic. 4—A GRAPHICAL INTERPRETATION OF HQUATIONS 
: AND (18) 


The theory deduced above has been checked on a 
machine with an exceptionally high leakage reactance. 
The assumption of a constant leakage reactance, de- 
duced from the short-circuit test and from the design 
data of the machine, led to a wide discrepancy between 
the observed and computed performance character- 
istics. On the other hand, by assuming reasonable 
values of the average and supplementary leakage 
reactances, the current and voltage relations, as well as 
the torque angle 6, were found to agree quite closely 
with the test data’. 


In conclusion, the author wishes to express his 
appreciation to Mr. R. E. Doherty, Consulting Engi- 
neer of the General Electric Company, for suggesting 
this investigation and for encouragement while it was 
in progress. 


9. For a different treatment of the subject see R. Bruderlin, - 
Drehfeldmaschinen mit verdnderlicher Reaktanz, Arch. f. Elekt., 
1924, Vol. 13, p. 12. 


“a \ eave 


\ 


er 


May 1926 


Discussion 


P. M. Lincoln: It would have added to our information if 
Prof. Karapetoff had gone a little further into the details of the 
amount of departure of this particular machine which he cites 
in the last part of his paper. 

The reactance of our large machines is becoming very much 
larger than it was ten or fifteen yearsago. At that time, internal 
reactance of generators was something of the order of 10 per cent 
—from 8 per cent to 12 per cent; nowadays, on account of the 
very much greater capacity of the machines, it is necessary to 
limit the amount of short-circuit current that will occur in order 
to secure safety in switching devices. And the best method 
of limiting, of course, is to limit the reactance. The internal 
reactances of our large generators have gone from a matter of 10 
or 12 per cent up to 15 to 25 percent. It has more than doubled. 

Now Prof. Karapetoff has indicated that this much larger 
internal reactance can be properly divided into two factors. 
One of them is a reactance which is independent of the position 
of the phase of the current-carrying coils with respect to the 
poles, and the other factor is a factor which depends upon that 
relationship. 

I think it would add to the paper if Prof. Karapetoff would 
indicate the amount of departure between the tests and the 
assumption that the reactance is constant—how much is A L, 
what is the value of A L that he has discovered, what that rela- 
tion is that it bears to the L. 

E. B. Shand: Referring to Blondel’s theory of two reactions, 
assume that the armature conductors of an alternator are carry- 
ing current of which the phase relation may be represented by 
the accompanying Fig. 1; the armature turns are concentric 
with the field winding so that they will either add to, or subtract 


® ® 9 & 


from, the ampere-turns of the field. This component of current 
is that of direct magnetization. When the current is 90 deg. out 
of phase from the above condition, as is indicated in Fig. 2, the 
flux produced by the armature magnetizing force will pass into 
one side of the pole and out the other side. Thus flux has always 
presented some difficulty to me in the way of definition. If the 
ordinary transformer conception is adhered to, this flux, which 
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does not interlink with the field winding, will be called leakage 
flux. On the other hand, the armature ampere-turns modify 
very materially the main flux of the machine and also may 
produce saturation effects so that it has always seemed to me 
that the definition “‘cross-magnetizing flux’’ in accordance with 
Blondel’s idéas is the better term for it. 

Any analysis of the kind given in this paper is greatly depen- 
dent upon where the line is drawn between armature cross 
magnetization and armature leakage reactance. I should like 
Professor Karapetoff to give us his ideas on this matter and the 
assumptions he has made in connection with the paper. 
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J. F. H. Douglas (communicated after adjournment): Pro- 
fessor Karapetoft’s article shows clearly how many factors must 
be considered in theory when accurately predicting the perform- 
ance of a synchronous machine, factors which do not enter into 
the performance at zero power factor. 

His treatment of linkages of flux has the merit of rigor which 


Fia. 3—ILLustration To Prove THAT THE BLONDEL Two- 
Reactance Dracram is IpEntTIcAL witH THE DrtaGcram IN- 
CLUDING A SUPPLEMENTARY REACTANCE Drop 


the arbitrary assumption of two ‘‘reactances’’ seems to lack. 
His equations (8) and (9) in conjunction with his Fig. 1 lead to 
an important relation 
MgO eS IGP —& My (1) 

on which it would be interesting to have an experimental check. 
He shows clearly that by considering theoretically derived 
constants X; and M,, and the more usually known reactance, 
(X — Xs), values of the torque angle 6 and of the internal phase — 
angle w may be considerably in error. 

The graphical construction given in his Fig. 3 follows along 
lines advocated by me in the discussion of an article in the 


Fig. 4—Bionpe, Diagram ror Conpition oF No Direct 
REACTION 


A. I.E. E. Journat for Jan. 1925,! with the added advantage, 
of course, of including the factor Xs. 

Fig. 2 of his article is susceptible of interpretation in several 
ways. It is important to note that one interpretation is not 
inconsistent with the two-reactance theory in general and that 
of Dr. C. P. Steinmetz noted in Footnote 4 in particular. Con- 
sider the accompanying Fig. 3, which is Fig. 2 in the article with 
the point S added, The lines DS and BS are 

DS =1(X + Xz) Cos = Is (X + Xs) (2) 
BS =1(X — X4) Siny = 1a (X — Xs) (3) 
We may locate the J X drop as B D + D D’,orasBS +48 D’. 
The latter interpretation of the figure is that the J X drop con- 
sists of two separate components, (a) one caused by the direct 
component of the current Ia acting with a reactance, Xq = 
X — X,, and (b) one caused by the transverse current I; acting 
on the reactance (X + Xs). 


1. Douglas, Engeset and Jones, Complete Synchronous Motor Excita- 
tion Characteristics. 


734 


Another viewpoint might be to regard S B as above and con- 
sider S G as a sort of total transverse voltage drop, due to the 
transverse current J; acting on the reactance Xp = X +X; + Xi 
using the notation of Karapetoff’s equation (15a). Inasmuch as 

I Sh SP Pky AP OE (4) 
it will be seen that to consider X, and X, and neglect X, may 
result in considerable error. The graphical construction is 
in no way influenced by these interpretations but the theory 
becomes very much simpler when we consider the constants 
Ma, Xo, and Xq, and disregard their components X, Xs and X t. 

As is well known, the zero full-load saturation curve can be 
used to evaluate both direct reaction and armature reactance. 
The reactance evaluated is, I believe, that reactance I have 
called Xz, namely (X — Xs). It would be most desirable to 
have an experimental method for the evaluating of the reactance 
X, = (X + X; + X21); the experiment which would be most 
useful would be to load a machine as an alternator, with a lead- 
ing current such that the angle p was zero, thatis, with the current 
wholly transverse. 
the torque angle 0, and the field current should be measured. 
Fig. 2 of the article then becomes the accompanying Fig. 4 
below, and the reactance X, and H, can be computed by 

Xo = (X +X,4 X:) = (#8in 4)/] (5) 

EH, = ECos@+J18 (6) 
The value of H,, should check with field current J; if the theory 
is correct, and the value of X, could be obtained. 

I wish to record the conviction that the attempt to separate 
Xo into components X, X, and X;, will be very difficult. First, 
physically, where shall we picture the (X + X,) linkages as end- 
ing and the X; linkages as beginning? Experimentally X, alone 
can be measured. If we calculate X; theoretically from design 
data, and the residual X + X, is small, then there will arise 
the question whether our transverse coefficient is accurately 


With this loading, the voltage terminal #, ' 
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known. For example, the whole effect could be attributed to 
an error in the theoretical derivation of the constant X¢. Stated 
in a somewhat different way, I could, witha single value of arma- 
ture reactance Xq, and a somewhat larger value of X; than Prof. 
Karapetoff uses, predict the same performance characteristics 
that he does, with the use of the three constants XG XG ane? 
(I am referring to the phase angles @ and vy, for the field current 
another constant, that of direct armature reaction would have 
to be used.) 

Vladimir Karapetoff: In reply to Mr. Shand’s question, I 
should say that from a physical point of view we have in an alter- 
nator a doubly excited magnetic circuit, which is excited by the 
field winding and by the combination of the polyphase windings 
on the armature. There is a complicated flux which varies in 
space and in time, and only part of which moves synchronously 
with the poles, the rest corresponding to harmonies moving at 
different velocities, some in the direction of rotation of the 
machine, some against it. Any division into various armature 
reactions and leakage reactances is only a practical makeshift 
which perhaps is not rational from the physical point of view. 
The best we can do here is to play the game straight and not 
figure out the same fluxes twice.” 

The particular makeshift which Blondel proposed many years 
ago consists in resolving the armature currents into two compo- 
nents in time, one component which reaches its maximum when 
that particular group of conductors is opposite the center of a 
pole and the other group which reaches its maximum in the 
position midway between the poles. The magnetomotive forces 
due to these two components are considered separately and also 
in combination with the field m.m.f. For details see the 
references given above. 

2. V. Karapetoff, ““The Magnetic Circuit,’’ p. 150; Doherty and Nickle, 
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Fire Protection of Water-Wheel Type Generators 


BY J. ALLEN JOHNSON: 


Associate, A. I. E. E. 


Synopsis.—-In recent years, much attention has been given to 
fire protection of turbo generators, resulting in a trend towards 
closed ventilating systems and the use of inert, gas to smother com- 
bustion. Water-wheel type generators are not so well adapted to 
this method of protection. In water-power plants, water is the 
most readily available means for fire extinguishment, but its in- 
discriminate use through perforated pipes or nozzles may cause 
damage equal to that of the fire. 

The present paper describes a system of fire protection for water- 


and 
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wheel type generators which is designed to limit both fire and water 
damage to the section of the generator immediately adjacent to the 
point of origin of the fire. This is accomplished, first, by air 
baffles which control the flow of ventilating air arownd the armature 
end projections, and second, by the use of fusible sprinkler heads 
which permit the application of the water solely to the region of the 
fire. The means for preventing and detecting fires in such generators 
are also outlined. Tests made during design to establish the effective- 
ness of the scheme and devices used are also described. 


A Pe problem of protecting generators against fires 
of internal origin is closely associated with that of 

their ventilation. This is obvious from the fact 
that the cooling medium ordinarily employed, namely, 
air, contains the oxygen required to support combustion. 
This fact has been recognized in that one method 
employed for extinguishing fires in generators is to 
control the composition of the atmosphere within the 
ventilating system. In closed ventilating systems, 
such as are now becoming standard for steam turbo 
generators, this may be accomplished in various ways. 
For instance, the fire may be permitted to burn until 
enough of the oxygen contained in the closed ventilating 
system is used up so that the remaining gases will 
no longer support combustion, or an inert gas such as 
carbon dioxide may be admitted to the ventilating 
system in sufficient concentration to lower the free 
oxygen content to a point where combustion will stop. 
A third method which has been proposed is to maintain 
at all times in the closed ventilating system an inert gas, 
such as hydrogen, as a cooling medium instead of air. 
Methods of protection, however, which have been 
worked out for steam-turbine-driven generators are not 
in general applicable without modification to water- 
wheel type generators. 

The purpose of this paper, therefore, is to point out 
certain factors involved in the problem of fire protection 
of water-wheel type generators, and to record the 
principles and devices employed in the fire protection 
of the 65,000-kv-a. Niagara generators. 

Let us therefore first catalog some of the essential 
points in which water-wheel type generators differ from 
steam turbo generators from the standpoint of fire 
protection. 

1. Water-wheel type generators are of relatively 
large diameter. This means that the armature wind- 
ings occupy a considerable circumferential length. 


1. Electrical Engineer, Niagara Falls Power Co., Niagara 


Falls, N. Y. : : 
2. Central Station Engg. Dept., General Electric Co., 


Schenectady, N. Y. = 
Presented at the Regional Meeting of District No. 1 of the 
A. I. E. E., Niagara Falls, N. Y., May 26-28, 1927. 
Also presented at the Pacific Coast Convention of the A. I. E. E., 
Salt Lake City, Utah, Sept. 6-9, 1926. 


For instance, in the 65,000-kv-a. generators to which 
reference was made, the circumferential length of the 
armature windings is approximately 75 ft., whereas in 
turbo generators the diameters are small and the 
windings concentrated into a much smaller space. 
The significance of this fact is that it ought not to be 
necessary to burn up a whole winding, say 75 ft. long, 
on account of a fire starting at one point. 

2. Water-wheel type generators are usually of open 
construction and employ an open system of ventilation 
as contrasted with the closed systems now usually 
employed with turbo generators. It is, indeed, be- 
coming more common to employ semi-enclosed systems 
of ventilation for water-wheel generators in which 
either the air inlet or air outlet is enclosed, but it is 
seldom that both inlet and outlet are enclosed, and no 
case is known to the writer where a completely closed 
system of ventilation with air coolers is employed with 
a water-wheel generator, although such a case may exist. 

3. In turbo generators it is now usual to employ 
forced ventilation in which the air is moved by an 
external fan and directed in definite paths through the 
generator ventilating ducts. In water-wheel type 
generators, however, a natural system of ventilation is 
usually employed in which the air is moved by means of 
the natural blower effect of the generator rotor, some-_ 
times assisted by fan blades attached to the rotor, and 
sometimes, also, by an external blower the only func- 
tion of which, however, is to bring the air to, or remove 
it from, the generator. This method usually results in 
a considerable circumferential motion of the air around 
the armature windings, particularly about those por- 
tions of them which project beyond the iron core. 
These end projections are frequently insulated with 
inflammable materials, and on account of this and their 
extent and exposure to the whirling air currents, they 
constitute the principal element of fire hazard in the 
generator. In many cases of fires which have occurred 
in generators of this type, it has been the experience that 
a fire originating at one point of the circumference has 
been communicated very quickly throughout the entire 
circumference of the generator through the agency of 
these whirling currents of air. When this occurs, it 
usually results in the loss of the entire winding, if, in- 
deed, damage does not also result to other parts of the 
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structure. In large machines this involves a very 
considerable direct loss which, however, is usually 
exceeded by the cost of the loss of use of the machine 
while repairs are being made. The latter is of especial 
significance in hydroelectric plants where it is unusual 
to find spare capacity available. 

Figs. 1 and 2 are cuts made from photographs of the 
results of fires in the armature end projections of two 
horizontal-shaft water-wheel type generators. Both 
of these started from faults in the armature coils, and 
within a few seconds after starting, the flames had been 
swept completely around the circumference of the 
machine. Eye-witnesses state that within one minute 


Fie, 2 
Fics. 1-2—Errect or Wuirtina AIR CURRENTS ON FIRE IN 
Env WINDINGS OF GENERATORS 


after these fires started, the iron shields covering the 
end projections of the armature windings were at white 
heat. One of these fires occurred in a machine with 
completely closed ends and the other in one with par- 
tially closed ends, but the results were the same in both 
cases. 

In view of these considerations, it would appear that, 
whereas in steam turbo generators the most promising 
element with which to work for fire protection is the 
composition of the ventilating atmosphere, in water- 
wheel type generators the directing of the ventilating 
atmosphere in its passage through the machine appears 
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to offer the most promising opportunity for the control 
of fire. 

In any complete system of fire protection there are 
four necessary elements: 

1. Prevention; that is, means should be provided to 
prevent, whenever possible, the starting of a fire. 

2. Control; that is, assuming that a fire has started 
in spite of preventive methods, means should be pro- 
vided to confine the fire to as small an area as possible. 

3. Detection; means should be provided for 
promptly detecting the presence of a fire, and it is 
desirable that such means should also give an indica- 
tion of its location. 

4. Extinguishment; a fire having occurred, means 
for its prompt extinguishment should be provided. 


PREVENTION 

The only inflammable material built into a generator 
is the insulation. The use of non-combustible insu- 
lation, if that were possible, would therefore be the 
best fire preventive. Even Class “B’’ insulation as 
now employed, however, contains a considerable 
amount of inflammable material used as a binder, and 
the requirement for flexibility often dictates the use 
of fibrous or Class “‘A’’ materials on the armature end 
projections. Generator windings often also accumulate, 
between cleanings, considerable quantities of oily dirt 
of-an inflammable nature, so that even the use of fire- 
proof insulation cannot always be depended upon to 
make a fire impossible. 

Generator fires are usually caused by insulation 
breakdown. One obvious means of fire prevention, 
therefore, is to use a high factor of safety in the insu- 
lation of the windings. 

Should a failure occur, however, the next obvious 
thing to do is to disconnect the generator from the 
system and remove its excitation as quickly as possible. 
This is best accomplished by means of differential 
relay protection in a manner now well understood and 
almost universally used. Such a differential relay 
system should be sensitive, and, from the fire prevention 
standpoint, should be arranged to de-energize the ma- 
chine as promptly as possible. Reference is made to the 
recent!y published Relay Handbook for details of such 
applications. 


CONTROL 


In spite of all that may be done in the use of fire- 
resisting insulation, in preventing insulation failures 
and in de-energizing the machine in the event of a 
failure, a fire may nevertheless occur. In one case 
known by the authors, a stubborn blaze was initiated 
in a mica-insulated generator winding by an insulation 
breakdown on over-potential test with a 50-kw. testing 
transformer equipped with an instantaneous trip. 
Owing to the energy stored in the magnetic circuits of 
the generator, it is impossible to de-energize a machine 
instantaneously, and the writer therefore sees no reason 
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to believe that even the differential relay system will 
necessarily prevent the starting of a fire. 

Assuming, therefore, that a fire may be started, the 
next problem is to prevent such a fire from spreading, 
or in other words to confine it to the smallest possible 
zone. Here appears the virtue of controlling the direc- 
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Figs. 3-4—Cross-Sections SHOWING APPLICATIONS OF FIRE 
Barrues To Two Destens or 65,000-Kv-a., VERTICAL SHAFT 
GENERATORS 


tion of flow of the ventilating air as it passes the genera- 
tor windings. The minimum fire-spreading effect 
will result if the air currents are directed radially 


. through the generator winding with complete suppres- 


sion of the circumferential component of the movement. 
The requirements for cooling, of course, necessitate that 
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some air shall be allowed to pass through and around the 
armature windings. Through the core, ventilating 
ducts are provided for this purpose. It has been cus- 
tomary, however, to permit the air to flow about the 
projecting ends of the armature coils in any manner 
which might result from the chance arrangement of the 
parts without any specific provision for guiding it in any 
particular direction, radial or otherwise. The result 
has been the production of a large circumferential 
component of air velocity in the neighborhood of the 
armature end projections. 


To rectify this condition, the idea was conceived of 
placing between the rotating field and the armature 
end projections a stationary structure of some sort for 
the purpose of guiding the air currents in a radial direc- 
tion through and between the armature end projec- 
tions. Such a structure might be of a number of differ- 
ent forms, such as, for instance, a perforated wall, or a 
series of vanes which might be of any required shape, 
or an arrangement of baffled passages. After con- 
siderable study of these three alternatives, an arrange- 
ment of passages between two inclined walls was 
adopted for the 65,000-kv-a. generators. Figs. 3 and 
4 show the application of this scheme of air control to 
the two makes of 65,000-kv-a. generators installed by 
The Niagara Falls Power Company, and Fig. 5 is a 
reproduction of a photograph showing the baffles in- 
stalled at the lower ends of the coils in one of the genera- 
tors. In order to prevent the generation of eddy cur- 
rents in these baffles due to their presence in a strong 
varying magnetic field, they are made of insulating 
material. 


The effectiveness of these baffles in directing the air 
through the end windings is very marked, the hurricane 
of air usually found about the armature end projections 
in conventional machines of this type being entirely 
absent from the machines equipped with these baffles. 

The effectiveness of the radially directed air currents 
in preventing the spread of a fire was demonstrated by 
means of tests on a full scale model of a small section of 
one of these generators. These tests will be hereinafter 
described, and seem to indicate that by this means a 


- fire may be confined to a circumferential length of 


not over two ft. 


DETECTION 


A fire having been started, it is, of course, desirable to 
detect its presence immediately, and since we have now 
found means of confining a fire to a small section of the 
winding, means of locating it in the machine are also 
desirable. In the case of the 65,000-kv-a. machines, 
the heated ventilating air is collected in a steel housing 
which surrounds the armature frame and is thence 
blown out of the building by means of separate motor- 
driven blowers. This arrangement would lend itself 
very readily to a system of smoke detection involving 
the use of a photo-electric cell. Such a system has not 
been installed, however. Various detectors based on 
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abnormal temperatures might also be employed; one 
device suggested consists of a fuse wire carried around 
the generator and arranged to give an indication upon 
_being fused at any point. Another possible device 
would be a vapor tension thermometer with its bulb in 
the form of a long slender tube extending completely 
around the machine. This would indicate the maxi- 
mum temperatures at any point throughout the length 


Fig. 5—F ire Barres INSTALLED AT LOWER END OF ARMA- 
TURE OF 65,000-Kv-a. GENERATOR 


of the tube. A third system of giving the indication of 
the presence of a fire is the use of sprinkler heads in 
which case the means of detection and of extinguish- 
ment are combined. With any system the provision of 
hand holes at frequent intervals about the circumfer- 
ence of the machine is desirable both for the purpose of 
locating the fire and for allowing access to it by means of 
hand extinguishers or a fire hose. The combination 
of sprinkler heads and hand holes was used in the 65,000- 
ky-a. generators (Fig. 6). 


EXTINGUISHMENT 


A number of mediums are now available for extin- 
guishing fires in electrical apparatus, the principal ones 


Fig. 6—Hanp Hons anp SPRINKLER Heaps at Top or 65,000- 
Ky-a. GENERATOR 


being water, steam, carbon dioxide, carbon tetra- 
chloride, ‘Fire Foam,’’ and the well-known soda acid 
extinguisher. These may be applied in various ways; 
for instance, soda acid, ‘Fire Foam,’ and carbon 
tetrachloride are usually applied by hand or portable 
tank extinguishers. Water or steam may be applied 
through a hose; or water, steam, “‘Fire Foam,” and 
carbon dioxide may be applied through permanent 
piping. 
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In the case of the 65,000-ky-a. generator at Niagara, 
the means provided for extinguishment consist, first, ina 
series of hand holes giving access to the windings for 
the use of hand or portable extinguishers or water hose. 
There is also installed at suitable points near the arma- 
ture end projections, a series of sprinkler heads con- 
nected by piping through a manually-operated lever 
valve to a source of water under pressure. This 
sprinkler pipe is arranged to be maintained under air 
pressure with a-contact-making gage adjusted to sound 
an alarm upon the reduction of this pressure through the 
blowing of a sprinkler head (Figs. 7, 8, 9, and 10). 

It has been ascertained by means of tests upon the 
above mentioned model that a fire can be maintained 
for a considerable length of time under the system of 
air control installed in these machines without spreading 
appreciably beyond its point of initiation, so that upon 


11 ft. 2 in 13 ft. 8 in. Abt. 


y z 
Ae Drill 6 -~ 5 
ee 


2k inetDia. >\ Upper Sprinklers 


oP 6¢ in. BC. 


e._ 
Thin. Dia 


0p Cover Plates on ! SE f 
| i ene 
| igs 
Top of Generator 6 in. Dia- Sa 


Le 


inj 
‘EI. 3650 


Fig. 7—DeETAILS OF SPRINKLER HEAD AND Pipine INSTALLA- 
TION IN 65,000-Ky-a. GENERATOR 


occurrence of a fire, the operator has ample time to 
determine its location by inspection through the hand 
holes. Having located the fire, the operator is in- 
structed to attempt its extinguishment first by means of 
hand or portable extinguishers using carbon tetra- 
chloride or “Fire Foam.” Should these prove in- 
sufficient, he can employ the soda acid extinguisher, or 
if his judgment indicates the necessity, he can turn 
on the water in the sprinkler system by means of the 
above mentioned lever valve. In this event the 
application of the water will be limited to one or two 
sprinklers which will have opened immediately adjacent 
to the fire, so that the water damage will be confined to 
as small a portion of the machine as possible. 

If the use of carbon dioxide for fire extinguishment 
is perfected to a point where it is applicable to machines 
of this type, there would appear to be no reason why 
the general system of protection installed in these 
machines would not be readily adaptable to its use. 
It would appear that the baffles between the rotor and 
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armature coils might be of material assistance toward 
the effective use of carbon dioxide. 


DETAILS OF INSTALLATION ON 65,000-Kv-A. 
GENERATORS 

These are shown in Figs. 7, So; and. LO; ainerair 
baffles are constructed of bakelized canvas or asbestos 
supported by suitable castings with radial vanes forming 
passages for the cooling air. 

The sprinklers are of modified standard design and 
are enclosed in baskets of sufficiently fine wire mesh 
to retain the loose parts resulting from a blow-off. 

Separate piping systems are provided for the top and 
bottom ends of the armature windings with separate 
alarm signals so that a fire may be immediately located 
with respect to the two ends of the generator. 

The manually-operated control valves shown in Figs. 
9 and 10 are normally sealed in the closed position and 
are so arranged that any leakage of water into the 
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sprinkler piping which may take place is caught in a 
sump and may be periodically drained off. The open- 
ing of the valve for draining the sump will automatically 
test the alarm system by lowering the air pressure in 
the sprinkler system. 

The air valves through which compressed air is 
supplied to the sprinkler pipes are of the needle type 
and may be kept slightly open so as to automatically 
maintain the air pressure so long as all sprinkler heads 
are intact. Upon the blowing of a head, the pressure 
will drop due to the throttling effect of the needle valve 

and the alarm will be given. 

The contact-making pressure gage is of standard 
design arranged to close a contact upon a drop in pres- 
sure to a predetermined value. Any desired form of 
alarm can be used. ; 

TESTS 

Before adopting the above described system of pro- 
tection for the 65,000-kv-a. generators, a series of 

tests was made to determine the best type and ar- 
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rangement of sprinklers, to determine whether the 
temperatures produced by a fire would be sufficient to 
operate standard sprinkler heads, and whether the air 
control devices proposed would be effective in confining 
the fire to a small area. 

The first series of tests was taken to determine the 
following points: 


Fig. J—ARRANGEMENT OF HANDLES or THREE-WAY VALVES 
AND Contact-Maxina Pressure GAGES 
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Fig. 10—Srctiona, View or GENERATOR 


Showing relative location of end windings, connections and sprinkler. 
A—sprinkler, B—stator coil, C—stator connections, D—fire bafflers, 
E—stator frame, F—air inlet 


1. Location of sprinkler heads with respect to 
generator windings. 
_2. Design of sprinkler-head deflector. 
8. Design of screen to catch links or parts which 
fly out from sprinkler heads when they operate. 


It was impossible to make the proposed tests on one 
of the 65,000-kv-a. generators; therefore it was desirable 
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to make the conditions under which the tests were to be 
taken as near like actual conditions as possible. 

Fig. 10 shows a section of the generator with location 
of sprinkler head as originally estimated to be 
approximately correct. Fig. 10 also shows the relative 
locations of the stator-coil end windings, stator con- 
nections, and fire baffles, and also shows the relatively 
small amount of space above the electrical parts in 
which to locate the sprinkler heads. 

In order to see exactly how water would spray from 
the sprinkler heads under different conditions, a dummy 
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Fig. 11—Dummy SECTION OF GENERATOR USED IN THE WATER- 
Spray TEsts 


A—Sprinkler, B—stator coil, C—screen, D—beaver board 


section of the generator was made up in the form of a 
wooden box as shown in Fig. 11. This box represented 
at full scale one of the generator sections in which a 
sprinkler head was to be located. The length of the 
box represented the length of one of these sections 
measured on the circumference of the generator at the 
air-gap. On account of the size of the 65,000-kv-a. 
generators, the air-gap did not vary far from a straight 
line in the length of a section being considered; therefore 
for our test purposes, the box was made without 
curvature. 

The ends of the box represented the barriers to be 
placed between sprinkler heads. Side pieces made of 
beaver board were fastened to the ends of the box, and 
on each a stator-coil end projection was drawn in its 
relative position as shown in Fig. 11. 

A screen was placed across the front of the box as 
some such protection would be needed in actual prac- 
tise to keep the links of an operated head from dropping 
down into the generator windings. Medium-weight 
wire screening was used, having five wires per in. 
each way, it being found by trial that links from the 
sprinkler heads would not go through mesh of this 
description, while they would go through mesh having 
wires of the next greater standard spacing. 

In this first set of tests no fire was used, as the princi- 
pal object was to determine how well water would be 
sprayed into the generator windings and connections 
under different conditions. As fires in generators 
usually occur in the stator-coil connections or stator- 
coil end projections, it was necessary in the tests to 
find an arrangement in which water would reach these 
parts effectively. 

Before taking the tests it was quite obvious that 
water could be sprayed in large quantities on the 
stator windings and connections directly in front of the 
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sprinkler, but it was not certain just what position of 
sprinkler head and type of deflector would give the 
best water distribution over the entire area to be con- 
sidered. From Fig. 11 it can be seen that the area to 
be covered was much longer than it was wide, but it 
was just as important that the water reach the coils 
at the ends of a section, or in other words, that it reach 
coils midway between two sprinklers, as it was to reach 
the coils directly in front of the sprinkler. 

In the sprinkler tests, over two dozen different special 
deflectors were used, and several locations of sprinkler 
and angle of spray were tried. The water pressure, 
also, was varied to determine the effect of such a change 
on the water distribution. 

Under each test the water distribution was observed 
and rated in five ways as follows: 

1. Distribution and distance water sprayed directly 
in front of sprinkler head. 

9. Amount and distribution of water sprayed onto 
beaver boards at side. 

3. Amount and distribution of water backward 
into box. 

4. Amount of water to reach upper corners at each 
side of box. 

5. Spray of water in general. 

Regarding the location of sprinkler head and angle of 
spray, the best results were obtained with the sprinkler 
head tilted down 45 deg. from horizontal and located 
in the box so that the center of the sprinkler-head 
deflector was five in. from the back and three in. 
from the top of the box. 


Fic. 12—Sranparp SPRINKLER Hpap UseEp IN FIrE PROTECTION 
oF BUILDINGS 


If the sprinkler head was tilted more than 45 deg. 
from horizontal, an undue amount of water was sprayed 
into the box; and if the angle was made less than 45 deg., 
a larger portion of water than necessary was sprayed 
out directly in front. 

Fig. 12 shows a common type of sprinkler head as 
generally used in fire protection of buildings. It will 
be noted that the deflector used at the top of this sprink- 
ler has projections or ears around its outer edge which 
are bent downward. It was quite obvious that this 
type of deflector would not meet our needs, as the bent 
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ears have a tendency to spray a larger portion of the 
water backward. 

After many tests were made in which a large number 
of different deflectors was used, it was found that a 
deflector as shown on sprinkler head in Fig. 13 gave the 
best results. This deflector, which is approximately 
13/16 in. in diameter and is cupped upward slightly, 
happens to be a deflector which is used on many 
sprinkler heads in mills where the projecting ears of the 
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standard sprinkler are objectionable. When used in 
mills, however, the deflector is cupped downward 
instead of upward. 

In order to show how the design of a deflector affects 
the water distribution, a few of the deflector tests will 
be described. 

1. Deflector m accordance with Fig. 18. The 
water was sprayed a distance of six ft. out in front of 
the box, and the beaver boards at the sides were well 
covered. Some water was sprayed backward into the 
box. With this deflector, the water was discharged in 
a fine spray which almost: resembled a fog. The 
distribution of water over the desired area was very 
good. 

2. Same as (1) except that deflector of larger di- 
ameter was used. Water was sprayed farther out in 


. front than in case (1), but the spray was not as fine and 
the general distribution was not as good as in case (1). 


3. Deflector in accordance with Fig. 12 except that 


all but two ears on opposite side were cut off. (It 


was thought that the two remaining ears might help 
throw more water out to the sides.) Water was sprayed 
farther out in front than in case (1). Water spouted 
up at ears, but distribution at sides was not as good as 
in case (1). 

4. Same as (3) except that all ears were cut off. 
Results were about the same as those of (3). 

5. Sameas (1) except that deflector was inverted and 
therefore cupped down instead of up. Less water 
was sprayed out in front than in case (1). Practically 
no water reached the beaver boards at the sides. 
Large amount of water discharged back into the box. 

The deflector tests such as described above were 
taken with a medium water pressure of 43 lb. per sq. 
in. With deflector used in case (1), the water pressure 


JOHNSON AND BURNHAM: FIRE 


PROTECTION OF GENERATORS 741 
was increased to 100 lb. per sq. in. With this pressure 
the spray became extremely dense, and the distribution 
of water remained good. 

By decreasing the water pressure it was found that 
the quantity of water and the distribution of water were 
satisfactory down to a pressure of 30 lb. per sq. in. 
With a pressure of 25 lb. per sq. in. the results were only 
fair; therefore it was felt that in practise the water 
should be held up to at least 30 lb. per sq. in. This 
matter of water pressure can be easily taken care of in 
ease of the 65,000-kv-a. generators, as the normal 
water pressure in the station is approximately 80 lb. 
per sq. in. 

The principle of operation of the sprinkler heads 
used may be seen from the construction shown in Figs. 
14and 15. Fig. 14 shows the cross-section of a sprink- 
ler head and position of links before the head has 
operated, and Fig. 15 shows the same head with posi- 
tion of links shortly after the head has operated. 

It may be noted that the links of a sprinkler head 
are small levers so assembled that they can be held 
together in the normal position before operation by a 
very small amount of solder. By using solders of dif- 
ferent melting points, the sprinkler heads can be made to 
operate over a wide range of temperatures. 

Ratings of sprinkler heads have been standardized 
so that a head may be obtained having a rating of 
155,212,286 or 360 deg. fahr. For each different rating 
the composition of the solder is such that the heads will 
operate at a temperature corresponding to the rating. 

In order to make sure that sprinkler heads located 
in the 65,000-kv-a. generators as-previously determined 
would operate satisfactorily in case of a generator fire, 
further tests were considered. 

Actual fire tests seemed desirable, as it was not certain 


Fig. 15—Cross-SEcTION OF 
SPRINKLER Heap 


Fig. 14—Cross-SEcTION 
or SPRINKLER Heap 


Showing position of links after 
operation 


Showing position of links before 
operation 


A—Yoke, B—body, C—diaphragm, E—glass valve, F—main strut 
piece, G—hook link, H—key link. J—deflector 


that heat sufficient to operate the sprinkler heads 
would have a chance to reach them in case of a generator 
fire. The ventilation of these generators is such that a 
current of air passes in a horizontal direction through 
the stator connections and end windings and then out 
through openings in the stator frame. It seemed pos- 
sible that in case of a fire in the end windings or con- 
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nections of one of the generators, sufficient heat to 
operate a sprinkler head might not pass up through this 
current of air. 

Another point in question regarded the wire screen 
which was to be used to keep the links of an operated 
head from dropping down into the generator windings. 
It is known that a wire mesh offers some resistance to 
the passage of heat, and it was thought desirable to 
check this point in a test to find out if heat sufficient to 
operate a head in case of a generator fire would pass 
through the proposed screen. 

In order that the second series of tests could be made 


Fic. 16—Dummy Srction oF GENERATOR USED IN Fire TESTS 


conveniently, a dummy generator section was made of 
sheet metal. The construction of this compartment 
was such that, turned one way, it represented a section 
of the generator at the top of the machine, and inverted, 
it represented a bottom section of the generator. 
Dummy stator connections and stator-coil end pro- 
jections were also constructed, these being made of 
wood. All parts were made to full scale. 

Fig. 16 shows the dummy compartment in a position 
representing a top section of one of the generators. 
It may be noted that the door has been removed and the 
dummy coils taken out of the sheet metal compartment 
and placed in the foreground so that the construction 
may be seen. In the same figure, an end view of the 
dummy stator-coil connections may be seen in position 
in the compartment. The dummy connections and 
coils were made of boards one in. thick and spaced % 
in. apart. With this construction the wooden parts 
could be easily ignited for the fire tests. | 

A motor and exhaust fan were connected to the sheet 
metal compartment as shown in Fig. 16, in order that 
air might be circulated through the stator coils and 
connections in the normal way. 

Provision was made for the mounting of a sprinkler 
head in the test compartment as previously determined. 
Four thermometers having 150-deg. cent. scales were 
suspended through small holes in the top of the com- 
partment as shown. With the use of the thermometers, 
temperatures could be read at time intervals between 

_the starting of the fire and the operation of the sprinkler 
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head. By means of a hose, air pressure was placed on 
the sprinkler heads so that the operation of a sprinkler 
head would be known immediately by the rush of air. 

Fig. 17 shows a cross-section of the test compart- 
ment described above with door removed and the 
dummy connections and stator end projections in their 
normal position. The location of the wire screen and 
fire baffles is also given. The small glass window in 
the end of the dummy section was provided so that the 
intensity of the fire could be watched with the metal 
door in place and the compartment entirely closed 
except for the air inlet in the front and the air outlet 
in the rear. 

Shutters were placed in the air inlet and a damper in 
the air outlet so that the flow of air through the com- 
partment could be regulated if desired. 

With the test equipment arranged as shown in Fig. 17, 
the first set of fire tests was made. Fire was started at 
different places in the dummy connections and coils by 
means of a small rag soaked in kerosene. After a 
sprinkler head operated, the wooden parts were taken 
from the compartment and the fire was put out by 
means of steam. 

In Fig. 18 some representative temperature curves are 
given showing the results of a few of the tests made 
with the fire started in the dummy coils. In these 
curves, temperature in degrees centigrade is plotted 
against time in minutes. In the first four tests shown, 
the shutters in the air inlet and the damper in the 
air outlet were open and the fan was running. In the 
last test shown, the fan was shut down. The four 
different curves for each test represent the readings of 
the four different thermometers which were numbered 
one to four from right to left facing the front of the 


Fig. 17—Cross-Srection oF SHEET-[RON DumMMy CoMPARTMENT 
UsrEp IN Fire Tests 


dummy compartment. Temperature readings were 
taken every quarter of a minute. j.. 
In tests 2, 5, and 7, 100-deg. cent. sprinkler head 
were used and in tests 3 and 6, 68-deg. cent. heads were 
used. Facing the front of the compartment, the fire 
was started in the left end of the dummy coils in tests 
2 and 8, and in the middle portion in tests 5, 6, and 7. 
It should be noticed that in these tests the tempera- 
ture curves become very steep close to the time of head 
operations. In fact, the temperature increased so 
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fast that the thermometers were raised out of the com- 
partment in order to keep them from going off scale 
and breaking. This accounts for the fact that the 
curves do not in all cases extend to the vertical line 
which indicates the time of head operation. 

As would be expected, the curves show that under 
similar conditions the 68-deg. heads operate sooner 
than the heads rated 100 deg., although the difference 
in time is small. By comparing test 2 with test 3, it 
may be seen that with the fan running and with the 
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more moist than in others. By comparing tests 5 and 6, 
it may be seen from the curves that soon after the fire 
was started it required 14 min. longer in test 5 than it 
did in test 6 to reach a certain temperature. By 
making correction for this difference, the 100-deg. cent. 
head of test 5 would have operated about 14 min. 
sooner, or in approximately 2 5 min., had the fire 
developed to raise the temperature as in test 6 where a 
68-deg. cent. head was used. In other words, the 
difference between 2 5 min. and 2% min., or % 
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Fic. 1S—ReEPRESENTATIVE TEMPERATURE CURVES 


Fig. 19—Dummy Coits SHowine BurNEeD PoRTION 


fire started in the left end of the dummy coils, the 
100-deg. head operated in three min. and the 68-deg. 
head in 114 min. 

Tests 5 and 6 show that under conditions similar to 
those described above except that the fire is started in 
middle of the dummy coils, the 68-deg. head operated 
in 214 min. and the 100-dég. head in 31g min. 

It may be noted that in some of the tests the fire got 
started a little sooner than it did in other tests. This 
was due to the fact that steam was used to extinguish 
the fire and in some cases the dummy coils were left 


Fig. 20—Dummy Connections SHowinc BurNnED PorRTION 


min., gives approximately the difference in time between 
operation by a 100-deg. cent. head and a 68-deg. cent. 
head, under such conditions as existed in test 6. 

In all cases it may be noted that the temperatures as 
measured with the thermometers exceeded the sprink- 
ler head ratings before the heads operated. This does 
not mean that the heads were rated incorrectly but 
rather that with the temperature increasing rapidly, 
the time lag is greater in the sprinkler heads than in 
the thermometers. 

Fig. 19 shows the way the dummy coils were burned 
and charred in Test No. 5, this being a typical case. 
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In this test the fire was started in the middle of the 
dummy coils, and it should be noted that the fire 
followed up the diagonal wooden members, but due to 
the strong current of air that was being blown through 
the dummy coils, the fire did not spread to the right nor 
to the left appreciably. Fig. 20 shows the way the 
dummy connections were burned in the same test. 
Later a similar test was made in which the fire was 
allowed to burn for 15 min. in the dummy coils. The 
results were about the same in that the fire spread very 
little. This is a very important point since the fire 
damage can be reduced to a minimum if the fire in 
coils of generators can be prevented from spreading. 

In test No. 7 the fan was not running; otherwise the 
test is the same as test No. 5. By comparing tests 
Nos. 7 and 5, it may be seen that the operating time is 
2 54min. in one caseand 3 44min. in the other, which 
shows that the current of air passing through the com- 
partment has very little effect in the operation of the 
sprinkler heads. 

Another set of tests was made with the fire located 
in the dummy connections. By moving the sprinkler 
heads back slightly from their first position, very good 
operation of the sprinkler heads was obtained. The 
operating time was approximately 134 min. for the 
68-deg. head and approximately 2 44 min. for a 100- 
deg. cent. head. 

With the dummy sheet metal compartment inverted, 
an additional set of tests was made to determine the 
‘effectiveness of the sprinkler heads in protecting the 
stator-coil end projections at the bottom of one of the 
65,000-kv-a. generators. For this case, the operating 
time was about 2 14 min. for the 68-deg. cent. heads 
and approximately 34min. for the 100-deg. cent. heads. 


CONCLUSION 


The tests proved conclusively that the proposed 
scheme of fire protection as described would be very 
satisfactory for the 65,000-kv-a. generators for the 
following reasons: 

1. Sprinkler heads arranged in the generator as 
shown and properly spaced would operate for a very 
small fire in the stator end windings or stator 
connections. 

2. Sprinkler heads would operate in spite of the air 
currents, which, in case of the coil projections and con- 
nections at top of generator, would tend to carry the 
heat from a fire away from the sprinkler heads. 

3. With current of air flowing radially through the 
end windings and connections, a fire started in these 

parts is confined to a small section even after the fire 
has burned for as long a time as 15 min. 

4, Ifa fire started in the generator windings can- 
not be extinguished easily with hand fire extinguishers, 
the operator can then turn a valve which will allow 
water to be sprayed effectively in the region of the fire 
only, thereby doing minimum damage to the remainder 
of the machine. 
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Discussion 
(Discussion AT N1AGARA FAxzs) 


H. C. Don Carlos: We have found in some cases where 
machines were designed as semi-enclosed or totally enclosed 
machines that on account of the lack of fire protection it was 
necessary to change these to open-type machines, so that 
we could get to the fire to put it out in case of failure. 

We have had several cases where windings have been com- 
pletely destroyed. The damage is expensive and the outages 
are long. 

On the other hand, with open-type machines we have had very 
few cases where the fire resulting from failure of coils has been 
very extensive. In most cases we have been able to control the 
fire, so that the damage is confined to a few coils in the imme- 
diate neighborhood of the failure. 

In designing a system of protection there are several things to 
be taken into consideration. 

In the first place, the system of protection must be such that 
it will not damage the entire winding, as has been suggested. 
The winding might as well be destroyed by fire as by the pro- 
tection. While water protection may not permanently damage 
the entire winding it may damage it to such an extent that the 
outage will be intolerable. 


B. L. Barns: I wish to point out that the illustrations which 
have been given of windings that were entirely destroyed by 
fire were of generators of the horizontal-shaft type having no 
provision for bringing them to rest quickly in emergencies of 
this nature. Vertical-shaft generators are usually provided 
with brakes by means of which it is possible to stop them in about 
three minutes. 


H. U. Hart: I do not believe the method proposed counter- 
balances the danger of putting water connections in large high- 
voltage a-c. generators. I prefer the introduction of a fire- 
extinguishing gas to generators by means of storage tanks in- 
stead of a water sprinkler system which would cause damage to 
the high-voltage windings. 

The damage to ends of coils due to fire in a-c. generators can 
be greatly minimized by using mica tape on the ends of the coils 
instead of cotton tape. The cost is greater, but this would lessen 
the amount of inflammable material. 


R. B. Williamson: The method proposed in this paper is 
designed to do two things: One is to localize the flame by 
means of guards or baffles that force the air to flow in radial 
jets against the coils and prevent it from being swept around in a 
circle; the other is to localize the part wet by the water. In 
a great many cases where large machines have been wet all 
around it has been a very long, tedious job to get them dried out 
and any method that will limit the damage to a restricted area is 
highly desirable. In the early days of vertical machines no 
protection was provided in the way of brakes for shutting down 
promptly. Irecall one instance of a slow-speed vertical machine 
of about 5000 kw., which had just been installed; in fact, it never 
had been on the load. When it was brought up to voltage it 
developed that there had been a connection damaged or broken 
in shipment which had not been detected, and this started a small 
are which under the influence of the fans developed into a flame 
that swept around the winding and completely burned the in- 
sulation off the ends of all the coils. If the machine had been 
equipped with brakes they would have helped materially in 
limiting the damage. Of course brakes are now the universal 
custom on machines of this type. The limitation of the area 
in which the water is applied is very important, and the method 
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deseribed by Messrs. Johnson and Burnham is an excellent one 
for large a a ies type generators. 

L. W. Riggs: I should like to inquire if any one has had 
experience in applying carbon dioxide to such machines, that is, 
not including turbo alternators and, if so, what amount of leak- 
age of air can be tolerated; how tight does the ventilation system 
have to be? 

S. QO. Hayes: Bearing on this same subject it might be in- 
teresting to note that the Duquesne Light Company in Pitts- 
burgh is using carbon dioxide in connection with the putting out 
of fires on some synchronous converters. If I remember correctly 
it has been figured that a mixture of about 20 per cent of carbon 
dioxide is sufficient to prevent the combustion being carried on. 
Up to the present time, the Duquesne Light Company has had 
no fire. They were just rearranging some of their synchronous 
converters, completely enclosing them, and they provided for 
this with the Lux Company in New York. They have a rather 
interesting scheme to automatically open a number of cylinders 
that will squirt carbon dioxide into this enclosed machine. 
They have it so arranged that the air circulation will be shut off 
automatically and the carbon dioxide turned on in ease of trouble. 
I think there was a description in one of the recent technical 
papers prepared by one of the Duquesne Light Company’s 
men covering this proposition. 

These machines, so far as I remember, are 7500-kv-a., 60-cycle, 
synchronous condensers, fairly high-speed. 

M.W.Smith: When carbon dioxide is used for extinguishing 
fires in rotating machinery it is common practise to close both 
the air inlet and air outlet in order to retain this gas within the 
machine. With the air outlet closed, the gas pressure, and con- 
sequently the leakage, increases. The amount of leakage will 
be influenced: by the construction of the end-bell enclosures. 
One precaution that is usually taken in the applicaticn of carbon 
dioxide is to provide means for short circuiting the ventilating 
system after the normal inlets and outlets have been closed. 
This allows the gas to circulate internally from the outlet to the 
inlet, and the pressure is largely consumed inside the machine 
with the reult that the leakage is materially reduced. 


H. C. Don Carlos: I should say that fires result from dif- 
ferent causes. One common cause is poor connections at the end 
of the winding. These may escape detection on account of the 
insulation covering and the difficulty of inspecting all of the 
joints, which emphasizes the importance of extreme care in 
making up joints at the end of the windings. 

Another cause, of course, is the failure of insulation, and ex- 
tensive fires will usually result from the failure of insulation at 
the end of a winding. In my experience, failure of insulation in 
the slot is not likely to develop a serious fire. 

James A. Johnson: That would indicate that the oily 
dust, or an accumulation of that nature, is not really the main 
item to be guarded against. The prevention of these fires really 
goes farther back,—before the machine even leave the plants. 
That is the proper time to put the preventive measures into effect. 

L. W. Riggs: It seems to me that the operators have a great 
deal to do with the prevention of fires. I not do think they 
are likely to find loose connections in modern machines. 

Any oily dirt accumulated on the end windings should be 
cleaned off. In the first place it adds to the inflammability of 
insulation; and in the second place it plugs up the air ducts 
thereby allowing the machine to become much hotter than con- 
templated thus promoting the starting of fires. The operating 
force should not allow a machine to get dirty even if they feel 
that it will not catch fire. 

There is another point which one of the speakers brought 
up in regard to the volume of air that is contained in the machine 
in a given instant. On high-speed synchronous machinery, 
it is surprising how little air there is in the machine at any one 
time. I think that most people would be surprised if they 
calculated the volume of air. 
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EK. H. Freiburghouse: Fires which are not caused by the 
electrical failure of the insulation sometimes occur; hence the 
system and equipment which Messrs. Johnson and Burnham 
describe would function in a desired manner whereas the common 
differential-relay system for the protection of a generator would 
not set in motion alarms or mechanisms for extinguishing fires 
until the insulation had arced through. Their system also has a 
very valuable feature whereby the application of water would be 
selective and localized to the actual fire area. Sprinkler heads 
could be made to act as relays in the application of carbon di- 
oxide within totally inclosed generators of the steam turbine 
type and would protect the generator from fires originating in 
the surface of the insulation before electrical breakdown occurred. 

I believe, however, that in most cases of fire within totally 
inclosed generators the carbon dioxide could and would be 
applied much more quickly by means of the electrically operated 
differential-relay system. Evidently protective equipment of 
the differential-relay type has prevented many fires even from 
starting. By opening the armature and field circuits most of 
the flux in the magnetic circuit is eliminated within one second 
and this extinguishes the dynamic are within a second or two, 
whereas the data which the authors present indicate that it might 


‘be two or three minutes after the fire started before the sprinkler 


heads would operate. 

Generators having open or semi-enclosed systems of ventilation 
which the authors have described do not readily permit of 
instantaneous flooding of the entire generator with carbon 
dioxide. Therefore, the detective feature of the sprinkler head 
and the localized application of water obtained by it are valuable. 

We somewhat question the application of radial vanes in the 
discharge airfrom fans used in the ventilation of agenerator since 
the vortex angle of the air leaving the fan blades is far from radial 
and would therefore make the ventilation system less efficient. 
This would be especially so in the case of high-speed turbine 
generators in which the ventilation is obtained by means of fans. 


J. M. Buswell (communicated after adjournment): I shall 
be interested indeed in knowing whether the Johnson-Burnham 
scheme of baffling the stator frame so as to stop the hurricane 
produces a very noisy machine. 

I am also interested in knowing if there have been any modifi- 
cations to the method of applying those fire baffles and whether 
or not there has been any modification of suggestion as to the 
material of which these fire baffles may be made. — 

I have a further thought that the two- or three-minute period 
dealt with by Johnson and Burnham, in their paper, is sufficient 
to burn out the fire baffles themselves and produce a blast-furnace 
effect and that some more rapid fight against a fire will have to be 
provided. 

It seems that there is some possibility that a modification of the 
Johnson-Burnham suggestion might work very well. Specifi- 
cally, my thought is that by tilting the fire baffles slightly in 
the direction of the air currents thrown off by the rotor, 
there would not be so much air flutter and eddy; and then by 
arranging for the quick release of carbon dioxide or carbon 
tetrachloride in the section in which the fire occurs, we could get 
a combination faction which might be very effective. 

I believe that the damaging fires which have occurred have 
swept around the armature and even before sweeping around the 
armature attained at the source a tremendously high heat in 
just a few seconds, and it is my belief that whatever fire fighting 
is done must be started immediately after the original are starts, 
the first move, of course, being to kill the field and disconnect 
the armature, and by killing the field I mean not only disconnect- 
ing it but actually killing it. 

G. A. Fleming (communicated after adjournment): The 
research work in controling the spread of fire in generators 
through the proper design of air ducts as described by Messrs. 
Johnson and Burnham, is one more example of constructive 
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thought in machine design, reducing operating troubles and the 
additions of undesirable accessories. 

It is true that most water-wheel type generators employ an 
open or semi-enclosed system of ventilation, but two 45,000- 
kv-a. waterwheel-driven generators are now being installed by 
the Southern California Edison Company that will have a com- 
pletely closed ventilating system similar to those used on turbo 
generators. Better fire protection was one reason for the choice of 
this system so a few remarks on the company’s practise in arrang- 
ing fire equipment should be of interest as discussion of this paper. 

Carbon dioxide is used as the extinguisher medium and is 
injected as directly as possible into the enclosed air system. 
Since no damage is done to the generator by the CO2 it is possible 
to arrange for its automatic release even with a relatively small 
inerease in air temperature. Also, a scheme by which the 
differential-relay system for internal trouble will release the CO» 
when the machine is de-energized is being seriously considered 
for cases where too much outside equipment is not included in the 
differential loop. One present installation includes this feature 
but, due to unreliable relays, it has not been put in service. 

The authors refer to the fact that the energy stored in the 
magnetic circuit makes it impossible to de-energize instan- 
taneously amachine even with differential relays and therefore 
it is impossible to prevent fire with them alone. But since the 
relays act ahead of the fire, it will surely be of tremendous ad- 
vantage to have them open the fire extinguishers as well as all 
electrical cireuits and thereby anticipate it as much as possible. 
It is our practise to arrange for an initial release of CO», under 
atmospheric pressure of approximately 50 per cent the volume 
of the ventilating system and to follow this with delayed charges 
at intervals timed to maintain a minimum 25 per cent saturation 
until there is no danger of the fire spreading or again starting 
from the rotation of the machine, or otherwise which we believe 
to be approximately 30 min. for a large generator. In the use 
of such a system it is of importance to have the ventilating 
system as tight as possible to prevent the escape of the COz and 
suction of outside air at points where the pressure is less than 
atmospheric pressures due to the fan action. 

J. A. Johnson: The use of carbon dioxide in this type of 
machine where large volumes are involved will mean in many 
cases a change in the usual system of ventilation. A closed 
system of ventilation or a system of ventilation which can be 
converted quickly into a closed system appears at present to be 
necessary for the use of carbon-dioxide extinguishment. Com- 
pletely open ventilating systems are impracticable in large 
vertical machines. 

As to the question of brakes, with the system of air control 
described it probably is better to allow the machine to continue 
to rotate in order to maintain the radial movement of the air, as 
that in itself has the effect of limiting the spread of the fire. 
However, these machines are equipped with brakes and can be 
stopped if desired. 


One of the fires shown in the pictures was caused by a fault 
between strands of one of the end connections which started a 
small are inside of the insulation, developed sufficient heat to 
burn a hole through the insulation and started a fire. Iam not 
sure about the other case. 


It is quite true that oily dirt should be removed, as Mr. Riggs 
suggests. Under Niagara Falls conditions, however, with 
daily load factors above 90 per cent and even monthly load 
factors 85 per cent or higher, opportunities for shutting down for 
cleaning, involving dismantling to the extent necessary in 
machines of this character, without serious loss of revenue, do 
not occur as frequently as might be desired. Manufacturers 
can help by designing oiling systems which will not leak oil, and 
the baffles described in this paper will undoubtedly assist in 
depositing suspended oil and dirt before they reach the windings. 


Mr. Freiburghouse and Mr. Buswell both question the use 
of radial vanes, one suspecting reduced efficiency and the other 
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increased noise. Both of these suspicions are apparently based 
on a misconception as to the location of these vanes. They are 
not placed immediately in front of the fan blades, but either at 
some distance away or at the side, and pass only a small part 
of the air supplied by the fans. There is no particular virtue 
in radial vanes except that they are easy to make and serve 
well enough. Under certain conditions curved vanes might be 
better, the criterion being that the resulting air currents through 
the end windings shall be substantially radial or a combination 
of radial and axial but in no degree whatever circumferential. 
The installations described produce no noise and we believe 
reduce losses by elimination of some unnecessary air movement. 

In reply to Mr. Buswell’s thought that the fire baffles them- 
selves might be burned out it may be pointed out that the 
current of air through the baffles will blow the flame directly 
away from them, and that the air serves to keep the baffles 
themselves cool. Since the baffles are made of materials which 
will hardly support combustion, the only danger to them is the 
general rise of temperature in the compartment which might 
ultimately reach a value which could damage them. However, 
long before this condition could become serious the sprinkler 
heads will blow, the alarm be given, and extinguishing means be 
brought into play. 

E. J. Burnham: The accompanying drawing shows a 
method of using fusible sprinkler heads in generators having a 
closed system of ventilation, such sprinkler heads being used for 
detecting fire and causing, at the same time, automatic release 
of CO, into the ventilating system. Refering to the drawing, 
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notice that air pressure is normally kept on the sprinkler system, 
and that the operation of a sprinkler head causes a reduction in 
pressure in the piping system, thereby causing the contacts on 
the pressure gage to close, which, in turn, operates an electrical 
release, this causing a weight to drop, that lets the COz into the 
generator ventilating system. Inusing this scheme for releasing 
CO, suggestion was made that the generator differential relays 
be connected so that either the operation of a sprinkler head, or 
operation of the differential relays would automatically release 
the COs. 

Referring to Mr. Hart’s discussion, he states that he prefers 
the use of a fire-extinguishing gas, to water. Also, Mr. Buswell 
suggests the possible modification in baffles, with arrangement 
so that CO2 may be quickly released in sections where fire is 
located. I wish to point out that we are not proposing to use the 
sprinkler method of extinguishing fires where the CO, method 
can be easily applied, but rather, for use with large, vertical, 
slow-speed generators using open-type ventilation, where the 
use of CO2 would be very ineffective. 

Mr. Freiburghouse, in his discussion, states that in most cases 
of fires in enclosed generators, CO, would be applied quicker by 
relays than by sprinkler heads. The sprinkler-head method of 
releasing CO. in generators having a closed system of ventilation 
is not expected to supersede the method by which the COz is 
automatically released by the differential relays. It is suggested 
that the two methods be.combined so that CO2 will be released 
for surface fires, or other cases in which the relays fail to function 
before damage becomes excessive. 


The Retardation Method of Loss Determination 


as Applied to the Large Niagara Falls Generators 
BY J. ALLEN JOHNSON: 


Associate, A. I. E. E. 


Synopsis.—Institute literature is apparently lacking in infor- 
mation regarding retardation tests. The purpose of this paper 
is to point out certain advantages of the method and to describe 
the procedure followed in testing the Niagara generators. 

The basis of the method is first given with the fundamental 
formula upon which it depends. Since it requires the use of the 
moment of inertia, or ‘‘fly-wheel effect,’’ W R®, methods of determin- 
tng this value are given, and it is pointed out that it can be determined 
by test. 

The methods of determining the speed of rotation and its rate 
of change are given, with a description of the devices used for 
automatically recording the necessary data and the method of inter- 


HILE the retardation method of determining 

generator losses has long been known and is 

recognized by the Institute Standards, the 
Institute records are peculiarly lacking in literature 
on the subject, a search of the Index having failed to 
disclose a single paper on, or specific reference to, 
retardation tests. It seems rather strange that a 
method of testing which has found its way into the 
Institute Standards should have received so _ little 
attention in its literature. The explanation probably 
lies in the inherent simplicity of the method and the 
comparative rarity of its use in past times. It would 
appear that the method has been, and is yet, considered 
as a “last resort’? method, to be used only when no 
other method is possible. It is the writer’s purpose to 
show that the method has advantages and virtues of 
its own, not possessed by the usual and better known 
methods. It has, in the writer’s opinion, never received 
the attention or publicity it deserves, nor been subjected 
to the intensive study for the perfection of its technique 
that is warranted by its possible accuracy and its ease 
of application. 

The writer’s attention has been focussed upon this 
method by the necessity of determining the conventional 
efficiencies of a considerable number of large water- 
wheel driven generators. The usual or standard 
method of determining generator losses is by driving 
the generator with a motor of known efficiency, and 
measuring the input to the motor under the various 
desired conditions. This method is usually impractica- 
ble in the case of large water-wheel generators. The 
most practicable and available method of making loss 
tests on such installations is by means of the retardation 
method. 

The lack of repute which has apparently been at- 
tached to this method is probably due to two factors: 
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preting such data. Itis shown how the determination of losses over 
a range of speeds increases the accuracy of the determinations. 

General methods of testing are described, with a connection 
diagram and an outline of the necessary precautions. The detail 
procedure for tests for different losses is given. 

It is shown how this method of test furnishes data for the separa- 
tion of the friction from the windage. The division of mechanical 
losses between generator and turbine in a specific case is also 
described. 

The procedure in determining the electrical losses from the test 
data ts given and some observations made regarding the ee aa 
desirability of the further refinement of the method. 


first, that it depends upon the fly-wheel effect, W R?, 
of the rotating parts, the determination of which has 
been considered to lack accuracy since it has been 
assumed that this value had to be calculated from the 
design: second, that the accurate measurement of 
speed and time are attended with certain difficulties 
which require the use of more refined methods and 
instruments than the usual stop-watch and indicating 
tachometer. 

As a matter of fact, the fly-wheel effect can be deter- 
mined by test; and the rate of retardation can be 
determined by automatic recording devices far more 
accurately than by the tachometer and stop-watch. 
In fact, the method lends itself naturally to automatic 
graphic recording methods, which may be made of 
almost any degree of accuracy desired. 

This paper, therefore, will describe the procedure 
followed in the determination of the losses in the large 
generators of the Niagara Falls Power Company in an 
attempt to demonstrate thereby the practicability of 
the retardation method for the determination of the 
losses in such units. 

The Retardation Method of Loss Test. The retarda- 
tion method is based upon the fundamental law for the 
kinetic ehergy of a rotating mass, 7. e.: 


W R? o»? 
g 


= 1/2 (1) 


where E is the energy 
Wee : 
pa is the mass of the rotating body 


R. is the radius of gyration, and 
w is the angular velocity. 

If energy is added, the angular velocity or speed of 
rotation must increase, and if energy is abstracted, 
the speed must decrease. Obviously the rate at which 
the speed decreases must be a function of the rate of 
abstraction of energy, that is, of the power loss, and will 
be given mathematically by the first differential of 
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equation (1) with respect to time. The equation for 
power loss then takes the form: 


di W R?.20da 
= (2) 
dt 2g dt 
Putting w = 27s (where s is speed rev. per sec.) 
dE W FP? ds 
=e 2 SS 
AE Ue oe Fa (3) 


Expressing this equation in convenient units for the 
purpose of generator-loss measurements, we have: 


L ay AW Rr? S ds 
oss in kw. = 399 (36 


505283000 084) dé | 


where 
W is weight in pounds 
R is radius of gyration in ft. 
S is rev. per min. 


ds : 3 
ran is rate of retardation in rev. per min. per min. 

29 2 is the acceleration of gravity in ft. per sec. per 
sec. and the expression in parenthesis in the denomi- 
nator contains the necessary conversion factors to 
convert from sec. to min. and from ft-lb. per sec. to 
kw. 

Assuming W R?, the ‘‘fly-wheel effect,”’ to be known, 
it is then only necessary to determine the speed (S) 
and the corresponding simultaneous value of the rate 


ds 
of retardation ( oa) to determine the corresponding 


instantaneous value of power loss. 

For convenience it is desirable, for each generator 
tested, to combine all of the constants into a single 
constant which may be called the “retardation loss 
coefficient”’ and which may be designated by the letter 
D. ‘The loss in kw. for that particular generator will 
then be: 

ds 
SD) Sears (5) 

Determination of W R?. The usual method of deter- 
mining W R? is by calculation from design, or from 
design corrected by actual measurement of weights. 
This is a rather laborious process, but one which can, if 
necessary, be carried out to almost any desired degree 
of accuracy. The usual method is to divide the mass 
up into simple forms, the weights and radii of gyration 
of which can be easily calculated, the summation of all 
the parts giving the desired value for the whole. The 
generator manufacturers are usually required to state 
this value for use in the governor design, and it is there- 
fore usually available. 

The value of W R? can, however, be determined by 
means of a retardation test in connection with the direct 
measurement of the friction, windage and iron loss by 
input. In this test the generator is driven as a syn- 


Loss in kw. 
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chronous motor by a second generator connected to its 
terminals. Readings of input to the driven machine 
are made, also of the corresponding values of current, 
voltage and speed. ’ From these readings, the values of 
combined friction windage and iron losses are deter- 
mined. Upon the completion of these tests, the driving 
generator is disconnected, after raising the speed 
slightly, and a retardation test carried out while values 
of voltage, speed and rate of retardation are carefully 
obtained. By substituting in formula (4) above, the 
corresponding values of loss, speed and rate of retarda- 
tion obtained from these two tests, the value of W R? 
can be readily caleulated. It will usually be found, if 
the work is carefully performed, that the value of W R? 
so found, will check very closely with that obtained by 
calculation from design. 

Determination of speed (S) and rate of retardation 


ds 


aE ). In the earlier tests, these quantities were 


measured by means of the tachometer and stop-watch, 
but it was found by experience that-such methods are 
apt to give inaccurate results, particularly at the higher 
speeds where the speed is most rapidly changing, due 
to the inaccuracies of tachometers and the difficulty of 
accurate timing by such means. 

In the later tests, automatic means were employed 
for recording graphically the quantities from which the 
speed and rate of retardation are deduced. These 
means comprised three devices, namely: 

1. A contact-making revolution counter 

2. A contact-making timer 

3. A two-element chronograph 

The revolution counter consisted merely in a train 
of gears arranged to be driven directly by the rotor of 
the generator under test, and with a contact-making 
device arranged to make contact every 10 revolutions of 
the generator. Any other number of revolutions per 
contact could, of course, be chosen if desired. 

The timer used in these tests was one driven by a 
clock and arranged to make contact once every five 
sec. omitting a contact once every minute. Any other 
time interval within reasonable limits could likewise 
be provided by suitable means. 

The chronograph used in these tests was a rather 
crude device in which the paper used for record was 
wrapped about a cylinder and glued to make a continu- 
ous cylinder of paper. The two pens were mounted 
upon the armatures of two small solenoids, so arranged 
that upon making circuit through the coils the pen is 


- moved a millimeter or two, parallel to the axis of the 


cylinder, returning to its original position upon breaking 
the circuit. The cylinder is mounted upon a coarse 
screw thread and driven by a small synchronous motor, 
and advances along its axis one in. (25.4 mm.) with each 
revolution which it makes. In the tests to be described, 
the paper was driven at a speed of about three in. (75 
mm.) per min. Experience has shown, however, that 
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a greater speed would be preferable in order to give 
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greater accuracy in determining the generator speed. FRICTION, WINDAGE AND IRON LOSS BY RETARDATION 


Fig. 1 shows, a Timer, 6 Chronograph, and ¢ Revolu- 
tion Counter. The chronograph shown is not the one 
used in the tests herein described, but one built for 
future use. Fig. 2 is a reproduction of a typical 
chronograph record of a retardation test. 

Interpretation of Chronograph Records. By drawing 
straight lines across the record at suitable equal time 
intervals, the number of revolutions occurring in each 


Fie. 1—Tue CuHronocrapH BY WuicH Trsts wERE Mapn 


a. ‘Timer 
b. Chronograph 
ce. Revolution counter 


of such time intervals can be accurately measured, 
thereby determining the average speed of rotation dur- 
ing each such interval. Tabulating these and taking 
the differences between successive readings, gives the 
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TABLE I 
ds/dt 
(S) Rev. per Kw. 
Time Av. rev. | Rev. per | min. per | (0.525 S 
Minutes | per min. min. min. ds/dt) Remarks 
0 
L756 
111.00 1352 769 These values of kw. 
104.4 are obtained by us- 
2 98.40 120 620 ing the value of 
92.4 W R? as calculated 
3 87.35 10.1 463 from design, i. e., 
82.3 68,255,000 __Ib.-ft. 
4 CLAS5 8.9 363 (Retardation loss 
(Ane 3 coefficient = 0,525) 
5 69.35 8.1 295 
65.3 
6 61.60 Uo 239 
57.9 
i 54.70 6.4 184 
5125 


In the usual application of the retardation method, 
as set forth in the handbooks, it has been customary to 
determine d s/d t, the slope of the retardation curve, at 
normal speed only. This has resulted in a lack of 
accuracy and is undoubtedly in part responsible for the 
lack of confidence in the method. By the method of 
determination here set forth, this inaccuracy is elimi- 
nated by the device of using the entire curve to eliminate 
the errors in individual points, which is particularly 
applicable in this case since the curve as a whole cannot 
depart far from the truth. 
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Fic. 2—CHRONOGRAPHIC REcoRD OF RETARDATION TrEsT ror Friction, WInDAGE AND Loap Lossrs 
on 65,000-Ky-a. GENERATOR 


average rate of retardation occurring between such 
successive speeds. If the time intervals are taken 
sufficiently short the average speeds for each interval 
can, with sufficient accuracy, be taken as occurring at 
the middle of the .intervals, and the corresponding 


a as simultaneous with the times dividing 
the intervals. Also the speed at'the division points 
can with sufficient accuracy be taken as the average 
of the preceding and succeeding intervals. In illus- 
tration, the following tabulation, Table I, is from 
the chronograph record of a test for friction, windage 
and iron loss, on a 65,000-kv-a. generator. 

The curve shown in Fig. 3 is a plot of these losses 
against speed, from which the desired value at normal 
speed can be read. These results are quite consistent, 
and no great error can bé made by this method, since 
errors in one direction in one or more readings must be 
compensated by errors in the other direction in succeed- 
ing ones. Hence, the individual errors can confidently 
be eliminated by plotting the results graphically. 
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This same test will illustrate the method, mentioned 
above, of determining by test the value of W R?. The 
same machine showed friction, windage and iron losses 
as measured by input, at normal speed of 107.14 rev. 
per min., and at the same voltage as obtained at normal 
speed during the retardation test of 695 kw., see Fig. 4. 
The value of d s/d t at the same speed, from the retarda- 
tion test is 12.99 rev. per min. per min. Therefore, 
from equation 4: 


695 x 36000 x 33000 x 1.34 Xx 82.2 


ee age 4% 9.87 X 107.14 X 12.99 
= 64,700,000 
W R? as calculated from design 68,255,000 
Difference 3,555,000 


or about 5 per cent. Much closer agreement than this 
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is usually found, in many cases the test value checking 
exactly with the calculated, see Fig. 6. However, 
in a machine of this size, even an error of this magni- 
tude could only affect the efficiency determination by 
less than one-tenth of one per cent. 

General Methods of Test. Before starting a series of 
retardation tests, it is necessary that the unit be prop- 
erly prepared. It is desirable that the generator be 
separated from the turbine, if possible. In horizontal- 
shaft units and in vertical-shaft units where the genera- 
tor has a lower guide bearing, the coupling can usually 
be separated and the generator operated without the 
turbine. In vertical units where the generator has no 
lower guide bearing, or where, for some other reason, 
the coupling cannot be separated, it becomes necessary 
to permit the turbine to rotate with the generator. 
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This introduces losses which cannot be charged to the 
generator and considerable judgment and ingenuity 
is then required to apportion the observed losses be- 
tween generator and turbine. 

When it is necessary to include the turbine rotor with 
the generator, precaution should be taken to guard 
against injury to the turbine by overheating bearings 
or glands or runner rim by possible rubbing at the 
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latter point, due to too close clearance. A small 
amount of water can usually be supplied to such points 
to keep them cool. In such a case, however, it is 
essential that conditions of water flow, etc., be kept 


‘constant during the tests in order to eliminate any 


variable factors from this source. 
The simplest and most practical method of bringing 
the generator up to speed is to drive it as a motor from 
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another generator of the same voltage. The driving 
generator can be of considerably smaller capacity than 
the one to be driven, no difficulty whatever having 
been experienced with a ratio of ratings of one to four. 
The driving and driven machines are synchronized 
from rest in a manner now well understood. Pige5 
shows the connections as usually employed for all tests. 

In the leads from the driving machine there should 
be an oil circuit breaker, and current transformers. 
For the latter, a primary ampere capacity of about 6 
per cent of the rated current of the driven machine, 
with 5-ampere secondary, has been found satisfactory. 
Such a size is large enough to carry the current required 
to accelerate the driven machine (if not accelerated too 
rapidly), and is small enough to give good readings on 
standard 2.5- to 5-ampere ammeters and wattmeters 
when measuring the input to the driven machine. In 
any specific case the required size should be calculated 
from the estimated friction, windage and iron losses. 
Suitable means should also be provided for measuring 
voltage and power input. It is assumed that proper 
calibrations of all instruments and instrument trans- 
formers will be taken care of in the standard manner. 

It is preferable that the machine under test be 
separately excited in order to eliminate complications. 
However, if a direct-connected exciter is used, allow- 
ance must, of course, be made for the output and 
losses thereof. 

Procedure. It has been found most convenient to 
make tests in the following order: 

1. Friction, windage and iron loss by input 

2. Friction, windage and iron loss (or W R?) by 
retardation 

3. Friction and windage by retardation 

4, Friction and windage and load loss by retardation 
1. Friction, Windage and Iron Loss by Input. 

Close fields of both machines and circuit breaker A 
(leaving B open,) Fig. 5, and synchronize from rest. 
Bring machines up to normal speed gradually so as not 
to dangerously overload current transformers. Raise 
voltage to 10 or 15 per cent above normal for first 
reading. Take readings of voltage, current, power 
input, field current and speed at successive voltages 
down as low as field controls will permit. Usually 
readings can be carried down to about half voltage. 
Take at least 10 readings at each point at 15-sec. inter- 
vals. Before each series of readings see that field 
current of driving machine is adjusted so that arma- 
ture current is a minimum, with driven machine field 
adjusted for desired voltage. 

2. Friction, Windage and Iron Loss by Retardation. 

At completion of input test, as above, raise speed to 
about 15 to 20 per ‘cent above normal, adjust 


field current for normal open circuit voltage at normal _ 


speed, as per saturation curve, and open circuit breaker 
A, Fig. 5. As speed decreases record revolutions and 
time by means of chronograph as described “above. 
Read volts, field current. and speed by tachometer, 
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(for check only, if a reliable one is available) at time 
intervals synchronized with chronograph. Field cur- 
rent should remain constant throughout test. Records 
should continue until speed has decreased at least to 
half normal value. 

This test can be repeated for as many values of field 
current or generator voltage as desired. However, a 
single test at rated voltage will usually be sufficient to 
check the input test and the value of W R2. Shoulda 
good check not be obtained, however, it is desirable to 
repeat and correct the value of W R? if the value calcu- 
lated from design appears to be persistently in error. 
3. Friction and Windage by Retardation. 

Synchronize from rest and bring to 15 or 20 per cent 
above normal speed. Open oil circuit breaker between 
machines and immediately open field switch of test 
machine. As speed decreases, record revolutions and 
time on chronograph and read speed on tachometer 
(if available) at times synchronizing with chronograph 
record. Record should be continued to well below 
half speed in order to obtain as much of this curve as 
possible for a purpose to be explained later. A single 
test should be sufficient to determine friction and 
windage. 

4. Friction, Windage and Load Losses by Retardation. 

With circuit-breaker B open, close circuit breaker 
A and synchronize from rest as usual. Raise speed to 
above normal as before. Quickly open circuit-breaker 
A, open field switch, close circuit-breaker B, close field 
switch and quickly adjust field current to give desired 
armature current as per closed circuit saturation curve. 
These operations can and should be completed before 
speed has come down to 10 per cent above normal, in 
order that steady conditions may exist while speed is 
passing through normal value. Record revolutions 
and time by chronograph, and make synchronized 
readings of speed and of field and armature currents. 
This test should be repeated at various armature cur- 
rents in order to obtain data for a curve of stray-load 
loss versus armature current. 

Separation and Determination of Friction and Windage. 
The nature of the friction and windage losses and the 
consequent laws governing the form of the friction and 
windage retardation curve furnish a means of separating 
the ‘‘apparent friction” from the “apparent windage’”’ 
losses. 

With a constant coefficient of friction, the friction 
loss should vary directly as the first power of the speed. 

The windage loss, however, in accordance with the 
well-known laws governing the movement of air, should 
vary directly as the third power of the speed. It would 
seem, therefore, that the curve of windage and friction 
losses against speed, should have the form: 

Total friction and windage loss =F S + WS* (6) 
where F may be called the coefficient of friction loss 
and W the coefficient of windage loss, S being the speed 
in rev. per min. 

Upon plotting such a curve from the record of a fric- 
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tion and windage retardation test, it is found to con- 
form exactly to this law. 


TABLE II 
FRICTION AND WINDAGE BY RETARDATION 


(d s/d t) 
(S) Rev. per 
Time Av. rev. | Rey. per | min. per Loss 
Minutes | per min. min. min. kw. Remarks 
0 
115.4 
1 111.25 8.3 485 
107.1 
2 103.20 7.8 423 
99.3 
3 96.25 6.1 309 W R? (from design) 
93.2 68,255,000 Ib.-ft.? 
4 90.20 6.0 285 (Retardation loss 
87.2 coefficient = 0.525) 
5 85.50 5.4 240 : 
81.8 
6 79.30 5.0 209 
76.8 
7 74.65 4.3 169 
72.5 
8 70.55 3.9 145 
68.6 
9 66.75 Sia 130 
64.9 
10 63.05 335cf 123 
61.2 
ail 59.95 2.5 78.7 
58.7 
12 57.00 2.8 84.0 
55.6 
13 54.45 2.3 66.0 
53.3 
14 52.15 2.3 63 
51.0 
15 49.85 2.3 60.2 
48.7 
16 47.60 2.2 55 
46.5 
17 45.60 ib of 42.2 
44.7 
18 43.75 1.9 43 6 
42.8 
19 42.05 1.5 Sei 
41.3 
20 40.35 9) 40.1 
39.4 


Table II is the data from the graphic record of such 
a test, and Fig. 7 shows the values plotted from 
Table II. 

The coefficients are readily found by substituting in 
equation (6) the values of total loss and speed for two 
points of the curve and solving simultaneously. For 
example, taking the values at 100 and 60 rev. per min. 
from a trial curve drawn for the test points of Fig. 7 
and substituting in equation (6) we have the simul- 
taneous equations: 


372 = 100 F + 1,000,000 W 
94 = 60F +4 216,000 W 
Solving for F and W we have: 
F = 0.355 
W = 0.0003865 


Recalculating for successive values of S, we have: 


TABLE III 


FRICTION AND WINDAGE LOSSES BY CALCULATION 
EQUATION (6) 


(S) Friction Loss Windage Loss Total Loss 
Rev. Per Min. in Kw. in Kw. in Kw. 
40 14.2 21.6 Ba) 
50 17.7 42.0 59.7 
60 21.3 eal 94.0 
70 24.9 TLS Ao: 140.4 
80 28.4 172.0 200.4 
90 310.9 245.0 276.9 
100 300 336.5 372.0 
110 39.1 347 .0 486.1 
120 42.6 581.0 623.6 
Bee eee SSS eee 


Plotting these values we find the resulting curve, 
Fig. 7, to correspond with the test values with practical 
exactness at all speeds. This curve is quite sensitive 
to small changes in the values of the coefficients of 
friction and windage losses, and several trials are some- 
times necessary before the correct coefficients are found 
to make the curve fit the test points at all parts of the 
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curve. When this has been done, however, one can_be 
quite confident that the resulting values of total losses 


- are correct, whatever the separate values of “apparent 


friction” and “apparent windage’’ may represent, 
see Fig. 8. : 

It is indeed probable that even in the case of a test 
upon a generator alone, separated from its turbine, the 
“apparent friction” loss may include some of the wind- 
age and the “apparent windage’’ some of the bearing 
friction, since it seems probable that a smal! part of the 
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bearing losses are of such a nature as to vary with the 
third power of the speed. However, while there may 
be some doubt as to the exact composition of the two 
kinds of losses differentiated in this manner, their 
separation is nevertheless well worth while for the 
purpose (if for no other) of detecting the presence of 
any possible abnormal friction loss, such as a tight 
bearing or gland, or a rubbing turbine seal, which would 
surely show up in an abnormally large first power loss. 
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However, the author believes, from experience in 
testing several different types and makes of generators 
by the above methods, that the separate “apparent 
friction” and “apparent windage”’ found by this method 
are very close to the actual friction and windage losses, 
when not complicated by other factors such as “disk 
friction” or “‘pumpage” losses in the turbine, due to the 
presence of water for cooling purposes. 

Division of Friction and Windage Between Generator 
and Turbine. In those cases where tests are made with 
the turbine connected, the friction losses as above 
determined, will include turbine friction in bearings, 
glands and seals, and the “apparent windage”’ loss will 
include windage in the turbine and probably another 
loss due to the presence of a small amount of water in 
the turbine, which may be classed as ‘‘disk friction’”’ or 
“pnumpage.” These losses can, at present, only be 
approximated, but by separating the first and third 
power losses by the method described above, these 
approximations can be handled with much more confi- 
dence than when the mechanical losses are all lumped 


together. 
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In an isolated case of a single unit, the division of the 
mechanical losses between generator and turbine is 
quite difficult, if not impossible. In a case, however, 
where several units of similar but different character- 
istics are being tested, it is often possible, by careful 
observations and comparisons, to make approximations 
which give results approaching the truth closely 
enough for practical purposes. 

As an illustration of what may be done along this 
line, the steps taken in allocating the mechanical losses 
in three units of 32,500-kv-a. capacity, comprising three 
different combinations of turbines and generators will 
be described. If we designate the two turbine manu- 
facturers by the letters A and B, and the three generator 
manufacturers by X, Y and Z, then we can designate the 
three units as A X, B Y and BZ. 

The friction and windage losses of these three 
machines, all of the same capacity rating, and the steps 
by which they were allocated, are shown in the follow- 
ing tabulation: 


TABLE IV 


ANALYSIS OF FRICTION AND WINDAGE OF THREE 32,500- 
Kv-A. UNITS 


Unit Unit Unit 


AX IBY BZ, 
Total Friction, Windage & Pumpage....... 91.65 slyaliels) 151.05 
PEPICGLON oa cellar eat ael eetaee) levee elislio ole letevralle yon sitsice H| 18.75 28.0 28.25 
Windage and Pumpage.........-.---+eees 72.90 143.5 122.80 
Analysis of Friction 
Weight of Generator Rotor and Shaft..... A| 271,000 | 311,000 | 318,000 
Weight of Turbine Runner and Shaft..... B\| 73,500 | 73,500} 73,500 
Weight on Thrust Bearing during Test... . C| 344,500 | 384,500 | 391,500 
Hydraulic Thrust...........-+.esseseeeee 100,000 | 100,000 | 100,000 


Weight on Thrust Bearing under Load.... D| 444,500 | 484,500 | 491,500 


D = 
. . eS E 
Thrust Friction under Load i 444500 x 15) 15.0kw.|16.35kw.| 16.6 kw. 


C 
Thrust Friction during rest ( he x BE) F\ 11.62 12.95 sme: 


A ; 

Generator Share of F ( ae XF ) fereesine G Oma 10.46 10.76 
oe M83 

Turbine Share of F ae SOB I ereveretelersts 2.47 2.49 2.49 

Total Friction from retardation test ...... 85.05 28.0 28.25 


Total Thrust Bearing Friction during test..F| 11.62 12.95 13.25 
Other Friction, guide bearings, etc., (H —F) I 7.138 15.05 15.00 


Generator Share of J .......-.+++--+eses- J 2.0 2.0 2.0 
Mrarbiner Shave: Of Li. secre eieterstels) cleo neler ela) 5.13 13.05 13.0 
Total Generator Friction (G +J).........+. TS 5) 12.46 122-76) 
Analysis of Windage & Pumpage 
Total Windage and Pumpage (Ret. Test)... 72.9 143.5 122.8 
Generator Windage (Hst.)..........+++++:- 50.0 93.5 72.8 
Turbine Windage (Hst.)........+-eesseeeee 10.0 10.0 10.0 
Turbine Pumpage (Hst.).......---20eeeees 12-9 40.0 40.0 
Total Generator Friction & Windage....... 61.15 105.96 85.56 


That portion of the loss which is proportional to the 
third power of the speed was at first thought to be en- 
tirely windage, but upon further investigation it was 
found that there might be a loss in the turbine of the 
nature generally called disk friction which also varies as 
the third power of the speed, and, owing to the different 
construction of the two types of turbine, it is reasonable 
to expect that under test conditions these losses might 
differ very markedly between the two types. This 
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presumption is further corroborated by the very great 
discrepancy between the measured so-called windage 
losses of A X and B Y and B Z, these losses in the case 
of B Y being just about double the corresponding losses 
of AX, see Fig. 6. It hardly seems reasonable to 
charge this discrepancy entirely to true windage. 

The same sort of reasoning applies also to the friction 
losses. The thrust and guide bearings of the three units 
do not differ materially, but there is a considerable 
difference in the nature and area of the turbine seals 
between the A and B designs, and it would, therefore, 
seem reasonable to expect that that portion of the fric- 
tion loss which takes place in the seals would be some- 
what in proportion to the areas of the contiguous 
surfaces. 

Analysis of Friction Loss. At the time when Unit A X 
was placed in service, the bearing manufacturer’s 
engineers made a determination of the loss in the thrust 
bearing of this unit and stated that this loss was ap- 
parently about 20h. p., or 15 kw. This value has been 
used as a basis for the analysis of the friction loss, it 
being assumed that the loss in these thrust bearings 
will vary in direct proportion to the weight that they 
carry. This loss has also been further divided between 
the generator and turbine in proportion to their weights. 

Upon subtracting the value thus determined for the 
thrust bearing on Unit A X from the total friction losses 
as determined by test, there remains but slightly over 
seven kw. to be divided between the generator and 
turbine-guide bearings and turbine seals. In considera- 
tion of the smallness of this loss, the nature of the parts 
which create it, and the relation which might be 
expected to exist between the generator guide and 
thrust-bearing losses, it was concluded that two kw. 
would be a reasonable portion of this loss to assign to 
the generator-guide bearings, the remainder being 
charged to the turbine. 

In the case of the other two units, the total measured 
friction losses were considerably greater and the thrust- 
bearing friction was also somewhat greater, due to the 
increased weights of these machines over that of Unit 
AX. There appeared, however, no reason why the 
guide-bearing loss should be any greater than on Unit 
A X, and the assumption checks with the observed fact 
that the guide-bearing oil temperatures of the three 
units do not materially differ from each other. 

There is then left chargeable to turbine friction 
approximately 13 kw. in Units B Y and B Z, or about 
two and one-half times the corresponding loss in Unit 
AX, which ratio would appear reasonable from a 
consideration of the two turbine designs. This results 
in the friction losses of the three generators differing 
by only such amounts as are accounted for by their 
different weights. 

Analysis of “‘Windage’’ Loss. In the case of the so- 
called windage losses—all those losses varying as the 
third power of the speed—the total of such losses in the 
case of Unit A X was but 72.9 kw. Asstated above, 
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there is too great a discrepancy between this value 
and those of similar losses determined for the other two 
units to be all charged to generator windage, and it is 
accordingly necessary to find some other difference 
between the two turbine designs to account for a part 
of this discrepancy. The value of this loss is about 
20 kw. greater for Unit B Y than for Unit B VAIS MaKe 
difference is believed to be reasonably accounted for by 
the fact that in Unit B Y a large volume of air was 
allowed to discharge around the end windings of the 
armature, no attempt having been made to limit 
the discharge at these points to merely that necessary 
to maintain the temperature within safe limits, whereas, 
in the case of Unit B Z the corresponding openings have 
been partially blocked for this purpose. The additional 
air moved in the case of Unit B Y might account for the 
20-kw. difference. 

There then remains a difference of approximately 
50 kw. between these losses on Units A X and BZ. 
Part of this difference is undoubtedly in the generator 
and a part in the turbine.’ The designer of the Genera- 
tor X was particularly careful to decrease to the greatest 
possible extent the windage loss by careful fan design 
and by the addition of sheet-metal shrouds on the 
generator-rotor spider and fan for the purpose of direct- 
ing the air currents, while apparently such provisions 
are not carried out to the same extent in the case of 
Generator Z. 

As to the turbines, an inspection of the respective 
runner designs indicates that in the case of Turbine B 
the lubricating water from the lignum-vitae bearing 
is much more apt to get away through the upper seals 
of the turbine than is the case of Turbine A, and this 
might readily account for a considerable part of the 
observed difference in losses. ; 

A formula was given in the water-wheel test code for 
determining the turbine windage, but in this case this 
formula gave a value of approximately 50 kw., which, 
in the case of Unit A X, is obviously far too high, as it 
would leave but about 23 kw. for generator windage. 
There is, however, undoubtedly some windage loss in 
the turbines under test conditions, and this was ap- 
proximated by reference to fan data. ‘It was found 
that the shut-off power of a fan was in the neighborhood 
of 20 per cent of the full-load power, and it was assumed 
that the 50 kw. resulting from the above mentioned 
formula would represent the full-load power of the tur- 
bine runner as a fan, which appeared reasonable from 
a consideration of its dimensions and in comparison 
with fan data. It was then assumed that the shut-off 
power or windage with turbine gates closed would be 20 
per cent of this, or 10 kw. This was assumed to be 
the same for all three turbines. There was then left, 
in the case of Unit A X, 62.9 kw. to be divided between 
generator windage and turbine disk friction. Of this, 
50 kw. was arbitrarily charged to generator windage, 
as this seemed a reasonable value, and left an amount 
of 12.9 kw. chargeable to turbine disk friction. In the 
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case of Units B Y and B Z, it was thought that the disk 
friction might be approximately three times that of 
Unit A X, and was accordingly put at 40 kw., leaving 
for generator windage 93.5 kw. in the case of Unit 
B Y, and 72.8 kw. for Unit B Z, as compared with the 
50 kw. assumed on Unit A X. The value of 50 kw. 
(40 + 10) for turbine windage and disk friction happens 
to be the same as would have been assigned to turbine 
windage had the test code formula been used, hence, 
should not be open to serious criticism. 

The final values of generator friction and windage 
then become for Unit A X, 61.15 kw.; Unit B Y, 105.96 
kw.; and Unit B Z, 85.56 kw. We have two checks on 
these figures; first, the designer of Generator Z stated 
that he estimated the friction and windage of his 
generator at 80 kw., and second, the designer of Genera- 
tor Y, that of his at about 109 kw. We have a further 
check on the accuracy of the resulting values of genera- 
tor efficiency in that the efficiencies of the turbines of 
Units B Y and B Z, based on the values of generator 
efficiency thus arrived at, checked each other exactly. 


SEPARATION AND DETERMINATION OF ELECTRICAL 
LOSSES 


Iron Loss. Obviously the iron loss is determined by 
subtracting the friction and windage from the iron-loss 
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friction and windage as determined either by the input 
or by the retardation test. Fig. 4 shows iron loss, 
friction and windage data for the 65,000-kv-a. unit, and 
Fig. 6 for the three 32,500-kv-a. units. The values of 
the friction and windage losses, of course, determine the 
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termini of these curves on the zero voltage axis, thereby 
giving the necessary data for the completion of the lower 
part of the curves. Fig. 9 shows iron losses alone for the 
three 82,500-kv-a. generators and Fig. 10 for the 
65,000-kv-a. generator. 


Stray-Load Losses. Similarly the stray-load loss is 
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determined by subtracting the friction and windage and 
armature J? R loss from the appropriate test values. 
This has been done for the 65,000-kv-a. generator; the 
various steps by which the stray-load loss has been 
determined are indicated in Fig. 11. 

Following the same general principles used in deter- 
mining the friction and windage, and the iron loss, the 
test points are first determined and plotted for the 
delineation of a curve of loss against speed as obtained 
by the retardation test. In Fig. 11 these test points 
for armature currents of 1554 amperes, 2145 amperes, 
and 3156 amperes are shown respectively at a, b and c. 

These points do not look very encouraging as almost: 
any kind of a curve can, seemingly, be drawn through 
them. However, in delineating these curves, we are 
entitled to use all the information which we have, 
so, before drawing in the curves, it may be indicated 
on the sheet just what is known about the losses which 
are to be deducted. We, therefore, draw in the friction 
and windage loss curve, as per Fig. 7. 

As to the I? R loss, it is known both from theory and 
observation, that the short-circuit current remains 
practically constant at all speeds, hence, the J? R loss is 
constant throughout the test. It is possible, therefore, 
to add a constant I? R loss to the friction and windage- 
loss curve, obtaining the corresponding curves shown 
in Fig. 11. 
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The difference between this curve and the total-loss 
curve is the ‘“‘stray-load”’ loss, and there should be some 
consistent relationship between the stray-load loss and 
speed. Three assumptions are possible: 

1. Stray-load loss decreases as speed increases, 

2. Stray-load loss constant as speed increases, 

3. Stray-load loss increases as speed increases. 

If the stray-load loss is caused mostly by eddy cur- 
rents in the copper, as seems most likely, it would ap- 
pear that it should increase with frequency, and the 
test points indicate in general that it does so. If so, 
three assumptions are again possible as to a possible 
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exponent of the power of the speed by which it varies, 
that is, if it is assumed that: 


Stray-load loss = C S” 


where C is a constant, 
m may be 

1. less than unity 

2. equal to unity 

38. greater than unity 

In order to determine which of these assumptions 
most nearly agrees with the test data, trial curves were 
drawn and the speed-time curve reconstructed from 


(7) 
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points taken from the trial curves. The reconstructed 
curve based upon the assumption of n = 1 shows the 
better agreement, and this assumption was consequently 
used in drawing the final curve through the test points. 
The differences, however, between the results of the 
three assumptions are very slight, and none of them are 
probably scientifically true. 

In drawing the curves, a point was selected on each 
of the trial curves through which it appeared the curve 
would have to pass whatever its form. From these 
values, the corresponding friction, windage and iron 
losses were deducted, the residual values being plotted 
on a rectangular scale and straight lines drawn through 
these points and the origin. These three lines, shown 
at d Fig. 11, are then the most probable curves of stray- 
load losses for different speeds at the three values of 
armature current. These three curves were then added 
to the friction, windage and I? R loss curves to produce 
the total-loss curves as shown. It was found that the 
stray-load loss at any given speed varied almost exactly 
as the square of the current, the chance agreement of 
the trial points in this respect being so close that the 
final curves were intentionally so drawn. 

These results would seem to indicate the following 
conclusions: 

1. The short-circuit stray-load losses are due (at 
least mostly) to an increase in the effective resistance of 
the armature conductors, due, no doubt, to a displace- 
ment of the current in the conductors—usually called 
“eddy currents.” 

2. This increase in effective resistance varies with 
the speed or frequency, and appears to be substantially 
proportional to the first power thereof. 

3. The increase in effective resistance is apparently 
independent of the armature current. 


From these results, it would appear that, practically, 
the effective resistance of the armature would be 
expressed by the formula: 


R; =RA+Kf) (8) 
where 
R,; is resistance at frequency f 
R is resistance for direct current 
and 


K isa constant. 


While these conclusions seem to be indicated, it is, of 
course, not safe to generalize from a single test, and 
further and more accurate determinations will be re- 
quired to establish these relations definitely, if indeed, 
they actually exist at all. 

However, in this case, it is apparently true that, for 
all practical purposes, the determination of the short- 
circuit stray-load loss for any current and any speed may 
be made from a single accurate test at one current and 
one speed. If formula (8), or one similar to it, should 
prove to be generally true, it would appear that some 
independent method of predetermining the coefficient 
(K) would be extremely useful. 
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CONCLUSIONS 


1. The retardation method for determining certain 
of the losses in large generators is a useful, accurate, 
consistent and easily applied method, and deserves 
more extensive use and fuller official recognition. 

2. The retardation method of measuring friction 
and windage losses contains within itself the means of 
separating these losses from each other. This is a very 
useful property when it is necessary to allocate such 
losses between the generator and its turbine. It is 
also useful for detecting abnormal friction or windage. 

3. The determination of a loss at different speeds, 
which is a natural application of the retardation method, 
furnishes a means not only of more accurately deter- 
mining such loss at normal speed, but also furnishes a 
means of throwing new light upon the nature of certain 
of the losses. 

4. Development of apparatus and refinement of 
methods of carrying out retardation tests are desirable. 
An instrument to measure the rate of retardation 
directly, should be a_ possibility not difficult to 
realize. 


Discussion 


R.B. Williamson: The testing of large generating units 
after they have been installed in the power station is becoming 
more common than was formerly the case because the great 
increase in size has rendered satisfactory factory testing very 
costly; in many eases it is, in fact, impracticable because the 
machines are not completely wound and assembled at the factory. 
There is no doubt that a great deal of money has been expended 
in the past on unsatisfactory factory tests that could have been 
made to much greater advantage after installation. Any 
methods of testing, therefore, that are of advantage when 
machines have been set up ready for use are worthy of very 
careful study and we are much indebted to Mr. Johnson for the 
present paper which shows the application of the retardation 
method to some of the largest hydroelectric units so far built. 

In factory testing the usual method of determining losses is 
by means of a calibrated driving motor, but this is often difficult 
to apply to large vertical units. When using a driving motor 
it is frequently difficult to hold the source of power steady enough 
to avoid periodic swings in the power input to the motor and 
this affects the accuracy of the readings. When large machines 
are tested in the power house by measuring the input with 
the generator operating as a motor supplied from a second water- 
wheel unit, the source of power is much steadier and corre- 
spondingly better results can be obtained. Even here, however, 
difficulties are sometimes met due’ to periodic variations 
caused by slight hunting of the water-wheel governor. One 
great advantage of the retardation method is that, after the 
machine has been run up to or slightly over speed, the driving 
power is cut off and all fluctuations due to variations in driving 
power are also cut off. 

In applying the method to water-wheel units where it is neces- 
sary to leave the wheel connected and thus rotate the runner in 
the water-wheel casing, it is important that the casing be drained 
and also opened by removing the manhole covers. I recall one 
instance where a retardation test was being made and unac- 
countable variations were found in the speed. The casing had 
presumably been drained but the vents had not been opened and 
it was found that a considerable quantity of water was being 
thrown around in the casing. | The manhole covers were then 
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removed, the casing completely drained well below the level of 
the runner, and there was no further trouble. 

As pointed out by Mr. Johnson, it is not essential that the 
fly-wheel effect of the rotating parts be known in advance pro- 
vided means are at hand for measuring the kilowatts required to 
drive the machine as a motor at known speed. If the loss is 
thus measured, the fly-wheel effect for use in the other tests can 
then be calculated with a sufficient degree of accuracy. Usually, 
however, there is no difficulty in obtaining a close estimate of the 
fly-wheel effect from the manufacturer and the retardation tests 
are sufficient to obtain the losses by the methods described. 

The analysis of the friction and windage of the three 32,500- 
kv-a. units in Table IV is of special interest. Unit A X as 
mentioned is equipped with shrouded steel-plate fans with 
curved blades, and baffles are provided to prevent eddies and 
short-circuiting of air around the fan. On account of the limi- 
tations imposed by the generator design, these fans have an 
efficiency considerably lower than that of regular blowers pro- 
vided with a spiral casing, but at the same time it is true that a 
generator of this type with such fans and baffles will show in 
general less windage loss than one where the air is free to eddy 
around. Where the peripheral speed of the rotor is fairly high, 
as in the present instance, the difference in windage loss may be 
considerably in favor of the machine with fans as in Table IV, 
whereas the general feeling of many users is just the opposite, 
i. e., that fans increase the windage loss. The spider arms of 
large generators stir up vigorous air currents which involve loss 
in power; hence shrouding the arms to cut off these currents is 
frequently well worth while. 


It is of special interest to the designer to note that these tests 
indicate that the stray-load loss at a given speed varied as 
the square of the current. This, I believe, has been generally 
assumed to be the case and tests on many machines made by 
driving by means of a calibrated motor show this relation to be 
quite closely true. It is important, however, to have this con- 
firmed by tests made on such a large generator and by a different 
method. The greater part of the stray loss is undoubtedly due 
to so-called eddy currents in the windings, but a considerable 
part is also due to stray induced currents in various parts of the 
machine structure caused by stray fluxes from the windings. 
It is fortunate, therefore, that notwithstanding the complicated 
make-up of the stray loss, it is found to be practically propor- 
tional to the square of the current. 

We fully agree with Mr. Johnson that with the use of suitable 
instruments, such as he describes, the retardation method can be - 
made of much more use than has been the case in the past. We 
also feel sure that with the more extended use of methods such 
as these, tests of machines after installation will supersede many 
of the factory tests now made on large or even moderate-sized 
units, because such tests will be less expensive and very much 
more satisfactory. 

E. M. Wood and G. D. Floyd: At the Queenston plant of the 
Hydro-Electric Commission, we have had the same problem of 
determining the conventional efficiency of large water-wheel 
driven alternators, and have in general solved it in a manner 
similar to that described by Mr. Johnson. Some of our condi- 
tions have been different from those described and have given 
rise to variants in the procedure, some of which may be 
interesting. 

_ All our tests were made with the turbine uncoupled from the 
unit under test, as the units have two guide bearings. The units 
were started as described in the paper. Field current for approxi- 
mately normal voltage at no load was required on each of two 
similar units for sure starting. Starting currents at times 
swung to 1% rated current of one generator of 55,000-kv-a. 
rating. 

Manufacturers’ calculations of W R? were taken but were 
checked by wattmeter measurement of input to the unit as 
synchronous motor, whenever the governor of the driving unit 


TOS 


would hold speed sufficiently steady to give reliable readings. 
The calculation checked closely with the test values. 

When conditions permitted this test, however, a complete 
curve of losses by wattmeter was taken down to approximately 
half voltage. Under proper conditions, these results are possi- 
bly more dependable than those from the retardation test but 
in most cases (but not all) the governor allowed the speed to hunt 
so that the results were of doubtful value. 

The current transformers used were rated at about four per 
cent of the current rating of the generator and were connected 
across the blades of gang-operated disconnecting switches to 
protect them during starting and during changes of test condi- 
tions. A man was stationed at the switch with an ammeter and 
given instructions to close the disconnects quickly in case of a 
sudden rise of current. 

On the first units tested, retardation tests were made using a 
stop watch and hand tachometer, varied by use of a tachograph 
and in some cases by use of a high-speed graphic voltmeter for 
the core-loss curves. We found these not very satisfactory for 
the reasons stated in the paper. 

On the last three units tested, a Cambridge chronograph 
adapted by Messrs. Borden and Floyd was used. Two elements 
record on a tape the following: 

1. One jog for each half-revolution of the generator. 

2. One jog for each revolution of a machine running at 
synchronous speed (18714 jogs per minute). 

From the tapes, speed-time curves were plotted, the rate of 
retardation at synchronous speed was found and the losses 
calculated. The average loss between one per cent above and 
one per cent below synchronous speed was ealeulated directly 
in most eases, as the average speed-time curve had been obtained 
very accurately between 110 per cent and 90 per cent of syn- 
chronous speed. In those cases where a curve of loss against 
speed was obtained, the loss at synchronous speed checked the 
calculated loss very closely. 


The method of reading the record, tabulating the results and 
calculating the losses given in the paper is very neat and simple. 
The long intervals were apparently allowable due to the high 
fly-wheel effect and slow retardation. In our case, the intervals 
had to be much shorter. This could be varied by using longer 
overlapping intervals. 


Curves of friction, windage and short-circuit losses were taken 
on one of our units by the retardation method with good results. 
The switching incident to this test is somewhat involved and 

“must be carried out in a very short time, requiring careful 
preparation. In this test, it is of importance to observe the 
temperature of the armature windings. 

Mr. Johnson’s practise of running the retardation test to 
below 50 per cent of rated speed is new, and he has used it to 
obtain much interesting information. 


V. Karapetoff: I am glad to hear a practical operating man 
recommend the retardation method because I have been urging 
its use for over 20 years. I learned about it in EKurope where 
it has been used much more than here. The principal reason 
why, perhaps, it has not been used so much is that with small 
machines the rotating part stops too rapidly to allow an accurate 
measurement of retardation, and the second reason is the neces- 
sity for knowing the moment of inertia. 

Of course these difficulties are not insuperable and those 
interested in this method will find both in the Continental and 
in the British literature, quite a number of ingenious and indirect 
methods of measuring retardation and the moment of inertia. 
The general theory will be found in my Eaperimental Electrical 
Engineering, Third Hdition, Vol. I, pp. 408-416. 

Mr. Johnson suggests that a convenient and simple method be 
developed for directly measuring the rate of retardation. I 
wish to mention a condenser device which was proposed quite a 
number of years ago for measuring acceleration and retardation 
of railway trains, and which, with modern measuring instru- 
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ments, should be satisfactory for the purpose desired. Consider 
a capacitor connected to a source of direct voltage. Then we 
have the relation: q = C e, where q is the charge on the conden- 
ser, C is its capacitance, and e is the applied voltage. Taking a 
derivative of both sides of this equation with respect to time, we 
get dq/dt = Cde/dt. Call this current 7; then i = Cde/dt. 

Suppose that you have some device, such as a d-c. magneto 
generator, belted or otherwise connected to the generator under 
test, and let the induced voltage of this device be proportional 
to its instantaneous speed. Then e = kv, where vis the instan- 
taneous velocity, and k a coefficient of proportionality. Substi- 
tuting this value of e in the equation for the coudenser current, 
we find thati = Ck (dv/dt). 

The value of dv/dt is the retardation of the machine, and 
the current flowing into or out of the condenser is proportional 
to it. In other words, if you have a magneto in series with a 
galvanometer and a condenser, the instantaneous indication of 
the galvanometer is a direct measure for the instantaneous 
retardation of the machine. 

W. J. Foster: Mr. Johnson has described the retardation 
test and he has developed it, I think, to a higher degree of per- 
fection than any other person. 

There are three methods of testing large generators: the motor 
method, the retardation and the calorimetric. The first that I 
had experience with was the motor method and fairly good results 
were obtained, but it failed completely in the matter of the load 
losses or short-circuit losses. Since those losses have become 
very important the motoring method by itself is now obsolete. 

The retardation method was developed and practised several 
years ago quite extensively in the shops of the General Electric 
Company. It was found to be a very convenient method when 
the speed could be determined with accuracy and the W R? from 
calculation, but when the rotor contained castings there were 
always some uncertainties about the W R?. 


In our work we sometimes found it well to obtain the speed 
electrically, which is especially easy where there are direct- 
connected exciters and a battery is used to excite the field so as 
to hold the excitation perfectly constant. 

I regard the calorimetric method, however, as the coming 
method in most machines. Our hydraulic generators are going 
to become more and more totally enclosed and it is not in the 
far distant future when we will have the closed system, the same 
air being returned over and over again. So I think that the 
most accurate method and the method by which we will obtain 
the real efficiency will be the calorimetric method. 

I say the real efficiency because the matter of taking the short- 
circuited losses as the load losses is an approximation to accuracy. 
It has been standardized and when it is used by the designers 
in calculations and in giving guarantees it, of course, should be 
measured in the test, and the total losses should include for load 
losses the short-circuited losses. But by the calorimetric method 
the actual load losses are obtained and that is extremely 
important. 

I think that in such generators as Mr. Johnson has worked 
with, where he has housings around them, he can very well 
check up the results obtained by the retardation method. I 
wish he would do so as a supplement before this paper is published 
in the A. I. E. E. Transactions. It wouldn’t take over two 
days on one of those machines to do all of it. He should vary 
the power factor of the machine under test from unity down 
to 80 per cent, and thus be able to furnish extremely valuable 
data for designers as well as for users. 

I can’t speak in too high terms of the work done by Mr. John- 
son. I have been in contact with it somewhat and he certainly 
has used his brains. 


It was just a trifle amusing to me to notice his remarks with 
reference to the unusual opportunities that he had in having 
three generators of different design and also some combinations 
of hydraulic turbines to work with. 
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No doubt the engineers of all of the manufacturing companies 
will agree that each has some compensation for the disappoint- 
ment he experienced in failing to receive the order for all three 
units,—in the excellent test data and the improved retardation 
method furnished by Mr. Johnson. 

Mr. Johnson discusses the effective resistance and gives 
formula (8). I wish to remind you that there are other losses, 
eddy-current losses in the magnetic material, and what is needed 
now is for data to be collected that will look towards the deter- 
mination of the effects of end magnetization. 


P. A. Borden: It is particularly interesting to learn that in his 
tests of generators, Mr. Johnson has been making use of the 
chronograph for the precise determination of speeds through a 
cycle of velocity values. A method almost identical with Mr. 
Johnson’s was developed independently by the Hydro-Electric 
power Commission of Ontario, and since then has been employed 
in all its tests of large units where there was required a permanent 
and accurate record of all speed values during the time of 
observation. 


L. A. Doggett: (communicated after adjournment): In con- 
nection with the study of the losses of induction motors supplied 
with non-sinusoidal electromotive forces, some retardation runs 
have just recently been made at the Pennsylvania State College. 
These runs were on machines of 5 to 20 h. p. Although these 
machines are pigmies compared to Mr. Johnson’s 65,000-kv-a. 
unit, it would seem worth while to have on record some of the 
problems occurring at the other end of the scale of sizes. 

First, as to speed measurements, it soon developed that the 
attachment of a tachometer, whether of the mechanical or electri- 
cal type, so altered the friction that the retardation curve was 
materially affected. For example, where it took 52 see. to reach 
zero speed without the tachometer, it took 37 sec. to reach zero 
speed when a tachometer of the electric type was applied to the 
end of the shaft throughout the run, all other conditions remain- 
ing the same. To avoid this error a stroboscopic method was 
used, in which an are was supplied by a current of known fre- 
quency. The light from this are was directed upon a disk at- 
tached to the shaft. On this disk were arranged in the usual way 
circular rows of spots at uniform intervals, such as 45 deg. and 
30 deg. The time was noted when these spots reached apparent 
rest. With this arrangement very satisfactory speed-time 
curves were obtained. 

Second, as to W R? measurement, this value was determined 
in two ways. The first is as described by Mr. Johnson and in- 
volved a separate measurement of the friction and windage at a 
definite speed. This in conjunction with the retardation run 
gives a value for W R?, which for one five-h. p. induction motor 
was 2.36 Ib-ft?. A second value was determined *by another 
method. In this method the rotor was removed from the stator 
and suspended vertically as a torsion pendulum and in this 
condition its time of swing was determined. The time of swing 
was again determined when an additional known W hk? was 
attached to the rotor. From these data the W Rk? came out 
2.26 Ib-ft?. The torsion pendulum method is considered the 
more reliable. : 

J. Allen Johnson: Several speakers have made suggestions 
as to the technique of the tests such as the necessity for draining 
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the wheel case and opening vents, the use of disconnecting 
switches to short circuit the small current transformers during 
adjustments, etc. .These are desirable precautions. Messrs. 
Wood & Floyd have used a generator running at synchronous 
speed to measure time. It would seem to the author that 
much more accurate means of measuring time are available in 
the form of clock mechanisms. 

The electrical accelerometer outlined by Professor Karapetoff 
is extremely interesting and if it could be worked out into an 
instrument suitable for field use might be of value. At present 
it appears to the author as a scheme which might readily be used 
in the laboratory but hardly a tool for powerhouse use. It has, 
however, interesting possibilities, and the author looks forward 
to the time when the inherent merits of the retardation method 
will have created sufficient demand for such an instrument to 
justify some manufacturer in undertaking its development. 


Anyone who has carried out retardation tests and has observed 
the almost majestic steadiness with which these huge machines 
slow down under the influence of their own losses, completely 
unaffected by any outside influence, will share with him, the 
author believes, not only his conviction that in this method we 
have something elemental in its simplicity and trustworthiness, 
but also his desire for a means of making the necessary measure- 
ments of speed and rate of retardation as simple and direct and 
elemental as the method itself. Such a means seems to be 
provided in the use of a chronograph, revolution counter and 
timer. The author doubts if he could have equal confidence in 
the results obtained by any method less simple and direct, such, 
for instance, as electrical tachometers or accelerometers in- 
volving the accurate knowledge of electrical constants and the 
necessity of accurate calibration. 

Mr. Foster calls attention quite rightly to the fact that in 
measuring the short-circuit losses we are only making an approx- 
imation to the actual stray-load losses. The author frankly 
recognized this fact in stating in this paper that these tests were 
to determine the ‘‘conventional”’ efficiencies of the machines in 
question. § 

Mr. Foster proposes the calorimetric test to determine the actual 
load losses. The author sincerely hopes that successful results 
may be obtained in this manner, but confesses to some skepti- 


-cism in the matter, when recalling a test of this character, in 


which he assisted, made on a 7500-kw. generator in 1905 or 1906. 
The losses by radiation, the difficulties in determining accurately 
the average temperature of large volumes of air and of determining 
the mass and velocity of the air are a few of the practical obsta- 
cles which the author sees in applying the calorimetric method. 
He agrees with Mr. Foster, however, that no other method of 
determining the actual stray losses seems possible, and the 
desirability of finding out what these losses actually are probably 
justifies considerable trouble in perfecting the calorimetric 
method. He is of the opinion, however, that nearer two months 
than two days would be required to get any worthwhile results 
on the large generators by this method. 

Mr. Doggett’s method of determining W R? by using the rotor 
as a torsional pendulum is very interesting. 'To apply this 
method to a rotor weighing 400 tons, however, would seem to 
invoke some practical difficulties. 
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Some Notes on Electricity Transmission 
and Distribution Practise in Europe with Com- 
ments on High-Tension Substations 


and Switchgear 
BY G. F. CHELLIS! 


Member, A. I. E. &. 


Synopsis.—This paper describes some of the more recent 
overhead and underground electricity transmission developments 
in Europe and is intended to convey a general idea of the status 
of that art in some of the European countries. 

No attempt has been made to include all the recent high-tension 
lines in the countries touched upon, but those included are typical 
of the work being done and the voltages in use. 


A most interesting part of the paper is a summary and analysis 
of the recent report of the Weir Commission of England recommend- 
ing a policy with regard to superpower development in that country. 
This report covers a program extending to 1940 and proposes @ 
plan of interconnection and base-load plant construction intended 
to tie together practically all parts of England. 

* 4 * * 


* * 


GENERAL 


CONSIDERABLE amount of electrical plant 

construction has been going on in Europe during 

the last five years to meet increases in power de- 
mand, resulting principally from industrial growth. 

Water-power has been developed wherever possible, 
but regardless of high fuel cost and uncertainty as to 
fuel supply, steam plants have been necessary in cer- 
tain areas. 

Recent statistics indicate that the electricity con- 
sumption per capita in some of the European countries 
is higher than in the United States, but such statistics 
are confusing and do not present a true picture of 
electrical progress, except where industrial and do- 
mestic consumption are separately shown. This point 


is clearly brought out by considering the total unit 


consumption in certain mining and industrial communi- 


ties where it amounts to 50,000 watts or more per 


capita, but with relatively low domestic consumption. 

A good deal of work must be done to educate the 
public to a greater use of electrical energy, and growth 
of domestic load in Europe should, therefore, be slower 
than in American communities which are being ener- 
getically exploited. 

Although there are wide variations in climatic and 
topographical conditions, government regulations, and 
engineering points of view in Europe, there seems to 
have been produced in the different countries, types of 
line construction well suited to local conditions. 

There is considerable diversity in the design of 
transmission line supports which, in general, are some- 
what more flexible than the usual American designs, 
while spans are shorter, with relatively higher safety 
factors in conductors. 


SWEDEN 
As the distances over which power has to be trans- 
mitted in the European countries are relatively shorter, 
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such extensive transmission line networks as those 
which have been developed in the United States, and 
Canada, are not found, 

The Swedish State Lines, planned by the Royal 
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Fig. 2—Typn or Stree, ANCHOR STRUCTURE FoR Two 220-Kv., 
THREE-PHASE CIRCUITS 


(TROLLHATTAN-VASTERAS LINE oF SwepisH State PownR 
SysTEM) 


I 


Height of support above ground 52.5 ft. (146 m.) approx. 
Distance between mast centers 39.4 ft. (12 m.) 
Conductor spacing 19.7 ft. (6 m.) 


Board of Water Falls, are perhaps an exception to this 
general statement, as these lines form the nucleus of an 
extensive future superpower system designed to work at 
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220 kv.; but those built to date will be operated at 
a reduced voltage until the higher voltage is required. 

Two types of towers used in the construction of 
the Western Trunk Line of the Swedish State System 
between Trollhattan and Vasteras are shown in Figs. 
land 2. 


ITALY 


Italy shares with Switzerland the run-off from the 
Swiss-Italian Alps, which provides an abundant source 
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Fic. 3—Typr or STANDARD STEEL TOWER FOR ONE 125-Kv., 
THREE-PHASE CIRCUIT 


(Temu-CeprecoLto LINE oF THE Soc. Gen. ELLETTA 
$ DELL ’ADAMELLO) 


of water-power, and here, as well as in Switzerland, 
rapid progress has been made in hydroelectric develop- 
ment and transmission lines. 


Fig. 4—Tyrr or STANDARD STEEL TOWER FOR One 130-Kv., 
THREE-PHASE CIRCUIT 


(Reaeto-EminiA LINE OF THE Soc. Everra. INTERREGUIALE 
CISALPINA) 


69 ft. (21 m.) 
820 ft. (250 m.) 
17.5 ft. (5.3 m.) 
4800 lb. (2200 kilos) 


Height to lowest cross arm 
Average span 

Conductor spacing * 
Weight of tower 


Because of the rugged topography of Northern 
Italy, transmission lines must be largely confined to 
the narrow valleys, in some of which there are as many 


CHELLIS: NOTES ON ELECTRICITY TRANSMISSION 


761 


as ten parallel multicircuit lines 
from 2 kv. to 180 kv. 


of voltages ranging 


Fie. 5—Typre or Stanparp Steet TowszR ror ONE 140-Kv., 
THREE-PHASE CIRCUIT 


(Ovesca-ArquaTa Ling or THE Soc. Gun. Irauiana ‘EDISON 
pI Kurrra’’ Mian) 


Average span 656 ft. (200 m.) 


The types of tower used on three of the more inter- 
esting lines recently built in Italy are shown in Figs. 
3, 4, and 5. 


Fic. 6—Tyrr or STANDARD STEEL TowzR FoR Two 132-Kv., 
16-2/3-Cycin, SINGLE-PHASE CIRCUITS 


134 mi. (216 km.) 

Height to lowest conductor 28 ft. (8.5 m.) 

Average span 737 ft. (216 m.) 
Conductors aluminum steel reinforced. 
Insulators, suspension type, seven units. 
Ground wire, copper clad steel. 


Length of line 


SWITZERLAND 
The most important recently constructed trans- 
mission lines in Switzerland have been built by the 
Swiss Federal Railways, in conjunction with the elec- 
trification of that system. Certain of these lines are 
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jointly owned by the Federal Railways and the Swiss SPAIN 

Power Transmission Co., Ltd., of Berne. Concrete poles, Fig. 9, with concrete cross-arms 
These lines are of interest on account of the high ast integral are used on the 70-kv. lines of the Cia 

single-phase voltages employed, which are 66 kv. and Anonima Mengemor, Spain. 

182 kv. A photograph of one of the anchor towers of the 130-kv. 
The types of standard tower used on three of these 

lines are shown in Figs. 6, 7, and 8. 


i 
\ 
t 


Fig. 9—Typr or Concrete Line Support on 70-Ky. Lines 
or Cra Anonima Mencemor, SPAIN 


Average span 328 ft. (100 m.) 


Albaseta - Dos Aquas line of the Sociedad Anonima 
Hidroelectrica Espanola is shown in Fig. 10. 


GERMANY 


Fig. 7—Tyre or STANDARD STEEL TOWER FoR ONE 135-Kv., The 100-kv. Lauta-Trattendorf line in Germany is 
’ Turee-Puase, 50-Cycre Crrcurr anp Four 66-Kv., Sivcte- worthy of serious consideration as a precedent in the 


Puase 16-2/3-Cycum Cincuits construction of high-tension lines on public highways. 
(AmstEec-IMMENSEE Line or THE Swiss FEDERAL Rattways) 


Length of line 29 mi. (47 km.) 

Average span 787 ft. (240 m.) 

Maximum span 1610 ft. (490 m.) with 620 ft. (190 m.) difference in 
elevation of supports 

Conductors aluminum steel reinforced except bronze on long spans 

Ground wire galvanized steel 


ede 


Fig. 10—Typr or Stern AncHor Townr on 130-Ky. 
ALBASETA-Dos Aquas LINE OF THE SOCIEDAD ANONIMA HyprRo- 
ELECTRICA KSPONOLA 


Average span 656 ft. (200 m.) 


While few municipal authorities would sanction the 
construction of lines of such voltages in the public 
street, the factor of safety is no doubt higher than that 
common to overhead contact wires for tramway sys- 


Fic. 8—Tyrr or Srent Tower Usep on STANDARD TRANS- tems. : ie ais * : : 
Mission Lines ror Two 66-Ky., Sincue-PHasn, 16-2/3-Cyciz A typical view of this line is shown mePig.e Lik 
CirRcUITS 
(Swiss FrppraL Rattways) ENGLAND 
Length constructed, 155 mi. (250 km.) In England, with the exception of one group of 
Average span, 410 ft. (125 m.) : ‘ ‘ ; : 
WGokanciors stemuaed copper companies in the North, which operates about 1000 mi. 


Ground wire, galvanized steel . of high-tension lines, extensive overhead transmission 
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systems have not been developed. This is perhaps 
due to the wide distribution of its coal deposits which 
renders transmission less effective than in places where 
power markets are widely separated from sources of 
fuel. 

A further explanation of the relatively few over- 
head lines constructed in England is to be found in the 
well-established practise of placing power lines under- 
ground, which has to a large extent been forced by 
strict Government and Municipal regulations, and by 
the difficulty and delay experienced in securing suitable 
rights of way. 

Numerous attempts have been made in England to 
establish a policy with regard to national superpower 
developments, beginning as early as 1914. The princi- 
pal schemes have been included in reports made in 
1918 by the Electric Power Supply Committee (known 
as “The Williamson Report’’) and the report of the 
Commission appointed by the Minister of Transport 


] 
| 


edeaiS mk os fae ES 
Fig. 11—Tyrr or Steet Support on 100-Kv. Lavrta- 
TRATTENDORF-MoasBit LINE IN GERMANY 


Height of tower, 92 ft. (28 m.) 

Height to lowest cross-arm 65 ft. (19.8 m.) 

Conductor spacing (3.1 m.) 

Conductors—copper 

Insulators, two strings of six Kapp units 

Minimum clearance between line and buildings (26 m.) 


to review the national problem of the supply of electric 
energy (known as The Weir Report) which was pub- 
lished early in the year 1926. 

The scope of the report covers a period to the year 
1940 when the consumption in Great Britain, now 
growing at the rate of 19 per cent per annum, would be 
raised from the present figure of. 110 units per capita 
to 500 units, the rate now obtaining in the United 
States; but it is expected that the 500-unit figure may 
be reached before that date. 

The basic recommendations of the Committee are 
as follows: 

a. To reduce to 58 in number 438 of the power 
stations in Great Britain, many of which are small 
and unsuited to generate power economically. 
The 58 stations, 28 of which would be of capital 
order and 30 of secondary order, would be designed 
to produce electrical energy at a minimum cost. 
(These 438 stations do not include 48 stations 
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owned by railway companies, and operated 
particularly for railway electrification. ) 

b. To establish a gridiron (high-tension trans- 
mission network) for the purposes of interconnect- 
ing the 58 power stations. 

c. Provision for the output of the 58 power 
stations to be turned into the gridiron at a prede- 
termined price per unit with privilege of purchas- 
ing for local supply, at the price billed to the 
gridiron. 

d. Provision for the closing down of nearly 400 

generating plants which is expected to be brought 
about automatically as the companies operating 
them would be able to purchase power from the 
gridiron at a cost less than that of private 
generation. 
--e. Provision for the establishment in communi- 
ties, not at present supplied with electricity, for 
local authorities, who would distribute power 
purchased from the gridiron in such areas. 

f. Recommendations in favor of the standard- 
ization of frequency affecting a few of the larger 
suppliers. Subject to further investigations this 
may be undertaken at public expense at a total 
gross cost approximately £10,500,000, and a net 
cost of £8,000,000 after allowing for expenditure 
represented by useful additions to plant capacity. 

It is estimated that the total expenditure to 1940 
would extend upward to £250,000,000 and that with 
proper coordination and assistance from the Govern- 
ment, this figure is substantially less than would re- 
sult if developments were allowed to continue under 
existing conditions. 

It is further estimated that one-half of this amount 
of new money would be required in connection with the 
development of distribution systems, this portion of 
capital to be provided by local authorities, power or 
distribution companies, as at present. 

It is stated that the remaining half of the capital 
can be conveniently divided into two sections: 

First. The amount necessary to construct 
the high-tension network for bulk transmission, 
plus working capital, reserve, and interest capital- 
ized for a period of five years, at which date the 
net earnings from the gridiron would be expected 
to be sufficient to cover all obligations. 

It is estimated that the sum of £25,000,000 
would be required for gridiron expenditure at the 
end of five years from the date the scheme might 
be put into operation. | 

Second. The amount necessary to provide 
local authorities, or other authorized persons 
with capital required for the erection of new cap- 
ital generating stations, or additions to present 
stations. Within certain limits capital and in- 
terest would be guaranteed by the Government. 

The report points out the following. conditions 
obtaining in Great Britain at the time of its issue. 


a1 
(or) 
rs 


Average price charged to con- 
io 


sumers for all purposes......- 2.047d. (pence) 


GrossiTGVeMUC. . ss oe sie 2 eerie £34,256,000 
Revenue per £100 invested...... Se Lee, 

Plant installed sme eres sist enes 3,096,535 kw. 
Maximum load ss. «ss se. ele oe 1,844,000 kw. 


68 per cent of maximum load 
4,016,000,000 

110 

24.9 per cent 


Spare: DIAM Giver epetere tetera dell wie 
Units sold per annum........... 
Units sold per head of population. 
Annual load factor! 2. 226i. - 
Capital invested per kw. for 


generation ........-.-+---- £23 .8 
Capital invested per kw. for 

(Ghipmulobinkoes: sono qoeonbogeo £28.5 
Total capital investment per kw. 

for generation and distribu- 

TOTS) 9) chau al alee nea eal oS ya £52'..3. 


It is estimated that as a result of economies to be 
effected by the recommendations of the committee, 
the position in the year 1940, or whenever the national 
consumption has been raised to 500 units per head, 
would approximate the following: 


500 

8,135,000 kw. 
10,000,000 kw. 
25 per cent 
21,385,000,000 (kw-hr.) 
30 per cent 
£127,000,000 


Units sold per capita.........5--..... 
iM abraysumnglotKe heey geass ao bow OOO On 
Keys im St alles cre es everesemoneneiche) sue atesrene:i=: <1 
Sfecheeneleholhpwomcodueao pod wean Ooo 
NOTES SONG rsp eectwetene eeeteec enti steko ares vents 
Annual load factor... eee eee 
Total capital invested for generation... . 
Capital invested for ‘‘Grid Iron’’ trans- 


RMISSIOIA Tt hte acu hcanere eh shetabatoker sebue £29,000,000 
Capital invested for distribution........ £243,500,000 
PP OtalVEVEMUO sass. viel siece e cueiae rt suss eters) = £88,100,000 


Average price per unit..............-+. 1 d. (pence) or under 


Number of capital stations...........- 28 
Number of secondary stations......... 30 
Total number of stations.............- 58 


In the annex to Appendix I of the report there appears 
an interesting estimate of the cost of power stations 
of 133,000-kw. installed capacity, capable of meeting 
maximum load conditions of 100,000 kw., which is 
said to be based on contracts for the Barking Station 
of the County of London Electric Supply Co., Ltd., 
one of the principal superpower stations constructed 
in England to date. 


£ per kw. 
308 acres of ground at Barking.............+esee seers 0.733 
Civil engineering works, piling, wharfs, railway sidings, 
water culverts, screens and foundations........... 1.880 
Buildingsiand cranes..........0s. cece ec ee occ eeenees 1.722 
Turbo alternators and accessories..........+-.+sceee 3.950 
Boilers and accessories, and ash-removal plant......... 3.464 
Switchgear and Gables), ves. co: ciel ais oe etele +1416) sie 0) 0.683 
Step-up transformers and station auxiliaries........... 0.593 
A EATh OTHUE SS Cig Oe ceo nO ROL lainey Chante CRO ETCRG CISE APOne NERC CREB EEC 0.465 
Coal-storage equipment, consisting of cranes, locomo- 
tives, and cars......... SEI ORaEE Oho host CORd OO a oar OG 0.148 
Sundries, including batteries and charging sets, oil 
coolers and pumps, oil filter plant, auxiliary sets and 
wiring and fittings.............5+sseeee essen 0.301 
£13 .939 
Engineering supervision, legal and incidental expendi- 
PUNE POT COM) ), streva recat say suche lela dals Sasiays. peewee a iske us 0.697 
£14.636 


It is estimated that the average total cost of genera- 
tion per kw. on the basis of coal at 16s. (shilling) per 
ton would be 0.3456d. (pence) with an additional cap- 
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ital and operating charge on main transmission lines 
of 0.0291d. (pence) or a total of 0.3747d. (pence) per 
unit sold over the gridiron. 

Local distribution expenditure, including capital 
charges, local management and taxes, is further taken 
at 0.5000d. or 0.8747d. per unitat the distribution system, 
which is raised to 1.029d. on the basis of 85 per cent 
distribution efficiency. 

It is understood that the assumed efficiency of 85 
per cent has caused some amount of criticism. 

According to the report the average cost of 1d. per 
unit would not be a uniform price maintained through- 
out Great Britain, but would vary according to local 
generating conditions, the amount of transmission 
network involved, and the distribution expense. 

The estimated figure for Scotland is given as 1.038d. 
per unit, and that for Central England as 1.029d. 
per unit. 

A striking feature of the report is a recommendation 
that the transmission network be owned and controlled 
by a new body created by Act of Parliament, termed 
the Central Electricity Board, which would purchase 
and dispose of energy from all of the interconnected 
stations, or alternatively charge for the use of the trans- 
mission network, or a further alternative according to 
which all generating stations would be purchased and 
the less efficient ones closed down, leaving the best 
stations to be operated by the Board, thus bringing 
all generation and transmission under the control of a 
single body. 

Objection has been raised in some quarters on the 
ground that acceptance of the latter recommendations 
might be a step toward government ownership. On 
this account an opposition movement is on foot to 
prevent the bill being passed by Parliament. 


The report is noteworthy as constituting the largest 
scheme ever proposed for the unification and extension 
of electric service for the definite purpose of reducing 
the cost of electric energy to a community. 


In general, the measure seems to be popular, and 
there is every indication that some such Bill will be 
authorized by Parliament in the near future as it 
appears to be agreed that only through the intervention 
of Government interest can such a system be brought 
into being on account of the great diversity of interests 
involved. 


The report shows typical curves of load and load 
factor, but no maps or other data are included to show 
details of the interconnecting network. 


A transmission voltage of 33 kv. seems to be con- 
sidered sufficiently high for average English conditions, 
at present, and has been more or less standardized for 
both overhead and underground lines. Some 66-kv. 
lines have been built and still higher voltages will no 
doubt be employed if extensive electrification plans are 
adopted. 

Typical views of some of the high-tension trans- 
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mission lines recently constructed in England are mounted in steel-socket pieces, and held rigidly in 


shown in Figs. 12, 18 and 14 ] b i 
; ; place by means of high grade steel guys of large 
Fig. 15 shows the dead-end structure of a 66-kv. diameter. 


line and its junction with 66-kv., singl 
5) gle-conductor a 
cables leading to the transformers. Sree eee 


Among the European power companies operating 


Fig. 12—Snmi-AncuorR Tower, 66-Ky. Dunstan-Bep- 
Lincton Line NortHeast Coast Pownr Co., NEWCASTLE- 
ON-TYNE, ENGLAND 


Fig. 13—Srratcut Ling Rattway Crossine 66-Kyv. Dunstan, pee eee : ay 
BepDiincron Linz, NortHeast Coast Power Co., NEWCASTLE- 


Fig. 15—Derap-Enp Structure oF Dovusie Circuit 66- 
ON-TYNE, ENGLAND 


Ky. Lins SuHowine Junction with 66-Ky. SINGLE CONDUCTOR 
Castes LEADING TO TRANSFORMERS. NORTHEAST Coast 
=a Power Co., NEwcAsTLe-oN-TYNE, ENGLAND 


Fic. 14—Tyrr or STanparD STEEL TOWER ON 33-Kv. GLEN 
Vauiey. Lins or Norra Waies Powsr Company 


Fic. 16—Srraicut Linz Kay Porz ror Two 11-Ky., THREE- 
PuasE CIRCUITS 


Note telephone cable carried on messenger wire. 
Average span 330 ft. (100 m.) 


A type of steel line support which works out some- 
what cheaper than the usual type of steel tower is cable transmissions of relatively high voltage are the 
shown in Fig. 16. North East Coast Power Co., Newcastle-on-Tyne, 

This structure consists of steel-tubular members England, 66 kv.; Union D’Electricité Paris, France, 
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60 kv.; and Provincial Electricity Works, Bloemendaal, 
Holland, 55 kv. 

There is also a considerable amount of 33-kv. cable 
in operation in England. 

In Italy a 130-kv. experimental cable of the Pirelli 
type has been in operation for something over a year 
with promising results. 

One source of trouble which has been responsible 
for a considerable number of breakdowns in high- 


ty Lee ie ae T \ RR 184 
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Fig. 17—Turez-Conpucror, 50-Ky. CasLe JOINT or BritisH 
MANUFACTURE 


tension cable installations is the result of pressure 
differences within the sealed cable, where considerable 
difference in elevation exists throughout a part or 
whole of its length. 

Pressure differences are created if there is any move- 
ment of compound used in the cable or its joints and 


Fig. 18—Turer-Conpuctror, 50-Ky. Trirurcating Box 
Wits Sineie-Conpuctor TAILs AND SEALING END, or BritiIsH 
MANUFACTURE 


any voids caused by such movement of the insulating 
compound must necessarily weaken the insulation, 
resulting in failure. 

This has led to the development of a type of joint 
design for filling under pressure, which is expected to 
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ensure complete filling and to prevent voids, but the 
writer is not able to say whether or not this method 
has been successful. 

Investigations are in progress to determine the 
feasibility of constructing supertension cables in which 
a uniform potential gradient would be maintained by 
means of metallic sheathes, placed between layers of 
insulation and connected to taps in the transformer 
winding.’ 

Cables so constructed would be expected to run 
high in cost, and the splicing and sealing of the ends 
would seem to present unusual difficulties. However, 
it is not improbable that continued investigation may 
develop a cable with solid insulation for supertension 
voltages at a cost no greater than that of a steel tower 
line, particularly if there is a saving in cost of right 
of way, as might be expected in congested districts. 

A three-conductor, 50-kv. cable joint of British 
manufacture is shown in Fig. 17 and in Fig. 18 and a 


Fig. 19—Connecrion DiagraM oF CALENDER HUNTER 
Four-Conpuctor SysTtEM OF CURRENT BALANCED CABLE 
PROTECTION AND INTERIOR VIEW OF A SEALING END SHOWING 
PuysicaAL ARRANGEMENT OF BALANCING TRANSFORMER 


50-kv. trifurcating box with its single-conductor tails 
and sealing end. 

Practically all distribution in England is accom- 
plished by means of underground cables. 

The principal distribution problem is to be found 
in the London area which is served by about 80 power 
plants. 

A frequency of 50 cycles predominates, but there 
is considerable diversity as regards phase and voltage. 

Low-tension distribution is direct current, two- 
and three-wire, and alternating current with various 
systems of connections. Lighting voltages vary from 
100 to 240 volts, while power service voltages extend 
to something over 500 volts. Bulk supply is sold at 
high-tension voltage. 

The main feeder cables of power systems are fre- 


2. See paper by A. M. Taylor in J ourn. I. E. E£., London, 
England, No. 315, February, 1923. 
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quently protected by means of current balance, this 
being accomplished in various ways. In the case of 
two parallel feeders, the current in one is balanced 
against the current in the other by means of differen- 
tial relays which open the circuit-breakers upon a very 
slight difference in current value. 

Cables are in use with six conductors, three of which 
in a three-phase system are similarly balanced against 
the remaining three. 

A new form of cable specially designed for balanced 


Fic. 20—Suitprucae SuBsTaTION OF THE Swiss FEDERAL 
Rattways, SHowine 66-Ky., Sinete-PHASE CONSTRUCTION 


protection, and which costs somewhat less than six-core 
cable, has recently been brought out. This system 
utilizes a special form of four-conductor cable in which 
two conductors have one-half of the cross-section of 
the remaining two, and current transformers of spe- 
cial design contained in the sealing ends at each end 
of the cable. These transformers function to cause a 
current to flow in a separate winding when the current 
in the different phases becomes unbalanced. The 


be EE, he Bt ea Uh Me Past RO A itis ase sla ite sis cea 
Fic. 21—12,000-Kv-a. Ourpoor TRANSFORMER INSTALLATION 
or THE NortrHeast Coast Power Co. at DUNSTAN, ENGLAND 


resultant current is employed to operate a relay ar- 
ranged to open the circuit breakers. 

A diagram showing the connections of the special 
balancing transformers and relay and the interior 
of one of the sealing ends is shown in Fig. 19. 


HIGH-TENSION EQUIPMENT 


Until quite recently European engineers have con- 
formed to a universal practise of placing high-tension 
equipment indoors, but with the use of larger units and 


higher voltages, the outdoor substation is beginning 
to make its appearance. 

The recently constructed substations of the Swiss 
Federal Railways are outdoor type and are relatively 
simple because of the use of the single-phase system 
of power transmission and distribution to track circuits. 

A photograph of the Shilbrugg substation of the 
Swiss Federal Railways near Zurich is shown in Fig. 20. 

Fig. 21 shows a recent outdoor transformer instal- 
lation in England with its 66-kv., single-core cable 
connection. The sealing end for the 66-kv. cable may 
be seen in the foreground, bolted directly to the trans- 
former tank. 

The more prominent electrical manufacturers in 
England and on the Continent have developed complete 
lines of equipment for voltages up to 130 kv., while 
some are prepared to offer equipment for higher 
voltages. 

Lightning protection seems to have received con- 
siderable attention on the Continent. The predominat- 


Fig. 22—12,500-Kv-a., 110-12-Kv., Stnatm-PHAsn, WaATER- 
CooLtep TRANSFORMER Units oF British MANUFACTURE 


ing type of arrester has horn gaps in series with water 
columns contained in vertical porcelain receptacles, 
which are mounted on high-tension insulators. In 
some cases arresters of the electrolytic and oxide film 
types of American manufacture are used. 

Lightning protection seems to have caused very 
little concern in England. A length of cable at the 
end of a high-voltage line is considered by many Brit- 
ish engineers to be an excellent method of lightning 
protection. 

On the Continent there seems to have been some 
fear regarding the solid grounding of high-tension 
neutrals, although the advantages of grounding are 
recognized. In some instances a compromise is re- 
sorted to, by placing a horn gap in series with the neu- 
tral-ground connection. The horn gap is set sufficiently 
close to break down if a ground occurs. 

It is almost universal practise on the Continent 
to design transformers for forced oil cooling, as this 
type of transformer costs somewhat less than the. 
water-cooled type. Water-cooled transformers are, 
however, built in considerable quantities, both on the 
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Continent and in England, as they are sometimes to 


be preferred. 
Fig. 22 shows part of a group of twelve 110-kv., 12,500- 


I 

Fig. 23—Portion or 33-Ky., Iron-Cuap SwitcHGEAR 
INSTALLED AT BARKING STATION OF THE County oF LONDON 
Evecrriciry SuppLty Co. 


(On back of Photo) 


Showing one-quarter of the ultimate switchgear. In the foreground is 
seen the sealing off of the end of the busbars and the tail end of the vent pipe 
leading down through the floor to the outside of the building, but in this 
case the drawout portion of the main oil circuit breaker is shown removed 
and suspended above its panel. The operation is interlocked with the 
crane to ensure that all conductors are dead before it commences. 


Fie. 24—Hanp-Orrratep, Armor-CiaD, FrLame-Proor, 
Draw-Ovut Tyrer Freeper PILAR ror INDUSTRIAL AND MINING 
SERVICE 


Circuit breaker tank opened for inspection 
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kv-a. single-phase water-cooled transformers recently 
built in England for shipment to India. 

There have been developed in England very complete 
designs of fully enclosed, or co-called “Armour clad” 
switchgear, for voltages as high as 33 kv. 


Fig. 25—ELrcrricaLLy-OpERaTED, ARMOUR-CLAD SwITCcH- 
Gear or Draw-Out Tyre ror Powrr STATION SERVICE, 
500,000 Arc Ky-a. Ruprurine CapacitTy 


; 
f 
be es Eek 4 
Fig. 26—ELEcTRICALLY-OPERATED, ARMOUR-CLAD SwITCH- 
GEAR OF THE Drop TanxK Tyre or 250,000 Arc Ky-a. Ruprur- 
Ing Capacity InstaLLEp aT TaLtBot Roap PowszrR StTaTION, 
NorrincHaM, ENGLAND 


B05 


When circuit breaker is open tank may be lowered for inspection by 
means of the crank shown in the foreground. During the lowering process 
all leads are disconnected and live parts protected automatically. 


dl 


27—SmELr-ConTatnep, ARMOUR-CLAD DISTRIBUTION 
SUBSTATION OF British MANUFACTURE 


Fig. 


The recent switchgear installation at the Barking 
Station of the County of London Electricity Supply 
Co. introduces one of the most modern developments 
of this type of gear, which is designed for an operating 


voltage of 83 kv. and rupturing capacity of 1,500,000 
are kv-a. 
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Fig. ae shows one quarter of this gear in place, with This type of gear has been extensively developed 
one of the circuit breakers withdrawn. In the fore- to cover all classes of power, mining and industrial 
; ground may be seen the sealing ends of the compound- requirements. ; 


__ filled busbar components and the gas-vent pipes leading —‘ Three examples of anchor-clad ‘Switchgear are shown 
: 
, 


in Figs. 24, 25 and 26. 
A complete armour-clad substation containing high- 


tension switches, distribution transformer and low- 
tension fuses is shown in Fig. 27. 


through the floor to the outside of the building. 
One of the features of the Barking Station gear is 
_ the very complete system of interlocks which has 
been developed to such a point that it is practically 
_ impossible to perform any switching operation in the 
. wrong sequence. To make the system fully complete CONCLUSION 
each section is interlocked with the crane so that no The writer wishes to express his appreciation to al 
circuit-breaker mechanism can be removed from its who furnished or assisted in securing information or 
position until all connections have been made dead. illustrations contained in this paper. 
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Lightning and Other Experience | 
with 132-Kyv. Steel Tower Transmission Lines, and its Bearing — 
on Tower-Line Design from the Continuity of Service Standpoint 


BY M. L. SINDEBAND* 


Member, A. I. E. E. 


Synopsis.—A large number of transmission lines have been 
erected without adequate consideration having been given to the 
ability of the line to stay in circutt electrically during the occurrence 
of lightning or other disturbance conditions. These come, however, 
within the range of the transmission engineer’s field of action. 

The authors’ experience with a 55-mt., 132-kv. transmission line 
since 1917 to date is cited, the particular line being one which has 
been very successful from a standpoint of continuity of service. F urther 
experience with other lines built with variations on the original design 
and placed in service in 1924 and 1925, is given. A detailed 
analysis is given of eighty-eight cases of lightning trouble on one of 
these lines during 1926, the various steps taken to reduce the fre- 
quency of this trouble, the effect of increased clearances and separa- 


and P. SPORN* 
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tions, of additional insulators, of flux control units, and of arcing 
horns and shields on the amount of trouble and on the damage to © 
insulator and conductor. These are discussed both from the stand point 
of actual experience and from the laboratory analyses and investiga- 
tions made. 

A general discussion of the ground wire and its effect on lightning 
voltages is given and the arguments for and against ut are discussed. 
The importance of paying attention to the mechanical side of the 
ground wire and the effect of such attention on continuity of service 
is pointed out. 

‘A summation is given of the analysis and experience of the 
authors in operation of 132,000-volt lines as applied to transmission 
line design from the standpoint of continuity of service. 


ee SS 


I. TRANSMISSION LINES AND THEIR OBJECT 


HERE is nothing new in pointing out that trans- 

mission lines have as their object the transmission 

of electrical energy; it has perhaps not been em- 
phasized often enough that a necessary corollary of the 
transmission facilities is that they be able to transmit 
this electrical energy continuously. The degree of con- 
tinuity depends a good deal, of course, on the territory 
and the type of service supplied through the trans- 
mission line but there is no question that regardless 
of the territory, the standards of service required and 
expected by the power consumers in general have been 
growing more rigid. Further, it is quite obvious 
that even though a certain load or a group of loads 
may be of such a nature that continuity of service is 
not absolutely essential and the load can well afford to go 
along on, say, 99 per cent continuous service, that if 
the nature of the line trouble is such as to bring about 
an interruption that will use up the allowable 1 per 
cent shut-down in service at any one time, then even 
for that type of load, the line can not be considered as 
rendering adequate service. 

The disadvantages of interruptions to service have 
been well understood generally by utilities operating 
in large urban communities where facilities for pro- 
viding the maximum continuity of service have been in 
common use for years, and where they have been main- 
tained in spite of all other radical changes that have 
been made in the systems. These disadvantages, 
however, have not always been realized by the utili- 
ties operating in medium sized or small industrial 
communities and it has very often happened that the 
transmission engineer or the power engineer has over- 

*Both of American Gas & Electric Co., 30 Church St., 
New York, N. Y. 
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looked them. That these disadvantages can be 
serious, again goes without saying. The seriousness 
can extend all the way from a small money loss due to 
a halt in production extending the length of the inter- 
ruption, to an extremely heavy money loss, which would 
result, say, in the case of freezing of an electrochemical 
process or of a process dependent upon electric power 
for maintaining solutions or melts in a liquid state, 
and can finally reach the peak in the case of steel mills 
or mines, where serious loss of life can result due to a 
loss of power, if proper precautions are not taken to 
take care of such an emergency. 

All these matters as a general rule have not been 
given adequate enough consideration by the trans- 
mission engineer and where they have been, the ten- 
dency has always been to stress the structure part and 
its ability to sustain itself under extreme conditions 
of ice, wind and storm at the expense, very often, of 
its ability to stay in circuit electrically under lightning 
or other disturbance conditions. 

Now lightning disturbances, if they are electro- 
static disturbances, are, of course, beyond the control 


of the engineer but the effects of these disturbances 


on the transmission system are partly within his control 
and are within his province of action, and any trans- 
mission line that is not designed with a view to properly 
standing up under lightning conditions, has not, of course, 
been adequately designed. It is an undoubted 
fact that a good many lines have been designed in the 
past, and even in the last five years, where the factor 
of the ability of the line to stay in circuit under lightning 
disturbances has not been adequately taken into con- 
sideration and it has taken actual operating experience 
to disclose that fact. 


II. 182-Kv. LINES CONSIDERED 


The authors’ first extensive experience with a 132-kv. 
line was with the 55-mi. transmission line built on 
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double-circuit steel towers and running from the Wind- 
sor Power Plant of the Ohio Power Company and of 
the West Penn Power Company, located approximately 
12 mi. north of Wheeling, W. Va., to Canton, Ohio, 
the line running in an approximately straight north- 
western direction. A sketch of this tower as well as 
pertinent design data is shown in Fig. 1. This line 
is equipped with two ground wires, 3 in. diameter 
Siemens-Martin, and was placed in operation late in 
1917. The line is insulated with 10 disk units at sus- 
pension points and 12 units at dead-end points. When 
this line was put into operation there were operating 
four 30,000-kv-a. steam turbine units at the Windsor 
Plant and these constituted practically 80 per cent of 
the capacity connected to the 132-kv. transmission 
system of which these two lines formed a part. The 
line has had altogether 41 interruptions due to 
lightning since it was put into service, and divided 
by years as follows: 
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In 10 per cent of the cases both lines were affected. 
All but four of these interruptions were such that they 
did not affect in any way the insulators or the con- 
ductor nor did it require any work to repair these. On 
the four other occasions mentioned the insulator string 
was flashed and damaged toa point necessitating a change 
and the conductor dropped to the ground. The ground 
wire was removed from over all the railroad crossings 
on the Windsor-Canton line during 1924, the work 
being completed by the end of August. In 1925, 12 mi. 


of ground wire were removed at each end of the line, | 


this being done as a precautionary measure. The 
wire was actually not in very bad condition but atmos- 
pheric conditions at both ends of the line were rather 
bad and there was danger of deterioration developing to 
a point that would be. dangerous. Up till now this 
wire has not been replaced. It will be noticed from 
the operating record that the number of interruptions 
apparently did not in any way increase due to the re- 
moval of this ground wire although perhaps a sufficient 
time has not elapsed for this point to be known defi- 
nitely. This much is known, however; all the trouble 
encountered in 1925 was on sections where ground 
wire was installed. It will be noted that in general 
the history of operation of this line has been a highly 
successful one, and that the line has given such uniform 
continuity of service as to make possible the supplying 
of a load to the city of Canton amounting to well over 
60,000 kv-a. dependent entirely upon the transmission 
line for its power. 

During 1923 and 1924 the construction of three 
additional lines in Ohio was undertaken as follows: 

1. A 73-mi., double-circuit line from the Philo 
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Plant of the Ohio Power Company, located at Philo, 
Ohio, on the Muskingum River, south of Zanesville, 
and running to Canton, Ohio. 

2. A 15-mi., single-circuit line, but strung on the 
same type of towers as the Philo-Canton line, running 
from Philo to Crooksville, Ohio. 

3. A45-mi., single-circuit line from Fostoria, Ohio, 
running approximately southwest to Lima, Ohio. 
This line, too, was to be built on a double-circuit trans- 
mission tower with only a single circuit strung. 

During 1924 and 1925 there was again con- 
structed a 129-mi. line of the same type of structure,. 
with only a single circuit strung but utilizing 
397,500-cir. mil, A. C. S. R. instead of 336,400 A. C. 
S. R. used on the three lines previously mentioned. This 
line runs from Lima, Ohio, tothe Twin Branch, Indiana, 
plant of the Indiana & Michigan Electric Company 
which is located on the St. Joseph River, approximately 
8 mi. east of the city of South Bend. 

The tower utilized on all these lines is shown in 


GROUND WIRE 


SUSPENSION TowER—WINDSOR-CANTON 
Line (1916)' 


Fic. 1—Srraicur 


Fig. 2. Comparing Figs. 1 and 2, it will be noticed 
that a number of changes were made between 1915 
when the Windsor-Canton tower was designed and 
1922 when the Philo-Canton tower was designed. It 
will be seen that the height of the bottom crossarm 
was raised from 50 ft to 64 ft, the vertical crossarm 
spacing was raised from 12 ft. to 13 ft. and the height 
of the upper crossarm was raised from 74 ft. to 90 ft. 
Further, while the Windsor-Canton tower was designed 
and erected with two ground wires, the Philo-Canton 
and other towers were all designed for but one possible 
ground wire and none was actually installed. A large 


“number of factors brought about this change in the 


design: 
1. In the first place, transmission line construction 


oe 
ad 


costs increased greatly between 1917 and 1922. The 
increase was not only brought about by the increased 
cost of materials and the higher cost of labor, but also 
by the increasing cost of right of way. A definite 
conviction had come about that lines were costing too 
much and that an attempt should be made to lower 
the cost, and the most logical and natural suggestion 
was the lengthening of the average span, making pos- 
sible, of course, fewer points of anchorage along the 
right of way, fewer points of suspension and less steel 
in towers, etc. 


Fic. 2—Srratgut SUSPENSION AND SMALL ANGLE (FIVE- 


Dra.) TowER 


Philo-Canton 
Philo-Crooksville 
Fostoria-Lima 


Lines (1923-1925) 
Twin Branch-Lima 


2. It seemed logical to conclude that a line with 
fewer points of support, that is a line with fewer in- 
sulators in it, would be better electrically. 

3. By lengthening the spans, it was possible to 
take full advantage of the additional mechanical 
strength obtainable in a steel-reinforced aluminum 
cable which, from a conductivity standpoint, it was 
possible to purchase on a cheaper basis at the time 
these lines were built than straight copper. 

4, The experience that had been obtained in the 
operation both of the Windsor-Canton line and in the 
operation of a large number of 66,000-volt Jines, some 
of which had been equipped with ground wires and 
others of which were not, as well as the correlation of 
similar operating experience of other engineers over 
that same section of the country, seemed definitely 
to indicate that the ground wire was doing more harm 
than good on the lines about which anything was 
known, on operating voltages up to and including 
132,000 volts. Definite examples extending over 
_years were cited by the operating people to show that 
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removal of the ground wire over sections of line where 
such ground wire had been giving trouble due to the 
ground conductor getting entangled in the main 
conductors under storm conditions or to breakage in 
other ways, had materially improved system operation 
and caused in no case any increased trouble. In fact, 
therc did not seem to be any cases of trouble that could 
definitely be ascribed to the omission of such ground 
wires. In short, operating experience, although per- 
haps not properly evaluated, seemed to show that the 
ground wire was doing more harm than good and that 
an improvement in operation could be obtained by its 
omission. It was known, of course, that where the 
ground wire had given trouble it was brought about by 
mechanical weakness and that it was possible to 1n- 
stall a ground wire free from such trouble, but when 
the expense of this was taken into consideration 
and balanced against the then existing experience, 
it did not seem worth while to make this additional 
expenditure. 

The Philo-Canton and Philo-Crooksville lines were 
put into service in September, 1924, the Fostoria-Lima 
line was put into service August 1924, and the Twin 
Branch-Lima line was put into service September 
1925, all of them being put into operation initially at 
the rated voltage, that is 182,000 volts, with the ex- 
ception of the Fostoria-Lima line, which was operated 
at 66,000 volts until September 1925 when it was cut 
over to 132,000 volts. Very little trouble was experi- 
enced with the Philo-Canton line during 1924 although 
definite records are not available. It is believed, how- 
ever, there were actually no flashovers. The history 
of this line during 1925 is shown in the tabulation under 
Table I which gives in as complete detail as 
was possible to obtain, 88 cases of trouble on the line. 
The experience falls naturally into four groups: 


1. The group covered by cases 1 to 15 inclusive 
2. The group covered by cases 16 to 35 inclusive 
3. The group covered by cases 36 to 68 inclusive 
4. The group covered by cases 69 to 88 inclusive 


III. ANALYSIS OF THE FouR GROUPS 


An examination of the first 15 cases of trouble shows 
that all but one case of trouble were exclusively in the 
top conductor. In 11 of the 15 cases one or more in- 
sulators were shattered and in 18 of the 15 cases con- 
siderable damage was done to the conductor. The 
question of the arcing and the points between which 
the are took place has never been definitely cleared up 
although the table attempts to show how this actually 
happened. A check-up on this information, however, 
disclosed that the field inspectors in many cases were 
able to get no definite evidence and in a good many 
cases guessed as to what happened, very often not 
guessing correctly. However, the information was the 
best obtainable and has been allowed to stand for 
whatever light it may throw on the situation. It is 
perhaps pertinent to point out that the question of 


field information in all these cases is generally the most 
difficult question to take care of and is one of the rea- 
sons, perhaps, why so much loose thinking has been 
done on the subject. Typical strings of damaged in- 


- sulators are shown in Fig. 3. 


The second group covering cases 16 to 35 embodies 


experience on the same line with the so-called flux 


control units. 
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sie A TABLE I 
ORT ON INSULATOR FLASHOVERS, PHILO-CANTON LINE, 1925 
=) 
Pole or 3 } Ty 
Tower 5 ale eS thie Top,middle 
CaeeNo ase rene A Sy eent: insul. | Unitsin} Cross- | Ground | or bottom Arcing 
ype|O degree | assem string z : - 
§ 5 ing | arm ext. wire conductors protection Damage to insulator 
1 134 | C | 1] R-29 | Strain | 12 Nod) 
2 133 IR al 0 Susp 10 NO No. Top 2 horns Hast string flashed—4 units shattered 
3 133 A 5 0 (ae 10 e ss None Three top units shattered 
4 211 B &e gs se « Brtine steine ache 
1 ra) 10 a y ntire string flashed 
5 176 Bele 0 « 10 * _ i s None 
6 130 B 2 rn) “« 10 # ve a * Entire string flashed top & bot. units shattered 
u 250 = 1 0 “ 10 ” * é ;. noice string flashed two top units shattered 
g oo i f 0 : 10 . 2B Top ce mick i ntire string flashed top unit shattered 
10 230 B a 0 “« 16 ri rf Top . Entire string flashed top unit shattered 
li 302 ix 1 0 z fe . Mid: * Entire string flashed top unit shattered 
“ 203 A 2 0 « 10 ea 2 op * ae string flashed two top units shattered 
2 3 R-7 * (0 eZ “3 a ntire string shattered 
14 152 C 1 pee : “ 4 a Entire string flashed 2 shattere 
15 130 G 5 o Strain = , . S Tieyans Niaeié g flas none shattered 
6 126 B 2 0 Sus 9 “ « ‘ 
17 125 iN 1 0 AD. : i Flux con. Two insulators shattered 
o 9 “ “ “ “ . 
18 125 A 2 * a Top insulator flashed 
19 85 Gmie ee Strain 42 i 7 s Top insulator flashed 
20 100 x 3 0 Susp 9 M, a 3 None Two units shattered on Philo side 
21 167 B 2 0 Us 9 a xs Flux con. Entire string flashed—two top units shattered 
= 167 B 1 0 Py 9 s i i i eo top units shattered 
176 B 2 0 i C “ “ “ ‘ one . 
24 194 B 5 0 * 2 "a a i Ee Entire string flashed—two top units shattered 
25 201 C 2 | 4L-30 Steain oS - a : Top unit shattered 
26 202 A 1 0 Susp 9 ” sd 4 None Two units shattered on Philo side 
27 203 A 1 0 reek 9 5 a 5 Flux con. ne See ace ai top units shattered 
307 C 3 : fhe ‘ ; = ntire string flashed—1 top unit shattered 
29 309 Beales CY ti Ae “2 a - 2 None 5 units shattered on inside string 
30 211 B i 0 ISD. ss + ¥ Flux con. Entire string flashed—2 top units shattered 
31 206 CG 1 0 Sinn 12 a re Two top units flashed 
39 206 G 3 0 ce 12 4 ‘ None One string of insulators burned into 
33 50 ik 3 0 Susp 9 = i an : Paid dian We Sia 
34 49 A 3 0 i 9 2 ux con. ntire string flashed—2 top units shattered 
35 66 7m 2 ve es y 2 top & 2 bot. units shattered 
36 249 B > : rF ie ‘a vs None Entire string flashed—3 units broken 
37 371 RB 1 0 - 5 2 - Flux con. Entire string flashed—top unit shattered 
38 150 i 2 0 s 9 - i aes eerie Sasteder top units shattered 
9 223 Boy ts2 0 D-susp “ “ « eee 
40 37 sus .s e e Bot. unit broken—top unit flashed 
41 = ee . z 4 Susp. : ss ss Entire string flashed—2 top units broken 
42 197 B 5 0 re 9 = “4 % ae opine Daeted: top units broken 
43 - : - ; op unit shattere 
44 aS - a 5 : 4 2 ae unit Jee 
4 a u 4 e op unit burne 
ae eS oe 2 0 pthck 4 . <e Entire string flashed—3 top units broken 
47 Nss | SS | 1 “< Bus “ re 
48 110 Bowe 0 Susp 9 &e To ; i as : 
~USD. “e op Flux con. Entire string flashed—3 top units broken 
oy rad 3 Z ~ ee phtie 12 Mid. Arcing horns | 1 string burned off—all but 3 units burned 
rai He Soe ee usp ; * Top Flux con. z top oe eenes units flashed 
ie ‘s na op unit broken 
32 i | Biil oO é 3 “ Mid er Bee ne aati ron Geet nes 
: , one ntire string flashed—top unit broken 
ze e a Z ) . 9 be Bot. a Entire string flashed—top unit broken 
py i Fae: a . 9 . Top Flux con. Entire string flashed—2 top units broken 
35 153 rd 1 o 7 9 Z Mid. None Entire string flashed—top unit broken 
56 B10 B = a bs 2 ry nhs Top Flux con. Wade sting Aashede = bot. units broken 
‘ op units flashe 
57 166 Mee alka 0 D-susp 9 ‘ cs i 2 top units broken 
Ze ie re im (0) Strain 12 No iy es None None 
; 2 0 Strain 12 No No Top None 2 units broken—1 flashed—both stri 
60 NSS | Subj; 1 Pillar 3 « Top No. 1 y strings 
61 oa A 2 0 Susp 9 No i Top Flux con. 1 unit broken 
62 270 Cc 1 » cs oy G 
63 ao | G [it 0 te 12 “ “ : ee Peete! 
1 unit broken 
64 260 A if 0 Susp. 10 f Wy Mid oe To i = i 
; | : p unit broken—3 units flashed 
on ey “ 2 4 , # - at A Top unit flashed 
a 262 B |i 0 i é % ee Mid. Z qoamie rekon 
‘ “ “ “ce “ee 7 
2 units broken 
69 46 B 2 0 “e “ “ ? “ “ “ in, ey era 7 ., 
70 132 AE 0 oe 4 ce s a tine idee ated PD OO aaa 
us 132 A 2 0 ¥ Z sf a Bot. ie Entire string flashed top & bot. units broken 
oe eS > : a is in ae ‘ ee es con. beta string epee 
(0) y id. one ntire string flashed—top unit broken 
74 93 B 1 0 # 12 Yes MS Top Flux con. 4 top units broken 
75 93 B il 0 10 No z Mid None Entire string flashed—top & bot. units broken 
76 93 B Zz 0 Susp. 10 No No Mid None Entire string flashed—top unit broken 
bd, 93 B 2 0 ; 12 Yes Top Rings & horns} None 
78 199 Cc i 0 Strain a No a 2 : Entire string flashed—5 units broken 
79 229 B 1 0 Susp. zs Yes ee se _ Flux con. 6 units flashed 
80 229 B 2 0 os s us Rings & horns] Entire string flashed 
81 230 B 2 0 ef pet ie f a Flux con. Top unit broken 
82 262 B 2 0 Susp. 12 Yes No Top Flux con. 2 top units broken 
83 276 A 2 10) ; 12 Yes No Top Flux con. Entire string flashed—2 units broken 
Ss ze z . 2 Be Strain x No z ve Ring & horn an broken—4 units flashed 
one 
86 232 B 2 0 Susp. ce Yes i G Flux con. None 
87 234 B iL R-7 . No ee Bot. None Bot. unit broken 
Biss ets ears Wie 155 EN OF = iI - | #2 lee CS an eS | Top | Ring & horn | Entire string flashed—1 unit shattered 


The theory underlying it has been set 


forth by Mr. A. O. Austin in a group of papers which 
is given in the bibliography. The underlying idea 
is that an insulator placed at the end of the horn and 
mounted below the insulator string will give a screen 
effect and will prevent the formation of so-called stream- 


ers on the conductor and subsequent ionization and 
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TABLE I Continued 
REPORT ON INSULATOR FLASHOVERS, PHILO-CANTON LINE, 1925 
Power Arc 
Case Damage to . Damage to arcover 
No. arcing protection conductor string From To From To 
34” burned off ends both arcing horns None Yes Horn Horn 
1 oe goals Pitted aluminum over wide stretch : ra Cond. Brace Cage 
2 Cond. badly burnied—4 str. steel holding < 
EB Badly burned 25’ north of clamp 3 str. stl. , - te 
Holding No 
4 So : Yes Ce) Top cap 
5 Badly pitted 45’ towar anton fs nd. 
6 Outer layer Al burned toward Philo 12” re és Cage Top cap 
i Outer layer Al burned toward Philo 12 4 No : Brace 
8 3 strands Al burned 3” from clamp |. Yes Top cap 
9 Outer layer Al burned 12’ toward Philo a3 Cond. - 
10 Alum. burned thru stl. core not dam. — . i T 
11 Top layer alum. burned 5’ toward Philo es a Cage op arm 
12 Fair Top layer alum. burned 5’ toward Philo se Top arm 
13 None Cond. badly burned in loop No Loop Cage Top arm 
14 Cond. badly burned in loop ig : 
15 Flux control insul. broken—arm burned Aluminum burned thru Yes |Fluxcont.horn Top 
16 sferets Conductor pitted ‘A Cond. Cage 
ily Conductor pitted S 7 
18 Beatie None ce - Top arm 
19 1 flux control unit shattered hole burned in | Cond. damaged 25’ toward Philo yy Cage Top arm 
arm 
20 | 1 flux control unit shattered None a FCA Top cap . 
21 Rpariowd Cond. damaged 7’ toward Philo No Cond. Cage aie 
22 eae Cond. damaged 6’ toward Canton Yes e Top Su 
23 1 flux contro! unit burned Cond. damaged 30’ toward Canton ge Flux cont. are Top cap ae 
24 aie Cond. badly burned in loop a Loop . 
25 Flux control arm pitted Cond. badly burned 15’ toward Canton ai Cond. Cage = Top arm 
26 1 flux control unit damaged None ss flux cont. arm me 
27 Cond. badly burned in loop id Cond. Top arm ae 
28 1 flux control unit & arm burned Cond. burned both sides of clamp “ FCA Cage we Top arm 
29 1 flux contro) unit broken Cond. damaged 25’ toward Canton = Top ar 
30 tere Cond. badly burned in loop e Loop Top cap os Top arm 
31 Sh orae Cond. badly burned in loop 4 Top arm a 
32 1 flux control unit shattered Cond. damaged 20’ toward Philo ef Cond - * 
33 1 flux control unit shattered arm burned | Cond.damaged 10’onCanton &4’on Philoside ee FCA Cage as Top arm 
34 eho Cond. pitted 10’ toward Canton Bs Cond Top arm os 
35 1 flux control unit shattered—arm burned| Cond. burned 2’ from clamp Kz FCA Cage Cond Top cap 
36 1 flux control unit shattered Cond. burned 10’ toward Philo sf Clamp ae 3 
37 1 flux control unit shattered—arm burned None se (Oke) Cage Cond ; 
38 1 flux control unit shattered end of arm None .o & ue ard : 
39 |1 flux control unit shattered hole burned in ; 
arm Cond. damaged both sides ef “ S Cond. 
40 1 flux control unit shattered Cond. damaged 2’ toward Philo cs e ~ i 
41 |1 flux control unit shattered None “ "s ne 
42 1 flux control unit shattered hole burned in 
arm None sf ba a - 
43 1 flux control unit flashed None ee cf Cage ate iy 
a6 1 flux control unit shattered arm burned ofi| Cond. damaged 10’ toward Philo ss ‘ F ‘ ; 
46 CWare Spar 
47 1 flux control unit shattered arm burned Cond. burned 15’ toward Canton Yes FCA brace &cage| Cond. | Top & cap 
48 Arcing horn tower end 1” burned off Cond. slightly pitted in loop Yes Horn Horn ae Tower cap 
49 None Cond. slightly pitted Hs Clamp Cond.| Top cap 
50 Cond. badly burned on Philo side “s Cond. Cage a fa 
51 Flux control unit flashed—arm burned Cond. pitted 328’ toward Philo ee a es aby i 
52 ae Cond. pitted 320’ toward Philo se bs ny 
52 one Cond. pitted 175’ toward Philo ss Me s 
52 None Cond. burned 2’ toward Philo sf =f 
53 AIA es Cond. burned 2’ toward Philo te fg ne cs e 
54 Flux control arm burned off Cond. damaged 10’ toward Canton S FCA Cage Cond. g 
55 Flux control unit burned Cond. damaged 5’ toward Philo ee Cond. Top cap Hanger 
56 Flux control unit shattered None si IO A: Top arm Top cap 
57 ee 3 Loop badly burned No Loop Cage Top arm 
58 Loop burned Yes Clamp Tower yoke Tower cap 
59 Yes |Blade contact fos 
Stee 
60 None Cond. burned toward Canton No 
61 ee Loop and 10’ of cond. toward Philo dam Yes Cond. gear 
race 
62 None « 
63 Cond. burned both sides of clamp Yes Cond. Top cap 
64 one Not determin|ed 
65 Cond. burned 20’ toward Canton i Cond. Top cap 
66 Cond. burned 20’ toward Canton cs € ne 
ve Cond. burned 20’ sewer Canton Yes “ = 
one “ 
69 Cond. burned 15’ toward Philo & Cond. Top cap apt top 
ase 
70 ainehe Cond. burned 15’ toward Philo M3 « &“ i 
71 ane one fi ¥ ee Mid phase 
72 Sheet None “ “ « 
73 None None “ 
Lis mote None ee Clamp Top cap 
76 Cond. damaged 15’ toward Philo ss Cond. Top ca 
77 ; Cond. damaged 15’ toward Philo ss Mid. cond. qiog cont 
78 Ring marked—3” None ee Ring Top caps 
79 None Cond. damaged 40’ toward Philo = Cond. Top arm 
80 None Cond. damaged 15’ toward Philo oh Ring Horn 
81 None Cond. damaged 30’ toward Philo a Cond. Top cap 
82 Be oe Sond damaged 3’ toward Canton—6’ toward j 
: 0 Yes é 
83 | 2 flux control units broken Cond. dam 2’ toward Philo Yes FO oe Top pea 
84 None Loop & cond. toward Canton pitted No Loop Top cap 
85 _, None Cond. pitted in loop 5 ss Top arm 
86 1 flux control unit broken None = 
87 eee Cond. slightly damaged Yes 
88 None Cond. burned 5’ toward Philo a3 Ring Horn 


eventual breakdown of the air surrounding the insulator. 
Regardless of the apparent weakness of the theory, it 
was nevertheless decided to give this system a trial in 
view of the fact that information (and this information 
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again had to be obtained in a hurry with no chance 
for proper investigation or check-up) given by other 
operating companies having systems of the same volt- 
age was very emphatic in the statement that the ap- 
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ae TABLE I Continued 
PORT ON INSULATOR FLASHOVERS, PHILO-CANTON LINE, 1925 
Line 
Date F : 
Case of How trouble ¢ popeno No. times Line Line Did line 
‘ } tomatic line out i 
No. | failure was located or manuel | opened (time) (time) both onda? Aecaaere z Cunditions 
1 3-26 | Call by employee Aut 
2 3-26 Guiltecnr uto. 1 5:48 PAVE S51 ev Yes Remove arc horns Rain & Li i 
—2 “ i 4 TUX mv ; 
ey ees 1 | oworM| easPM| “| Riu control aes: 
a OMmEN oti s pes to ae ux control e ve 
7 4-25 ee Lats Auto. 1 11:28 AM} 11:29AM Yes Flux control Rain, Light; Wind 
8 oe liNcomstpatiol i : 8-22 P M ae ‘ a ue Canton pies control pnt; 
4-25 No - : : ux control oe 
10 | 4-25 OES aes ; ee ana i 
4-25 Special patrol gs pee re . 
12 i; d gta be Flux Be 
a2 4 ae oat See - 1 8:24PM] 8:30PM Philo sie Soniok A 
14 = emlCallibs ss lux control fe 
Lott oe peat Sea tthe 1 9:28PM/|9:23PM | Canton | Remove arc horns : 
3 ae . es em es 
as ee NE AY : 1 7:45PM| 7:47PM a Biuspeok cs 
nf z oat Le eerere = 1 9:26PM] 9:28PM se re control ss 
19 ae ahr z * ux control = 
so | ER [OMEN] | = | t | SSREM/ SEPRM| Ye | Ramerenterm : 
21 5-21 Normal patrol f 1 3:52PM | 3:53PM « Thascoatecs a 
5 N’ i Flux control - 
23 * Pe oral ele s 1 3:54 PM| 3:55PM Yes Flux eoatto! Ms 
a8 HD ei a patro a 1 9:26PM | 9:27PM Gs Flux control 4 
26 5-21 Bioeeal patrol 1 10:25 PM | 10:26PM is Remove arc horns ss 
26 Pon a patrol 1 10:43 PM | 10:44PM cs Flux control Ms 
ze | el |Sormngangree | Aueg3}) RSE ASIEN |< | Ramco 
z N : : 2:04 P us Rem h s 
29 6-6 Normal patrol Auto. (#1) 1 12:04P 13; ee control: tou 
30 ? Normal patrol Auto. (#1) 1 isap | 1206P TIC central “ 
i v f : ‘| 2.06 P < Flux control ¥, 
= 6 . eee Saati POG 12) i 12:06 P 12:08 P#2 Ms etter. stenore ti 
aN : iss <s Rem h My 
33 6-6 Norma! patrol Auto. (#2) 1 158 P ils eonnble toe 
0. 759 P ie Flux control n 
‘ 34 ? Normal patrol Auto. (#2) 1 2:04 P 2:05 P < 
35 3-26 | Normal patrol Auto (# 1,2) 4 ‘ oy « | eae “ 
¥ Aut ' Flux control ee 
=o ot oneal patrol Auto. 1 11:30 PM | 11:32 PM Ss Add units X-arm ext. R.& H. i 
ae aoe Ronee patrol : 2 10:29 AM | 10:31 AM ss Add units X-arm ext. R.& H. ie 
+ 27 eid ne date . i 3:12 PM 3:13 P M ss Add units X-arm ext. R.& H. cs 
= ~~ FF : s Add units X-arm ext. R. 3 ss 
ao 7 2 — babe . 2 10:29 AM} 10:31 AM cs Add units Rares one Re B GS 
a3 aus N = patro %: 2 5 a Add units X-arm Flux control ss 
a a Horne patrol if 1 2:47PM) 2:48PM aw Add units X-arm R. & H. eS 
a i ieee patrol 1 2:52PM | 2:53 PM S Add units X-arm flux control i 
ae eect “| dP RHSBA) HIBE3E] S| ANEUR Sa Rteon : 
L ; 3 M he Add units X-arm flux control Ne 
46 7-6 to11| Redman ‘ 
SN ie Bee is ae at ih is iG 
48 7-2. | Normal patrol Auto. 2 10:29 AM] 10:31 AM Ye A its X-arm © 
49 7-10 Report by Hare « 1 3:36AM| 3:37AM “ Ror eee ure xe 
go zs10 pELOrS by Hare ’ a! 3:52 AM] 3:53AM s Add units X-arm ext. R.& H. <4 
By g -1 sy ewe patrol 2 4:02AM] 4:03 AM od Add units X-arm flux control § 
oe Cae ae ee Manuel ; 8:00AM] 8:04AM Philo Add units X-arm flux control 
Be ony oral patrol “ 1 “ oe “ 
—1 Normal patrol Auto. 1 :00 : i - : 
2A cae he Noreat pacer ul Gi 8 JA M 8:03 A M Yes Add unite X-arm ext. R.& H. ie 
55 7-25 Call employee ee 1 9:19PM| 7:20PM Philo Add units X-arm ext. R.& H. oe 
56 7-16 EN ormal patrol ce 1 1:04PM| 1:05PM Yes Add units extend arm ss 
57 7-25 Pe EK ie 1 7TA19PM} 7:20PM Philo Add units extend arm He 
oe 7-7 vormal patrol 1 2:54PM | 2:55PM Yes Extend arm rs 
9 7-16-25 | Normal patrol Auto 1 12:34 PM | 12:35 PM Yes ie 
60 7-25 | Call E* “ a 7:10PM] 7:20PM Philo Ss 
61 7-16-25 | Cal] E* cs 1 1:4PM| 1:05PM Yes R.& H.* Add units extend arm 5 
62 7-25-25 | Call E* Hare “f 1 7TA9PM| 7:20PM Philo R.& H* i) 
63 8-5 Call E Hare 5 1 10:53 PM | 10:55 PM Yes Oo Ee 6 
64 y Call E* . 1 “ se ee None to date WY 
65 Call E 1 ef 11:01PM @ None to date . 
66 rg Call E* Probably ca| used from None to date . 
67 ? Call E* Trouble of | 8-5-25 None to date < 
68 8-10 | Call E* Auto. 2 3:31PM] 7:43PM Canton None to date rs 
as : 8-18 oa eo ¥ uf 10:10 P M 10:11 P M e 9-1-25 add 2-units ss 
6 ‘ ‘ 7 
ioe es coc petrol 3 ; “ ca ae eae ; 
YP 8-12 Special patrol fe 1 11:05 PM | 11:06 PM Yes 9-1-25 add 2 units to mid. cond. wy 
73 Special patrol bss 1 “ cs ce 9-1-25 add 2 units to mid. cond. s 
74 9-3 Call E* Sowell « 1 4:03 AM | 4:05 AM _ |Canton only] 9-1-25 add 2 units to mid. cond. ss 
75 Call E* Sowell 2 2 4:07 AM | 4:46 AM Yes 9-1-25 add 2 units to mid. cond. bie 
e 9-3 Pee patrol Auto. G. 4:03 A M Yes 9-1-25 add 2 units to mid. cond. ee 
78 ee Speciat patrol “ : aoe ‘ 
79 3 Special patrol ss Caused by}|trouble ce 
80 s Special patrol < of 9-3 se 
81 ff Special patrol Ps “ 
ee 9-3 Pd battect Ghee Auto. w 
ormal patro 
83 peat Unknown 
85 Normal patrol ss 
86 Normal patrol 2 
coe i Normal patrol 
88 _| Normal patrol i 


plication of this system had resulted in an almost com- 

plete elimination of the flashovers on their systems. 

It therefore seemed advisable, while the lightning 
season was on and in view of the fact that this equip- 

ment could be installed in very quick time, to give ita 
trial and find out exactly what it was worth. Conse- 

;- quently the two top conductors of the Philo-Canton 


Pal 


line were equipped with these controls, ‘one of the 
10 units being removed to allow its installation without 


lessening the ground clearance. 
such an installation is shown in Fig. 4. 


A typical view of 


It shows, 


however, 12 units in the string, this being a change 


which will be discussed later. 


however, went in with nine disk units. 


The original installation, 
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An examination of cases 16 to 35 shows that the 
installation of these controls in no way minimized the 
trouble nor was there any change in shifting of the 
trouble from the top conductor to the other two con- 
ductors; in other words, all cases of trouble in this 


Fie. .3—TypicaL Strings or DaMAGED INSULATORS PHILO- 
Canton Line (1925) 


group were exclusively in the top conductor. The one 
marked change was that the shattering of the insulators 
seemed to be confined more closely to the two top 
units, the control assembly acting apparently as a not 
overwell designed horn and as such being subject to 
considerable burning of its own. This is shown in 


Fig. 4—InsraLuatTion or ‘‘Fiux-ContTrou”’ on Pnito- 


Canton LINE 


The change to 12 units was a later change, the original installation 
consisting of 9 units 


Figs. 5 and 6 which are quite typical as to what hap- 
pened to some of the horns after flashover. 

The next group, which covers cases 36 to 68, covers 
a period during which a new series of changes was made 
on the line in an attempt to see whether, without re- 
sorting to a ground wire, flashover could not be pre- 
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vented or reduced to a point where its effect would be 
harmless or practically so. In view of the fact that the 
so-called flux-control unit very definitely did not seem 
to do what the sponsors claimed it would do, it was 
decided to test out three other changes and these con- 
sisted of the following: 

1. The top-arm was extended two and one-half feet 
in each direction, making it the same length as the 
middle arm and the hanger of the middlearm was lowered 
approximately 2 ft., 10 in. on the cage. This is shown 


Fig. 5—Typricat Burnine or ‘‘fuux-Controu’’ Horns AND 


InsuLAToRS Puito-Canton Line (1925) 


in Fig. 7. This made it possible to increase the in- 
sulation on the top arm, where the trouble again seemed 
to be centered, from the original 10 units to 12 units, 
and this change was made on the entire line. This, 
of course, was based on the theory that the lightning 
voltages were not very much in excess of the flashover 
voltage of the top string and it was thought possible 
that the installation of two additional units would raise 
the flashover of the string to such a point that the in- 


6—Typicat Burnine or “Fuux-Controu’’ Horns anp 


InsuLators Puino-Canton Line (1925) 


Fie. 


duced voltage would not exceed the flashover voltage 
of the string in at least, say, 90 per cent of the cases. 

2. The moving out of the point of attachment 
of the top string of insulators resulted in a greater 
clearance between it and the second arm hanger. The 
object of this, of course, was to increase the flashover 
distance to the surrounding structure. 

3. In addition to these changes which were carried 
through not only on the Philo-Canton line, but also 
on the Philo-Crooksville, Fostoria-Limaand Lima-Twin 
Branch lines, there was installed on the Philo-Canton 
line the following equipment: 

An 18-in. times 22-in. cast-iron arcing ring was em- 
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ployed on the lower end of the upper string and a 24-in. 
arcing horn mounted parallel to the conductor. This 
assembly was used on only one side of each tower and 
the flux control assembly was maintained on the oppo- 
site side, alternating the position of the two on suc- 


Fig. 7—Cuances Mapbet 1n Upper AnD Mippue Arms PHILO- 


Canton Line (1925) To OsTaIn LarGER CLEARANCE 


cessive towers so that for each circuit there were in- 
stalled an equal number of arcing rings end “flux 
controls.”” There was no change made in the flux 
contro] assembly from what was originally employed 
with the exception of the fact that three insulator 


Fig. 
Line (1925) 


units were added (making 12 in all); also where any 
damage had been done to the assembly the damage 
was repaired. 

Fig. 8 shows a straight-arcing ring and horn-sus- 
pension assembly, and Fig. 9 is a drawing of this same 
assembly. a 
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In the case of dead-end assembly a 33-in. diameter- 
pipe ring with a double horn was employed and an 
assembly of this is shown in Fig. 10; Fig. 11 is a photo- 
graphic view of such an assembly after the flashover 
described under case No. 78. 

While the troubles listed under cases 36 to 68 were 
taking place, the changes enumerated above were being 
made all at the same time, the changes being made on 
only one circuit at a time during the daytime and the 
circuit being put back into service at night. It will 


[© 33in. 0. Dia. — 


10—Drnap Enp Arctne Rina anp Horn ASSEMBLY 
Puito-Canton Linz (1925) 
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be noticed that in 24 of the 33 cases, the trouble was 
again on the top conductor and that in all but five of 
the cases the flux control was employed. In general 
the type of damage was the same as that in group two, 
consisting of considerable damage to the string, to the 
conductor and to the flux-control unit. Where no 
arcing protection of any kind was employed, that 
is on the middle and bottom conductors, the damage 
in some cases was more severe and in other cases less 
than in the two upper conductors. It is to be noted 
that among this group, while there were some units 
in service with the arcing ring protection, there were 
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no cases where any damage was sustained to units with 
such protection. 

The last group, namely cases 69 to 88 inclusive, 
extended over a period of time of well over two months 
and during the course of this period no changes of any 
kind except those described previously, were made. 
It will be seen that of the 20 cases, 13 occured on the 
top conductor, five on the middle conductor and two 
on the bottom conductor. Of the 13 top-conductor 


Fig. 
Puino-Canron Line (1925) arreR FLASHOVER Case No. 78 


(See Table I.) 


failures, seven were cases in which flux control had been 
employed and six in which rings and horns had been 
employed but with this difference: in five of the seven 
cases employing flux control one or more insulator 
units were shattered but only in three of the six cases, 
employing rings and horns, were any insulators dam- 
aged. Again, while in four of the seven flux-control 
cases there was damage done to the conductor and in 
the case of the rings and horn combination three of the 
six cases resulted in damage of conductor, the extent 
of the damage in the case of the horn combination 


11—Drap Env Arctna Rina anp Horn ASSEMBLY 
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seems to have been less than in the case where the flux 
control has been employed. 

The troubles encountered on the Twin Branch-Lima 
and the Fostoria-Lima lines were almost negligible in 
comparison with the trouble that was encountered on 
the Philo-Canton line. In the case of the Fostoria- 
Lima line only one flashover was experienced and that 
was on a top conductor during a period when the line 
was operated at 66,000 volts. The conductor was 
slightly damaged but no damage was sustained to the 
insulators. In the case of the Twin Branch-Lima line 
only three cases of flashovers due to lightning were 
experienced in 1925, two being on the top conductor 
and one on the middle conductor. In each of these 
cases at least two insulators were shattered but no 
damage was done to the conductor. On the Philo- 
Crooksville line in a period of considerably over a 
year, there were two cases of flashover but in neither 
case caused trouble of serious consequence. 


IV. RELAY PROTECTION 


At the beginning of 1925 the following scheme of 
protection was employed on the Philo-Canton line. 
At the Philo end current-balance relays were employed, 
operating only in case both lines were in circuit, and 
separate overload relays were employed on each of the 
two lines. The balance relays were operating on a 
so-called cross-connection and the lines were -inter- 
locked with a locking-out relay to render the second 
line non-automatie for a period of five sec. in case of 
the functioning of the switch on the first line. At the 
Canton end, cross-connection with a duo-directional 
reverse power relay was employed with fast and slow 
overload relays, the fast relays operating only with 
both lines in. The two feeders here were also inter- 
locked with a five-sec. locking-out relay. As the lines 
continued to be damaged some changes were made in 


TABLE II 
RECORD OF REVISION OF RELAY SETTINGS ON PHILO-CANTON LINES 
Philo end Canton end 
Balanced protection Separate overload Balanced protection Separate overload 
Date of Time Time Time Time Time Time 
Revision in cycles | in secs. Amp. in cycles} Amp. jin cycles} in secs. Amp. in cycles 
in Amp. | Normal for for tap & | Normal for tap & | Normal for for tap & Normal for 
Relay tap Kv-a. 5 times |interlock| lever Ky-a. | 5 times lever Kvy-a. | 5 times |interlock| lever Ky-a. 5 times 
Settings | instant. | setting | normal | relays | setting | setting | normal | setting | setting | normal | relays setting setting normal 
1/ 1/25 i) 45700 Inst. Fa 10a ¥4 | 91500 73. \ 8a #2 40000 39 5 8a *4 64000 73 
§/27/25 “ “ “ 0) “ “ “ 5 a x 1 “ 24 0 “ “ “ 
etd f : ‘ Zs : ‘ i 8ax*% | 64000 12 % ‘ Le ‘ 
8/20/25 ¢ 3% |8ax#6 | 73200 113 i : c 3% $ i 
10/13/25 “ “ “ “ 10 a * 6 91500 “ “ “ “ tie “ “ “ 
10/26/25 8 73200 « g a u “ ¢ | 8a Inst us Inst ‘ ts cs “ 
11/ 9/25 g a «“ «“ «“ « (eae “ ay ‘ 
At present is U3 “ «“ “ “ “ “ « « « 1 ? ee wag ite 
REMARKS 
Philo For balanced protection-current balanced relays with locking out relays used. 
end For separate overload-induction overload relays on each line used. 
For balanced protection-duo-directional rev al j i ith i i 7 
{ : erse power relays in conjunction with induction overload relays with lockin 
oe 1 up to 10/26/25. Since 10/26/25 current balanced relays with locking out relays used. : pecans oe 
en 


For separate overload-duo-directional reverse power relays in conjunction with induction overload relays used. 
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the direction of speeding up the interlocking time and 
also in the direction of speeding up the relays at the 
Canton end. In October, there were installed at the 
Canton end of the line a set of current-balance relays 
similar to those at the Philo end but the duo-directional 
reverse power relay was maintained to select between 
the Windsor-Canton and Philo-Canton lines in case of 
one-line operation throughout. In general, the relays 
functioned entirely satisfactorily and it is not believed 
that the severe burning which took place was caused 
in any way by the failure of the relays to clear the cir- 
cuits quickly enough, the relay settings being as fast 
as could possibly be obtained without endangering 
normal operation. Table II gives the complete relay 
set-up from the beginning up to the present time. 


V. ACTION IN REGARD TO DESIGN OF NEW TOWERS 
TAKEN DURING PERIOD OF TROUBLE 


While the changes associated with the trouble dis- 
cussed under Group 3 were being made, another 
132,000-volt transmission line was in course of construc- 
tion, a line over extremely rough country in West Vir- 
ginia, running from Logan to Glenlyn, W. Va. A typ- 
ical profile of the country is given in Fig. 12 which shows 
a group of spans for a line running from Logan to St. 
Albans, the territory from Logan to Glenlyn being, 
if anything, a little rougher. Here, of course, it was 
feared that lightning trouble would be particularly 
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severe due to the distance of the line from the earth. 
Reasoning along the lines described in connection with 
these changes, it appeared logical at that time to de- 
sign the new line with more clearance to allow the use 
of more insulators and to give more ground clearance. 
Accordingly, the tower shown in Fig. 13 was designed. 
It will be noticed that in this case provision was made 
for the use of a 5-ft., 6-in. string of insulators, the equiva- 
lent of a 14-unit string, and an arrangement made to 
give a 6-ft. clearance to ground under practically ex- 
treme conditions of deflection of conductor. To make 
this possible, the bottom of the top arm had to be raised 
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two ft. over that shown in the tower, Fig. 2. Such a 
line, it was thought, insulated if necessary with 14 units, 
would be able to withstand practically any lightning 
voltage that might be induced in the line. The reason- 
ing behind this may be summed up as follows: 

Let the lightning voltage come to whatever value it 
will, the line will be insulated sufficiently heavy to with- 
stand almost anything that can come on it short of a 
direct stroke. 

It may be pointed out that the design of this line 


Fig. 13—LoGan-GLEeNLYN 132-Ky. Suspension TOWER 
has subsequently been modified considerably but this 
will be discussed in its place later. 


VI. A MorE DETAILED ANALYSIS OF TROUBLES 


While these troubles were occurring it was impossi- 
ble to get any accurate data as to what was happening. 
Lines were flashing-over; insulators were being shat- 
tered; the conductor was being burned; and the field 
forces were too busy trying to place the line in an 
operating condition with a minimum delay to be able 
to give very much attention to the details of what 
was happening. Things were happening so thick and 
fast that there was no opportunity to stop and consider 
the matter calmly. With the approach of the end of 
the lightning season a little more time could be taken 
to determine what had actually happened and to make 
an intelligent analysis. 

First toward that end was the gathering together 
of data with regard to the trouble shown in the tabu- 
lation under Table I. This tabulation was very care- 
fully gone over and a survey was made in the fleld to 
supplement, if possible, the information given therein. 
In the course of this investigation it was found how 
very little knowledge as to what actually happened was 
obtainable and the smallness of the amount was really 
surprising. It was found, as a careful review of the 
troubles tabulated in Table I will show, that there 
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existed a good deal of conflicting data and that a good 
many of the reports which were supposed to have been 
based on observation at the time the repairs were made, 
were entirely unreliable. However, this much stood 
out with bold clearness. The Philo-Canton line had 
been subjected to an unusual amount of punishment 
from lightning. That it was due to the fact that the 
area which it traversed was a particularly stormy area 
there was very little doubt. There also did not 
seem to be any doubt that the measures that had been 
taken up till then were none of them completely effec- 
tive and some of them were almost negligibly so. 
Further, a calm review of what had been done and the 
lines that had been followed brought home clearly the 
fact that designing a line merely to withstand lightning 
voltages was certainly not a proper procedure since 
it resulted in placing insulation on the lines of such a 
value that it could not possibly be matched economic- 
ally by that of the transformers, oil switches and of 
other apparatus connected to the system. 


Simultaneous with the gathering of the field data 
a very thorough review was made of the work in con- 
nection with this subject done by Steinmetz, Creighton, 
Austin, Peek and others, and particularly their work 
in connection with the ground wire. . It is believed 
that some of the salient points brought out in some of 
these papers might bear restating. 

Just when the ground wire first came into use is 
very much of an unsettled question, but Creighton 
believes that for power work it was first employed by 
C. C. Chesney in 1891. While the date of its first 
use is in doubt, there is no doubt that it has ever since 
been a subject of great controversy among engineers. 
It is quite surprising, for example, how as late as 1921 
engineers have held that “unless the ground wire 
strengthens the towers materially it should be left off, 
as it is a potential source of trouble and doesnot improve 
conditions as far as the insulator is concerned.” On 
‘the other hand, Steinmetz, Creighton and Peek have 
always been firm advocates of the ground wire. Per- 
haps the most comprehensive work done on the 
subject was contained in Creighton’s paper of 1916 
in which he points out what were then considered the 
three recognized uses of the ground wire; namely: 


1. Lightning protection 
2. A mechanical support for towers and poles 
3. A test circuit 


Of these three, two can, of course, be entirely neglected 
by the transmission engineer but the third is probably 
as valid today as it was then. In the same paper 
Creighton pointed out that induced potential was 
proportional to the height of the conductor above the 
earth and worked out mathematical relationships be- 
tween the configuration of the circuit, the cloud in- 
ducing the stroke, and the induced potential in the 
wire within the field of the discharge. 


Creighton also laid down two laws for obtaining the 
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best. protection possible with a single ground wire, 
and these are: 

1. String the power wires as near the earth as 
practicable, 

2, String the ground wire above but as near the 
power wire as safe mechanical spacing permits. 

This work has subsequently been checked by Peek 
experimentally on a laboratory scale and in general 
the agreement between the two is quite close. 

Viewing the troubles encountered on the Philo- 
Canton line, after an analysis had been made of all 
the available field data, and in the light of the work of 
the other investigators mentioned, the explanation 
that seemed to stand up best came down to the 
following: 

1. The Philo-Canton line traverses an unusually 
stormy country and the year 1925 seems to have 
been an unusually severe year from the standpoint of 
lightning. 

2. The height of the particular tower was con- 
siderably higher than any that had been previously 
constructed on the system and this resulted 1n poten- 
tials being induced in the upper two conductors during 
lightning higher than those that were encountered on 
the Windsor-Canton line by at least 300,000 to 400,000 
volts. 

3. The omission of the ground wire subjected the 
insulator strings to this full voltage and this value was 
sufficient often enough during 1925 to give the large 
number of cases of trouble that are tabulated. 

4. The fact that the Twin Branch-Lima and the 
Fostoria-Lima lines were not subject to these flashovers 
can be explained by the following: 

a. The first of these two lines did not operate 
for a sufficiently long period during the lightning 
season. 

b. The Fostoria-Lima line was in for a whole 
year but most of the time it was operating at 66,000 
volts and its performance when insulated for 
132,000 volts with a follow-up voltage of 66,000 
volts would, of course, be expected to be consid- 
erably different from what it would be with a 
follow-up voltage of 132,000 volts. 

c. From general observations taken, it appeared 
indisputable that the lightning in the territory 
traversed by these two lines was not anywhere 
near the same severity as that encountered along 
the Philo-Canton line. 

Viewed thus, a satisfactory solution seemed attain- 
able by adopting the following methods: 

1. Preventive. Installation of ground wire to 
reduce the lightning voltages. 

2. Remedial. Where either because of the severity 
of the lightning or because of the great importance 
of the load no chances could be taken, the installation 
of arcing rings and horn devices to clear the insulator 
string and the conductor in case of spill-over. 

Before definitely embarking on this course, it seemed 
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advisable to check this proposed solution and con- 
sequently a series of tests was carried out with the 
lightning generator of Peek to determine the effective- 
ness of the ground wire on the tower shown in Fig. 2. 
These tests showed definitely that a reduction amount- 
ing on the average to about 50 per cent in the value 
of the induced voltage could be obtained by the instal- 
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lation of one ground wire at the peak of the towers. 
This is shown in Fig. 14 which shows the induced 
potential in A, suspension, B, moderate angle, and C, 
dead-end towers—the height of the crossarms is the 
same in each case and is shown in Fig. 2—with and with- 
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out ground wires, under conditions of a potential 
gradient of 50 kv. per foot of height, and of 25 kv. 
per foot of height. 

Another phase of the investigation was the de- 
termination of the relationship between the length of 
insulator string and clearance of string to ground to 
obtain a balance between the two, some of this work 
being summarized in Fig. 15. On the basis of the 
data shown in Fig. 15 it would appear that the original 
design shown in Fig. 2 was quite ample from the stand- 
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point of clearance; that the design proposed infFig. 13 
would have a clearance that would be altogether out 
of proportion, and beyond what would be necessary 
for a string, say of 10 units; and that the clearance 
distances in Fig. 18 can be materially decreased. 

The third phase of the investigation was a series 
of tests in connection with the arcing rings and horns 
which it was thought advisable to employ on the towers 
traversing territory particularly susceptible to lightning. 
Before working out the designs, a series of tests was 
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carried out in the high-voltage engineering laboratory 
at Pittsfield, to determine the specific shapes and sizes 
of horns and rings and their placement on the string to 
clear a power arc from the insulator string and from the 


Fig. 17—Arcine Rina anp Horn AssemsBuiy (1926 InsTaLia- 


TION) FOR Dgrap END StrinG Parto-Canton LINE 


conductor if flashover should take place and should be 
followed by a power are. The rings and horns that 
were worked out as well as their relations to the string 
and to the conductors are shown in Figs. 16 and 17 
which show the designs for a straight suspension string 
and for a straight dead-end string. A similar design 
was worked out for the double suspension string. 
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Fig. 18 shows a 60-cycle power are on a string of 
10 units protected with a hand-made model of the com- 
bination shown in Fig. 16. This combination gave 
an arcing characteristic that upon repeated laboratory 
tests cleared consistently and uniformly and in no case 
gave a cascaded are. Of course, it is not certain that 
this performance would be repeated under actual 
line conditions with the variables of weather and wind 
entering in but the probability of getting an approxi- 
mation of this performance is at least much greater 
in this case than it would be if the ring and horn had 
been designed on a purely paper basis. 

As a result of all these studies and in vestigations, 
ground-wire installation was decided upon for all 132- 
kv. steel tower lines that had been erected since the 
beginning of the Philo-Canton line, or that were in 


18—60-Cycite Pownr Arc on Io Unit String PROTECTED 
with ASSEMBLY SHOWN IN F1a. 16 


Fia. 


process of erection by the end of 1925, all of which were 
erected without ground wire. In addition, arcing 
rings and horns were laid out for the Philo-Canton 
line and for a number of other lines where either, as 
in the case of Philo-Canton, it was known that lightning 
conditions were very bad, or where, because of the 
existence of but a single circuit between stations, it 
was imperative to keep the outage time in that circuit 
as near zero as possible. 


VII. DESIGN OF GROUND WIRE AND CONNECTIONS 


It is conceded among engineers that the disrepute 
into which the ground wire had fallen was due pri- 
marily to the fact that it had been put up more or less 
on the basis that it was merely an appendix to the line, 
and since it was not carrying any energy, and therefore 
not earning its way, that it ought therefore to be put 
in with as little expense as possible; this resulted in 
almost every case, in the installation being as poor a 
one as possible. The conductors employed were very 
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seldom anything but galvanized steel wire, and that 
was generally of a very much smaller diameter than the 
main conductor and of a lesser number of strands. 
The attachment was generally of some clamp type; 
the sagging of the ground wire was given very little 
consideration; and all in all the thing was put in in a 
most. non-engineering manner. As a consequence 
troubles of all sorts were encountered with the ground 
wire. Three or four years after the installation the wire 
as a rule would begin to rust and a short time after 
that breakages would crop out in various sections of 
the line resulting in grounds and short circuits being 
placed on the system. In many cases, too, the main 
line would swing into the ground wire or the ground 
wire into the line due to their unequal sags or due to 
their unequal swings. 

It has always been known that if a ground wire 
similar to the main conductor were employed and the 
same attention given to its installation as given to the 
main conductor, that these troubles could be avoided 
but with the exception of a very few cases the authors 
do not know of any installations that were put in on 
that basis. In view of the fact that the decision to 
install the ground wire was reached after considerable 
trouble without it and after a conviction that the ground 
wire would remedy a considerable portion of this trou- 
ble, it was deemed advisable not to repeat the mistakes 
of handicapping the ground wire through poor instal- 
lation. On the other hand, it was felt that if there 
were any ways that the installation could be made 
cheaper than that which would obtain by the use of 
a straight line conductor, that advantage should be 
taken of these means. Accordingly, there was worked 
out in conjunction with the conductor manufacturer, 
a special 159,000-cir. mil A. C. S. R. conductor con- 
sisting of twelve 0.1151-in.-diameter aluminum strands 
and seven 0.1151-in. steel strands and this conductor 
was found to have mechanical characteristics so 
closely similar to that of either 336,400 or 397,500-cir. 
mil that under most conditions it could be used inter- 
changeably with them. Other characteristics of this 
conductor are as follows: 


Wreichite per itiucsearec ies ae 0.398 lb. 
Weight of ice per ft....... 0.6585 lb. 
Weight of ft. ice and cable.. 1.057 Ib. 
Wind pressure per ft....... OSes: 


Weight per ft. iced-cable in 


plane of resultant...... 1.491 lb 
Diameter mace ee eee 0.576 in. 
Area OL Cail Onesie ee 0.1977 sq. in. 
Modulus of elasticity...... 16,750,000 Ib. per sq in. 
Coefficient of expansion.... 0.0000086 


It was found that in the case of an eight-pound wind 
this special conductor would deflect to an angle of 
44 deg. where 397,500 cir. mil would swing 41 deg. 
With a 12-lb. wind the angle of swing was 56 deg. for 
the special conductor and 53 deg. for the 397,500-cir. 
mil conductor. With this conductor, it was possible 
to work out a stringing condition under which maximum 
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stress developed in it in no case exceeded 7500 lb. 
developed, and gave ample clearance under all conditions 
between it and the two upper conductors. In the case 
of extra long spans where the possibility of vibration was 
feared, no attempt was made to utilize the smaller 
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conductor but a conductor similar to the main con- 
ductor was employed for ground wire purposes. 

More attention than is usual was given to the hard- 
ware and to the method of attachment of the ground 
wire and details of this for a suspension and dead-end 
tower are given in Figs. 19 and 20, respectively... 


VII. APPLICATION OF EXPERIENCE TO TOWER LINE 


DESIGN 

The authors believe that theoretical analysis and 
their experience in operation applied to tower-line 
design with a view particularly of designing the lines 
for continuous service can be summed up as follows: 

1. It is essential that a balance be maintained 
between the height of tower, the length of span and the 
lightning voltage that may be expected in the conductor 
span. Asa general rule the cost of the line can be de- 
creased by increasing the length of span, but carried 


beyond a certain point the continuity of service to be’ 


expected from the line is bound to be decreased mate- 
rially in the raising of the height of the conductors. 
The standard suspension insulator has been developed 
to such a point at the present time that the increased 
number of points of attachment on the line wii! have 
materially less effect on lowering the continuity of 
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service than will the raising of the height of the 
conductor. 

2. A proper balance should be maintained between 
the number of insulators employed per string, the in- 
sulating values employed on other apparatus on the 
system and the clearance to ground. To insulate a 
line sufficiently high to prevent flashover in a great 
majority of cases, will result as a general rule (except 
perhaps in certain types of lines operating at 220 kv. 
or higher voltages) in overinsulating the lines at the 
expense of the rest of the equipment and will result 
in failures at station and substation points. 


3. Unless the line is very low, it is believed that 
steel-tower structures carrying power conductors of 
44,000 volts and over should in general be designed and 
installed with a ground wire. It is fully realized that 
there may be locations and conditions under which 
this is not practicable; for example, in territory where 
the soil conditions are such that the ground resistance 
is very high, and where consequently the effectiveness 
of the ground conductor is minimized to an almost 
negligible value; but these are special cases. There 
may also be cases in territory that is particularly light- 
ning free where no ground wire would be justified. 
In no case, the authors believe, should the use of 
a ground wire be dismissed without giving full consid- 
eration to the known lightning conditions of the terri- 
tory over which the line has to traverse, to the height 
of the tower, to the insulation proposed for the tower 
and to their relations to the lightning voltages that 
might be expected on the power conductors. 


4. Ifa ground wire is installed it should be accepted 
as an essential part of the line and its installation 
treated the same as that of the main conductors, full 
attention being given to the material of the conductor 
itself and to its method of attachment and stringing. 
There is no reason why the main power conductor 
should be designed for a possible 50 years of life and the 
ground conductor designed for a life equal to 10 per 
cent of that. 

5. It is possible that a line will have to be built 
of so great a height because of the contour of the 
country or for some other reason, that even with the 
use of a ground wire, sufficient protection will not be 
obtained to keep the number of flashovers down to a 
low enough point. In these cases, the authors believe 
it would be well to install remedial devices in the form 
of arcing rings and horns or their equivalents to prevent 
conductor burning and insulator shattering in case of 
a flashover. 

6. The line must be designed so that its switching 
arrangement is correct; that is, the line must be so de- 
signed that it can be relayed properly and disconnected 
from the rest of the system quickly in case of trouble. 


VIII. FUTURE DATA 


The authors are carrying on an investigation at the 
present time to determine the most economical type of 
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tower for 132 kv. for various types of country, keeping 
fully in mind the principles that they have laid down 
above and it is hoped to have some of these towers 
erected within the next year. At the present time 
there are operating on systems of subsidiaries of the 
American Gas and Electric Co. approximately 695 mi. 
of 132-kv. steel-tower transmission line (933-cireuit 
mi.) and within a year this amount will be 902 mi. 
(1169-circuit mi.). All of these lines will be equipped 
with ground wires and some of them in addition with 
the protective features in the form of rings and horns. 
An attempt will be miade to gather full and complete 
information on the behavior of these lines within the 
next two years during lightning periods and it is hoped 
at that time to be able to summarize further experiences 
before the Institute. 

Acknowledgment is hereby made to Mr. F. W. Peek, 
Jr., and Mr. W. L. Lloyd, Jr., of the General Electric 
Company, and to Mr. A. O. Austin of the Ohio Brass 
Company for their assistance in carrying out some of 
the investigations, and to Mr. Frank Howard, of the 
Ohio Power Company, for his assistance in carrying 
through some of the developments, and in obtaining 
the field data. 
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GiB: 


Discussion 


F.W.Peek: Messrs. Sindeband and Sporn’s paper gives some 
very good data on practical lines in confirmation of experimental 
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and theoretical work which I have been doing on this subject. 

I have been very much interested as to the voltages that 
may occur on transmission lines due to lightning, the nature of 
these voltages and the ability of the insulation to withstand 
them. The spark-over voltage of an insulator is quite differ- 
ent for lightning voltages and 60-cycle voltages. Fortunately 
the lightning spark-over voltage is much higher than the 60- 
cycle, spark-over voltage and is not affected by dirt, rain, water 
or other foreign material on the insulator. About what voltages 
should be expected on a transmission line due to lightning and 
what is the insulator strength? If these factors are known it is 
easy to predict whether or not trouble is likely on any line. 
My investigation made partly in the field and partly in the 
laboratory on models with the lightning generator shows that 
the maximum voltage that can occur on a transmission line 
depends upon the height of the conductor above ground. In 
fact, the lightning voltage above ground on a line is equal to a 
constant times the height of the line in feet. Thus: 

V=gaH =GH 

where H is the height of the line in feet, g is the gradient in 
volts per foot at the instant before discharge while @ depends 
upon the rate of discharge of the cloud and the size of the cloud. 
It approaches unity for a large rapidly discharging cloud. The 
highest value of g is 100,000 volts per foot. The maximum 
voltage that can occur on a conductor insulated above ground 
is thus 100,000 times the height of the line in feet. For theoret- 
ical reasons it is easy to see that that value will apply only in 
case of a direct stroke. Since direct strokes are not a very 
common occurrence, data obtained on actual lines during 
flashover are of greater interest. Values of the apparent gra- 
dient of from 20,000 to 30,000 are quite common, while values 
of 50,000 have been observed. 

The practical lesson that can be drawn from this formula, 
I think, is best illustrated by an example. I shall take height 
above ground and conductor separation approximately equal to 
Mr. Sindeband’s case. Assume 40, 50 and 60 ft. as the average 
height of the conductors above ground. Assume further that the 
storm is about a quarter of a mile away and G is 25,000. The 
voltage on the top conductor is then GH = 1,500,000 volts. 
On the next conductor down it is 1,250,000 volts and on the 
bottom conductor just 1,000,000 volts. If a 10-unit string of 
insulators is used the lightning spark-over voltage is 1,400,000. 

For this particular storm and this particular insulator and 
tower the top insulator would spark over, while the middle and 
bottom ones would not. With a more severe storm the top and 
middle would spark over. At G = 35,000, all three insulators 
would spark over. 

In confirmation, Mr. Sindeband’s data show that most 
trouble occurs on the top conductor, next on the top and middle 
and finally on all three. 

Incidentally, such data offer a method of measuring these 
voltages. If the top insulator sparks over and not the other 
two the voltage is known within the difference between 60 
and 50 or about 20 per cent. From the voltage and height of 
conductor the gradient is known. If the top and middle insu- 
lators spark over, a similar measurement is made. 

From the standpoint of lightning alone it is undesirable to 
have a high tower. 


If the above conductors were placed in a horizontal plane 
40 ft. high, the voltage above ground for this particular storm 
would be 1,000,000. There would be no potential difference 
between conductors as in the case of the vertical arrangement. 
For the storm in question there would be no spark-overs. 


How about the ground wire? Theoretically and also from 
studies made on models in the laboratory a single ground wire 
approximately cuts the lightning voltages in half if it is in- 
stalled under favorable conditions. If it is assumed that the 
above factor holds in practise it is equivalent, as far as lightning 
is concerned, to doubling the insulation of the line, but with 
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one very decided advantage. Doubling the line insulation 
doubles the voltage on the apparatus while the ground wire cuts 
it in half. If it functions properly, there is thus a double gain 
in using the ground wire. 

Whether or not there is trouble on a line from lightning 
is a matter of the height of the tower and the insulation and 
is entirely independent of the line voltage except as it governs 
the number of insulators and the height of the tower. Since 
high-voltage lines are better insulated, less trouble should be 
expected. 


I wish to say a few words on Mr. Sindeband’s work and 
experience. Arc-overs have been experienced first principally 
on the top insulator, then on the top and middle, and next on 
all three. Instead of putting a great many more insulator 
units on the line, Mr. Sindeband has installed ground wires 
hoping that the ground wires will materially reduce the voltages 
and thus reduce the trouble. In addition, he has added the 
device at the end of the insulator string, shown in Fig. 18. This 
device is known as a grading ring or shield and was first developed 
for 220,000-volt lines in California. Its object is, primarily, to 
make the voltage distribute evenly over the string and make 
each insulator take its share of the voltage. In this part of the 
country, where there are heavy lightning voltages, it causes them 
to divide evenly over the string and makes each insulator take 
its share of the voltage. However, another very important 
function of a device of this kind is in case of an arc-over. It 
seems impracticable to make most low and moderate voltage lines 
absolutely lightning-proof, though it can be done if the cost is 
justified by making the tower low, using a number of ground 
wires and extra insulators. It is very important, therefore, 
to have some device that will cause the are to clear the string 
and prevent burning and cracking of the insulators until the 
are is suppressed by sectionalizing or otherwise. A horn gap 
might be used for this purpose. Studies we have made with 
the horn, however, show that it is very difficult to make it 
effective. The reason is quite obvious. It is this: With the 
horn there is no appreciable grading; about 25 to 30 per cent 
of the voltage is on the line unit. The sudden application 
of a lightning voltage causes the bottom unit to are over, then 
the next and so on up the string. A complete cascade results. 
Even though a horn is adjusted at 60 cycles to clear very well 
it does not clear when the are is started by lightning unless 
the separation is greatly reduced. We have not found this to 
be the case with the ring; it causes an even distribution at 
the start and there is no tendency for the initial are to cascade. 
It clears the string and the 60-cycle are follows the path of 
the lightning are. If the relays operate quickly there is no 
damage to the insulators. 

There have been very few actual operating data on the 
value of the ground wire. However. recent work indicates 
that the ground wire functions as the laboratory experience 
and the theoretical work show. You will observe in Messrs. 
Sindeband and Sporn’s study, as would be expected, that most 
trouble occurred on the top conductor. In a similar tower 
equipped with a ground wire there would be practically the same 
voltage on all conductors. Data on a line with a ground wire 
should, therefore, show a more even distribution of trouble. 
That is exactly what has been found. 

L. E. Imlay: We have one important tower line supporting 
six circuits on which we have five grounded guard wires. We 
have had no lightning disturbances on this line except in two 
instances when the lightning came in from connecting lines 
having two ground wires. . From our experience we believe that 
five grounded wires on the top of these towers give practically 
complete protection. 

L. C. Nicholson: The Niagara, Lockport & Ontario Power 
Company operates a system of some 2000 circuit miles, mostly 
at 60,000 volts with some 110,000-volt circuits. The practise 
of the company is to use ground wires. We have had experience 


both with and without ground wires. Our experience without 
them was very undesirable. 

The construction that has gone up in the last ten years is of 
the A-frame suspension-structure type with square dead-end 
towers using two ground wires, the ground wires being used 
not only for electrical purposes but also, for mechanical reasons, 
to support the A-frame structures. The ground wires used are 
substantial in size and well grounded and have given little if any 
trouble. ; 

While we can’t say that flashover from lightning on lines 
equipped with ground wires is nil,.yet it doesn’t amount to a 
great deal. I think it would average, in rough figures, one 
flashover per summer per hundred miles on a double-cireuit 
line. From five to seven insulator units are used on 66,000- 
volt lines. The 110,000-volt system'is not very extensive and 
has not been in service very long so I am unable to give any 
conclusive figures on that. 

The burning of conductors sufficiently to cause them to drop 
is almost unknown. I attribute this to thefact that the are 
does not remain in one position long enough to burn the conductor 
in two or seriously damage it. I believe there have been oc¢a- 
sions when small conductors dropped within a time period after 
the oceuranee, but the matter of burning of conductors is not a 
serious one. 

Insulators do not puncture. This is another great measure 
of progress which has been made in the last 10 or 15 years. 
When we first started operating that was our main trouble. 
They now occasionally flashover, but are seldom destroyed or 
disabled. 

E. S. Healy: There is one important phase of flashover 
trouble that should not be lost sight of. Under all reasonably 
possible wind conditions, adequate clearance must be maintained 
onevery tower in a transmission line. 


In rolling country, it is very easy to encounter special con- 
ditions that give short clearances. Any special construction 
requires a careful study. 


Of course, any difficulties caused by insufficient clearance must 
be eliminated before a study of lightning effect can be made. 
In the two eases of flashover troubles that I have been entirely 
familiar with, inadequate clearance was at least a contributory 
cause. One of these was a tree which had probably caused oc- 
casional trouble for nearly two years before it was discovered. 
Aluminum and small copper conductors will blow out and carry 
the insulator into seemingly impossible positions. 

S. S. Hertz: An entirely new engineering contribution in 
Institute papers has been made by the authors, and that is the 
analysis and publication of their mechanical experiences with 
overhead ground wires. Their contribution of field experience 
in its electrical aspect is also especially valuable, adding to the 
fund of data in several previous Institute papers on the electrical 
aspects of the overhead ground wire, such as those contributed by 
Dr. Steinmetz, Mr. Peek, Mr. Creighton and others. At the 
Midwinter Convention of 1922, Dr. Steinmetz strongly empha- 
sized the electrical protective value of the overhead ground wire 
for certain types of lines, giving his preference to the overhead 
ground wire over the lightning arrester, principally because 
the advantage of the ground wire is that its function is preventive 
while that of the lightning arrester is merely curative. 

Mechanically, the overhead ground wire has gradually under- 
gone an evolution which is of value to note here. Starting 
years ago with barbed-wire and almost no standards of construc- 
tion, the overhead ground wires have been gradually improved 
until today it is generally agreed that the overhead ground wire 
cireuit should enjoy the benefits of the same standards of con- 
struction as are used in designing the power conductors. That 
is exactly what the authors have done in the lines described. 
Operating difficulties and troubles from mechanical failures of 
overhead ground wires which, on few properties, have prejudiced 
the use of any overhead ground wire, can be fully solved by im- 
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proving construction standards. The overhead ground wire, 
if used at all, should rigidly adhere to at least the same standards 
of material and construction as used in designing the power 
conductors with which they are to be placed. 

The following improvements in construction standards are 
the ones which appear most needed to bring the trend of overhead 
ground wire design to par with the general design of power con- 
ductors. These standards have been employed on several of 
the recently constructed transmission lines: | 

a. Use of suspension clamps and strain clamps for the ground 
wire of the same general design as used for the power conductors. 

b. Placing slightly less sag in the ground wire than in the 
power conductors (in sleet districts). This is advisable to 
provide ample separation when the ground wire is carrying sleet 
while the power conductors have shed their sleet load. 

c. Use of non-rusting wires, so that the natural life of the 
ground wire will be at least that of the power conductors. 

d. Assigning a slightly greater factor of safety to the ground 
wire than is given to the power conductors. For example, 
where the power conductors are designed with a safety factor 
of 2, it may be advisable to have a factor of safety of about 2,25 
in the ground wire. In emergencies affecting the supporting 
structures, the ground wire would have to bear the greater part 
of the strain and in any occurrence of trouble it is good practise 
to have the ground wire safer than the power conductors. 

H. B. Vincent: I’d like to ask Mr. Sindeband two ques- 
tions: Has he determined the most efficient setting of the 
arcing ring with respect to the wet flashover of the string? In 
other words, what percentage of the wet flashover of the insu- 
lators is the wet flashover of the arcing ring? If so, at what 
ohmage water is the wet string figured? 

Has he any record of troubles which actually occurred during 
rain storms? 

Is the flashover shown in Fig. 18 a wet or a dry flashover? 


N. J. Neall: Something that has been said in the discussion 
prompts me to mention a feature of lightning-arrester perform- 
ance that has been observed during the last year in connection 
with some comparative tests of lightning arresters on an 11,000- 
volt system where a number of circuits are carried in a parallel 
horizontal plane arrangement to a given substation over an 
H-frame construction. It was found that the arresters attached 
to the upper transmission wires, particularly those just under 
the overhead ground wires, were the principal ones to discharge 
and the inference, pending further information, is that we have 
a sort of succession of protective zones beginning with the over- 
head ground wire and then downward from conductor plane to 
conductor plane. 

A. O. Austin: With the rapid changes in transmission work, 
there is a tendency to make an installation which is copied in 
many instances before operating records are available which will 
show up difficulties or advisable improvements or modifications. 
Hundreds and even thousands of miles are put in before any real 
operating experience can be obtained. This time lag is un- 
fortunate and leads to a serious situation because line trouble 
of any description affects not only the operation and subsequent 
expenditures but financing as well. 

In 1916 I presented a paper before the Toronto Branch 
calling attention to the dangers which were likely to occur with 
an inerease in the size of the system, unless the factors of safety 
were materially improved. The discussion today brings this 
out clearly, hence the extended interconnection of large networks 
should be given careful attention as the increased trouble fre- 
quently more than offsets any economic advantage. The split- 
ting up of systems, during storm periods or where the margin of 
safety is rather small or the circuit breakers likely to blow up, 
should also have more attention, A short circuit on the line 
today is far more serious than it was a few years ago owing to the 
fact that conductors are generally larger and the amount of 
current fed into a short cireuit will create far more damage, not 
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only to the line but to the possible connected apparatus. The 
time of clearing a short circuit also tends to inerease with the 
size of the system in order to obtain selective relay operation. 

Today plants are penalized for poor power factor, which 
results in loading the motors more heavily so that a drop in 
voltage frequently allows much apparatus to drop out of step. 
This causes heavy losses in some plants and inconvenience in 
all, warranting considerable expense where even momentary 
drops in voltage or bumps on the system can be eliminated. 

In addition to the increase in number and seriousness of 
transmission interruptions, the cost of transmission lines is 
becoming more of a factor in the total cost of power. Additional 
parallel circuits are required to offset interruptions where lines 
are subject to flashover. The additional cost must be incurred 
whether or not the line can be cleared with a relay and circuit 
breaker. On some of the large systems considerable time is 
required following what would normally be considered a momen- 
tary interruption on a small system, before the line can be put 
back into service. There can be little question but that the 
suecess of future transmission systems demands that flashovers 
be eliminated as any other method is too costly and uncertain 
of results. 

The whole subject needs the most careful consideration. 
If we apply common sense and carry the analysis far enough it 
will be found that there is general agreement as to the funda- 
mentals necessary for the construction and operation of a trans- 
mission system. Above all we should not expect results which 
are not justified either partially or wholly by consideration of 
fundamentals. 

The ground wire is a good example in point. A poorly 
installed ground wire may cause much mechanical trouble and 
while it may be of some benefit in reducing induced voltage or 
in absorbing a surge, the trouble which it causes may more 
than offset any advantage. Where the ground wire is installed 
on a wood pole it may so reduce the insulation that flashovers 
will result even though the maximum voltage may be reduced. 
While the shattering or burning of poles may be prevented, the 
inerease in bird troubles and the elimination of the insulation 
furnished by the wood may more than offset any advantage in the 
use of a ground wire in this case. 


Where a ground wire is installed on a steel structure the 
situation is somewhat different since there is no insulation 
in the structure to cut out. If the ground wire has good me- 
chanical reliability it will, of course, reduce the maximum voltage 
tending to flash the line and, in general, conditions will be 
improved. There are some cases where the ground resistance 
is exceedingly high and if this resistance is materially reduced 
by the use of a ground wire, short circuits from lightning and 
birds will be inereased. 

An analysis of the field conditions, as well as tests in the 
laboratory, shows that a very great improvement may be ex- 
pected from the complete impregnation of poles which will elimi- 
nate a low-resistance core. This low-resistance core tends to 
cause the pole to be shattered under lightning. This shattering 
can be eliminated only by increasing its resistance or by pro- 
vidinga shunt path. The former may prove most economical for 
new lines whereas the latter may be necessary for lines already 
installed. A down lead or lightning rod on the side, while saving 
the pole, tends to eliminate the insulation unless the ground re- 
sistance is high. In some eases the use of a gap in this circuit 
may be used to advantage in increasing the effective insulation 
for a surge or to prevent bird or squirrel trouble. 

In the construction of a new system better operating con- 
ditions will be obtained if the cost of a good ground wire is 
used to provide more insulation and tower clearance or a more 
favorable electrostatic field around the conductor or live parts in 
the vicinity of the tower. 

The old method of using a compass in tower design to deter- 
mine clearance should be abandoned, as two towers haying 
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the same clearance may set up widely different electrostatic- 
field conditions so that one tower may have many flashovers 
while another tower having the same clearance may have few, 
if any, under the same conditions. 


The ground wire is an old device and outside of improving its 
mechanical reliability, its application has developed little, if any, 
over a number of years. Practically the only improvement has 
been the limited use of the insulated ground wire which has given 
very good results. 


Tt would seem that an improved application of the ground wire 
is very necessary and desirable if we wish to improve its effee- 
tiveness, and it is predicted that a great increase in its efficiency 
will be possible in a short time. 

Bird trouble is a serious problem on some systems but it 
may be readily eliminated if wood poles can be kept from shatter- 
ing or burning. This subject is receiving careful attention and 
reports from the field as well as experimental results would in- 
dicate that material improvements are possible in this direction. 
Tam certainly not against the use of aground wire. If, however, 
we find an improved method of using it or increasing its efficiency 
we may do much to reduce trouble and the cost of transmission 
lines. 


The discussion today apparently leans toward the low struc- 
ture. While I do not believe that this is essential where the 
necessary factor of safety is provided to offset the greater voltage 
induced on the line, it has certain advantages. The low struc- 
ture means more supports and more insulators. More supports 
will permit the use of lighter insulators with much longer eco- 
nomie life which more than offsets the increased quantity. 
Where the low structure with its lighter mechanical loads is 
used it is possible to provide towers or structures which will 
set up a more favorable electrostatic field and thereby provide a 
higher flashover voltage between conductor and ground for a 
given length of insulator. 


Owing to the fact that the electrical problems in preventing 
flashover on the transmission line are not so generally under- 
stood as the mechanical problems, there is a tendency to develop 
the mechanical end of the structures at the expense of the 
electrical performance of the line. 

Unless the ground wire is so situated that an effective shielding 
exists, the upper conductor receives the greatest stress. While 
this is generally recognized there are few lines which provide 
more clearance and insulation for this conductor. On the 
contrary, the upper conductor usually has the lowest flashover 
stress for operating conditions. This results in much ,more 
trouble than would be the case were the insulation and,clearance 
graded in proportion to the stress imposed, whether this be the 
top conductor or the lower conductor. If the location of the 
ground wire reduces the stress on the top conductors so that 
the lower conductors have a higher maximum induced voltage we 
should provide greater insulation and clearance for the lower 
conductors. An are from conductor or live surface to a tower 
member or ground is bound to be destructive if there is any 
appreciable power connected to the system and the successful 
line of the future will be designed to prevent ares to ground 
rather than minimize their damage after they form. 

In some cases it is necessary to minimize the destructive effect 
of flashovers, as it may not be possible to eliminate flashovers 
without incurring a prohibitive cost. The success, however, 
of some rather low-cost lines leads us to believe that a great 
improvement may be possible through a proper consideration 
of tower design and clearance and a better realization and use of 
the ground wire itself. 

While the ground wire has been improved mechanically, its 
electrical efficiency has not been improved over the earlier 
installations. In some eases I have used a ground wire effec- 
tively to eliminate troubles which were very serious. In others 
trouble has been materially reduced by the removal of the ground 
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wire. Hence, its economic importance depends upon the partic- 
ular application. 

More attention must be given to the tower as many of the 
newer and more expensive lines have made a poorer electrical 
showing than some of the earlier and cheaper lines. This is 
natural in a way as building costs have gone up tremendously 
and the tendency has been to offset the increased cost by build- 
ing towers of smaller clearance or greater! mechanical strength 
to handle the larger conductors. Since fixed charges form an 
appreciable part of the cost of power on many systems we 
are likely to use designs which cut the factor of safety, causing 
increased troubles, particularly where there is no precedent 
upon which to draw. There is a tendency to use a relatively 
shorter arm with the increasing size of conductor. This, 
together with the high braces and wide face of the tower in the 
direction of the line, while economical from the tower stand- 
point, makes the problem of preventing flashovers exceedingly 
difficult. Tower clearances in the past have been laid out by 
means of a compass rather than by studying the electrical 
field set up. 

Much time and thought has been given to this subject over a 
period of years and I feel that within the next year a material 
improvement will result in the construction of transmission 
lines as the relative performance of different constructions can 
be determined experimentally to a very large extent and it is 
gratifying to know that results in the field apparently conform 
to tests in the laboratory. 


It is exceedingly difficult to improve the standard of an existing 
system although it is evident that if a system having a low 
standard of operation is connected to another portion having 
a high standard, both of them will operate on the lower standard. 
Usually anything within reason which will raise the standard of 
the old system is justifiable and much time has been spent upon 
this problem. 


It would seem that a new system should go, in with ample 
clearance. I should rather see a new line go in with ample 
clearance and no ground wire rather than have the system in- 
stalled with a smaller clearance and an expensive ground wire, 
as the latter can always be installed later whereas increasing 
the clearance after installation is a difficult and costly proceeding. 
Owing to the more severe conditions which may arise through 
interconnection, a ground wire which was unnecessary on the 
smaller system may prove advisable and can be installed at little 
additional expense over that necessary were it incorporated in the 
first installation. 

As systems grow the demand and value of greater reliability 
increases and if this is hampered by too small a clearance or poor 
field conditions at the tower, the problem of providing greater 
reliability will be exceedingly difficult. While certain funda- 
mentals are recognized clearly in the laboratory, it seems to me 
more difficult to recognize the application of the same funda- 
mentals in preventing flashover on the transmission line. 

On the transmission line the problem is to prevent an electrical 
discharge between the conductor or live part and the tower and 
support. The problem is to prevent the break-down of the air; 
hence, anything which will affect the maximum stress on surfaces 
which will normally discharge will have an effect upon the flash- 
over voltage. Itis obvious that the density of the field surround- 
ing a conductor or a live part may necessarily vary greatly 
for a given clearance with the wide range in tower designs so 
that general statements based upon a specific instance may be 
very misleading. In most lines the discharge starts probably 
from the conductor or live part while in others there is reason 
to believe that the discharge actually starts from the tower or 
ground side owing to the fact that the greater density in the air 
is produced on this side of the gap. Where the latter condition 
exists, increasing the size of the charged surface on the conductor 
will necessarily tend to lower the flashover voltage and inerease 
troubles, although in other cases this might be a very material 
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advantage. While this is too large a subject to go into detail, 
a consideration of the conditions between electrodes will illus- 
trate the problem fairly well and not only show the inconsisten- 
cies but, what is even more important, a means for increasing the 
flashover voltage for a given clearance. While this is fairly 
simple between ordinary electrodes, the problem is more 
difficult in service owing to the effect of rain and mechanical 
considerations. 

Referring to Fig. 1, if we have a grounded electrode, A, and a 
live part, B, with a given distance between them, it is compara- 
tively easy to determine their flashover voltage for conditions 
which are likely to exist on the line. If we maintain the same 
clearance between electrodes but use electrode C in place of B, 
the flashover voltage under the same conditions will be increased, 
particularly if we pay no attention to polarity. If, on the other 
hand, A remains the same and we replace the electrode C by 
electrode D, the flashover voltage will be reduced and may be 
even lower than that for A and B, owing to the greater concen- 
tration of stress in the air around electrode A. If we replace 
electrode A by electrode EH on the ground side in combination 
A-B as in E-B, the flashover voltage may still be the same 


=—)-—O= 
a ae 


Fie. 1 


as in the previous case A-D, but will be lower than for A-B. 
If £ represents the electrode on the ground side, and D on the 
line side, the flashover voltage will be materially increased over 
any of the previous cases. There can be no question about this 
and it only remains to make the application to the transmission 
line in order to improve the flashover voltage materially with the 
resulting decrease in the number of flashovers. Up to the pres- 
ent time, there has been no line application which corresponds 
to the gap H-D, the applications being more on the basis of A-C 
which must necessarily have limitations compared to the pos- 
sibilities of the gap H-D. There is one other case which it is 
well to consider, and that is the condition where we have a 
gap similar to F-G. In this case, while the electrodes apparently 
give a better field, their projection into the field or reduction in 
clearance reduces the flashover voltage until it is as low if not 
in some cases lower than the normal gap A-B. When we can 
make use of a dielectric which has a greater strength than air, 
together with some of the favorable conditions above outlined, 
it is possible to raise the flashover even for a given clearance far 
above anything nowinuse. Air gradient and not string gradient 
is the real problem. 

There are three general schemes which may be used to advan- 
tage in connection with steel towers. One is to increase the 
clearance and improve the field: conditions as discussed above. 
The second is to lower the maximum induced voltage by the use 
of a ground wire or lower the height of the structure. The 
third is to control the field in the vicinity of the conductor or at 
the upper end of the string so that the maximum flashover may 
be developed for any stress which may exist in operation. This 
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is readily solved by the use of a sphere-gap in the laboratory and 
it may be approximated for transmission work. In the ease of 
wood supporting structures the problem may be somewhat 
different as most wood structures furnish insulation which will 
provide a higher flashover voltage than exists on the largest 
steel tower line now in operation. The problem in this instance 
then is to make use of this insulation and increase the life of the 
structure. Complete impregnation apparently reduces the ten- 
dency to shatter and at the same time increases the life. In 
some eases it is further necessary to prevent burning due to leak- 
age or due to discharge and experimental results would indicate 
that great improvement in this direction will be available shortly. 


In the case of the steel tower, the economic problem is to de- 
velop the break-down strength of the air path and in the case 
of the wood structure to prevent burning or shattering. Much 
time has been spent on this over a period of years and possibilities 
in these directions are far greater and more nearly at hand than 
generally supposed. In many cases it may be advisable to 
effect a compromise of the several means to get the best economic 
results. It goes without saying, however, that improved flash- 
over voltage over existing lines must be provided for the large 
system if high-powered transmission networks are to be extended 
much further. It seems that this problem together with the use 
of a lower transmission frequency are the most important ones 
facing the long high-powered line of the future. 

J. H. Cox: Among engineers there seems to be a tendency 
to question the theory of a phenomenon and to question sub- 
stantiating laboratory data until the case is proved by actual ex- 
perience in the field. The theory of the ground wire has long 
been known. With typical arrangements, this theory indicates 
that by the use of a ground wire, surge voltages induced by light- 
ning are reduced from about 40 per cent on the top wire to about 
25 per cent on the bottom conductor, with vertical configuration. 
Mr. Peek’s work with his lightning generator indicates a still 
greater protection, or about 50 per-cent. Finally, these field 
experiences of Messrs. Sindeband and Sporn should establish 
beyond question the usefulness of the ground wire. 

It seems strange, with theory indicating as it did a large 
measure of protection, that when trouble was encountered due 
to mechanical reasons the obvious solution—that of better 
mechanical installations—was not practised. 

The proper proportion between line insulation and apparatus 
insulation has received too little consideration in the past. 
The authors bring up-this point. Obviously it is less serious to 
have a line flashover than a bushing flashover or insulation 
puncture. During the past two years the Westinghouse Com- 
pany together with the operating companies, has conducted 
surge investigations with the klydonograph on a great many 
power systems. During these investigations, we have conducted 
tests on 66-kv. lines having line insulation ranging from pin 
type, or three 10-in. disks to ten 10-in. disks. In spite of the 
ground wire, we shall always encounter a certain number of 
flashovers due to direct strokes and the highest induced strokes. 
More attention should be given this matter so that apparatus 
is not subjected to these higher potentials by over-insulating 
the line. On the other hand too low a value of insulation 
permits an excessive number of flashovers at a voltage lower than 
necessary and too low to permit the operation of lightning 
arresters. : 

There is a point in this question which though evident might 
bear mentioning. The proportional protection from flashovers 
afforded by a ground wire is far greater than that indicated by 
the reduction in surge voltages. If the number of surges between 
various voltages over a long period are plotted against voltage 
and a curve drawn through the points a curve is obtained re- 
sembling a probability curve as shown in Fig. 2. 

If the full line represents the number of surges of various 
voltages on a particular line without a ground wire, a curve of 
the surges encountered on the same line with a ground wire 
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would be displaced by the amount of the reduction accomplished 
by the ground wire, giving the dotted line. A vertical line may 
be drawn at the impluse-flashover voltage of the line in question. 
The flashovers of the line are caused only by the surges lying 
to the right of this vertical line. It is clearly seen that the 
filashover region under the dotted line is less than the flashover 
region under the full line by more than the percentage reduction. 
; Our tests with the klydonograph checks the authors’ experience 
in that the highest potentials from lightning were always on the 
highest conductor and the lowest on the bottom conductor. 


There were two points brought out in the discussion towards 
which I might be able to contribute. The question was asked 
as to whether flashovers were encountered at some distance 
from the lightning stroke, indicating a higher potential at some 
distance from the source. In our experience with the klydono- 
graph, we have never encountered this situation except in the 
ease of a flashover on an isolated-neutral system. We have 
encountered surges of the order of one million volts and at a 
distance of 50 mi. no potential greater than normal line potential 
was recorded. Where the lightning caused a flashover on an 
isolated-neutral line an over-voltage would be recorded at all 
stations no matter how long the line. This, however, was due 
to the acting ground set up by the flashover. 
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Another question brought up was whether or not the upper 
conductors afforded protection to the conductors beneath them. 
From the theory of the ground wire this is not possible except 
where the upper conductors flashover. The only protection 
afforded by the ground wire is due to the fact that its charge 
dissipates to ground with the discharge of the cloud and the 
presence of a conductor remaining at ground potential reduces the 
potential induced on’ the neighboring conductors. The only 
way in which the upper conductors could shield the lower con- 
ductors is by discharging their charge to ground either by means 
of the flashover or by lightning arresters. 

V. Karapetoff: In considering the influence of the ground 
wire, it is necessary to distinguish between its effect in reducing 
the over-voltage and the over-charge. ‘These two effects are 
expressed numerically by different ratios. Consider the simplest 
ease of a single conductor without any ground wire, with a cloud 
above charged positively. Then you have a negative bound 
charge on the wire, with the positive charge conducted to the 
ground through leakage. When a lightning flash takes place, 
the bound charge becomes free, so that the protective equipment 
is subjected, first of all, to an over-voltage, and secondly, there 
is a definite bound charge which has to be conducted to the 
ground, say, through a lightning arrestor. = 

Now ‘consider a ground wire near the conductor. Certain 
equations may be established for the bound charge, etc. A 
solution of these equations gives the over-potential to which the 


~ fine wire is subjected immediately after the stroke of lightning, 


and also the value of the charge released on this wire as a result 


of this stroke. The new values of over-voltage and of released 
charge may be compared with those obtained before, without 
the ground wire. 


As a result of some computations which I have had an oppor- 
tunity of performing lately, I find the ratio of the two over- 
voltages to be somewhat different from that of the two charges. 
Depending upon what you are interested in, that is, whether it 
is the maximum instantaneous over-voltage or the discharge 
capacity of the protective equipment (which is bound with the 
magnitude of the charge and not of the voltage), your judgment 
about the protective value of the ground wire will be different. 
My computations, unfortunately, have been made only for this 
simple combination. It would be desirable to continue these 
computations so as to include, say, three or six line conductors 
and a ground wire. 


Herman Halperin: In my work as chairman of the A. I. 
E. E. Subcommittee on Lightning Arresters during the past 
year, it appeared that the members of the subcommittee and 
other engineers had many opinions as to the means of coping 
with lightning disturbances on high-voltage lines, especially 
those operating between 66 kv. and 154 kv.; but there were little 
definite data of operating experience, which is the final criterion, 
to show just what was accomplished by certain types of protec- 
tion or methods of diminishing the magnitude of lightning 
voltages. The subcommittee members felt that more operating 
companies should gather complete data regarding the lightning 
on their lines, analyze the data, and submit papers along the 
lines of the one submitted by the authors today. Their paper 
is especially timely, as it concerns a voltage on which there is 
considerable discussion. I am sure that the industry will look 
forward to another paper in two years to compare the coming 
two years’ experience of the authors with ground wires with the 
last two years, when ground wires were not used on certain lines. 

In the future investigations of the authors, it might be well 
to obtain some data as to the magnitude of transient voltages 
on their lines, by means of a recording device such as the klydono- 
graph. These data, when correlated with the operating experi- 
ences, will give a more definite idea of the effectiveness of the 
various designs in coping with lightning on their lines. 

M. L. Sindeband: Mr. Cox mentioned the problem of 
insulation. In this paper, we mentioned the matter of over- 
insulating the transmission line and the bad effect this would 
have on the equipment in the substations resulting, as it would, 
in pushing the high voltage from the line into the stations. Of 
course, the ground wire would leave the transmission-line insula- 
tion unchanged but by cutting down the induced voltage it would 
have a particularly beneficial effect on the substation equipment 
since, as a general rule, the oil switches and transformers are not 
insulated as highly as the transmission line. 


When we first started this problem and considered the idea of 
adding more insulators, the manufacturers of equipment objected 
since they argued that if the insulation of the line is going to be 
boosted, the insulation of the equipment should be boosted at 
the same time and they were afraid that this would lead to large 
expense. If that were done,—that is, if the line insulation were 
raised,—it does not necessarily mean that the equipment in- 
sulation has to be raised likewise since the station and substation 
equipment has, as a general rule, the benefit of a lightning 
arrester but the moment you go into that you enter into another 
controversy—namely, the lightning arrester—and there is almost 
as much disagreement about that as there is about the ground 
wire. 

Mr. Vincent asked what particular feature of the rings gov- 
erned their design. We experimented with the design of the 
rings only in so far as the clearing of lightning flashovers and 
60-cycle flashovers were concerned. The wet proposition was 
not considered at all. 

Now as to the table listing the troubles: On our original table 
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sent in to the Institute we had some marks indicating which 
were under rain conditions and which under purely lightning 
conditions. Unfortunately, they were left out in printing. 
However, as we recall it, practically all of these troubles occured 
during rain periods, that is, they were a combination of rain and 
lightning. 
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Fig. 18 is a 60-cyele dry flashover test. 
In conclusion, I wish to state that I believe that the operating 


companies should contribute their bit in helping the manufactur- 
ers of equipment with this problem, because certainly the manu- — 
facturing companies do spend a great deal of time and money 
for this purpose. > 
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Notes on the Vibration of Transmission-Line 


Conductors 
BY THEODORE VARNEY! 


Associate, A. I. E. E. 


Synopsis.—This paper describes tests made with a graphic 
recorder to show the vibration of transmission-line conductors under 
various conditions of wind velocity, conductor tension and span 


length. The method of taking the records is discussed. Formulas 


are given for determining the velocity of propagation of transverse 
waves along a conductor, the wavelength of a vibration, and the 
frequency of vibrations caused by ‘‘eddies’”’ formed at a conductor 
subjected to air currents. 


Fe a wire is suspended freely between supports and is 
struck near one of the supports, a wave will run 
along the wire to the other support, be reflected and 
return to the starting point. If the supports are rigid, 
that is, possessed of infinite mass, the wave will be 
entirely reflected and it will pass back and forth until 
the viscosity of the wire damps out the wave. Witha 
decrease in the mass of the support, the amount of the 
wave energy reflected is lessened. Part of the energy 
passes into the support, either storing energy therein 
to be given back to the latter if the support is elastic, or 
becoming dissipated by the viscosity of the support. 
Assuming that the tension in the wire is constant, the 
velocity of propagation of the transverse wave is: 


pee 
a W 


» = Velocity in feet per second 

P = Total tension in the wire 

m = Mass per ft. of wire 

w = Weight per ft. of wire in pounds 
g = Acceleration due to gravity 

The time required for the wave to travel twice the 
length of the span is the fundamental time period. 
If at the instant the first impulse reaches the starting 
point the wire is struck again, the vibration will be 
sustained. If at the instant the impulse reaches the 
second support the cable is struck again, the two crests 
meet at the center,-producing a node. If the frequency 
of the exciting force is increased, the span breaks up 
into a series of nodes and loops. If resonance occurs, 
there must be a whole number of loops between sup- 
ports, provided the mass of the wire is uniform. 

The velocity remaining the same, the product of 
wavelength and frequency is a constant and is equal to 
the velocity; that is, 

(2) 


(1) 


when 


Lf =» 
where 
| = Twice the distance between nodes 
f = Frequency in cycles per second 
In cases where resonant vibration of conductors has 
been observed, it was traceable usually to the wind 


1. Aluminum Company of America, Pittsburgh, Pa. 
Presented at the Regional Meeting of District No. 1 of the 
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blowing across the line and always at low velocities. 
A strong wind broke up the resonant conditions and 
merely swayed the span as a whole. The vibrations 
were in a vertical plane. Resonance appeared more 
frequently’ in the early morning or near sundown. 
Resonance also occurred over a wide range of cable 
tensions. 

Resonance in a transmission cable is a very elusive 
thing; it begins without warning and ceases abruptly, 
and, while the conditions at the moment as regards 
temperature, wind velocity and direction may be noted, 
it is impossible to maintain or reproduce them at will. 

It was at first thought that a span vibrating with 
fixed nodes and loops would not be affected by moving 
the point of support to the first node. If this were true, 
then the behavior of a single loop could be investigated 
on a small scale, experimentally, and would afford 
means of observing the behavior of a full sized span. 
Accordingly, an attempt was made with several sizes 
of stranded cables to produce resonant vibration by 
mounting the cable transversely in an aviation wind 
tunnel. The tunnel used was 8 ft. square and the wind 
could be varied from zero to 75 mi. per hour. The 
cables were supported at the sides of the tunnel and the 
tension in the cable was varied over a wide range. 

No resonant vibrations could be produced. The 
cables vibrated rapidly with a very small amplitude, not 
over one one-hundredth or two one-hundredths of an 
inch. These small vibrations were noted by means of a 
reflecting mirror and a stroboscope and were found to 
agree fairly well with the eddy frequency. 

The meaning of the expression “eddy frequency”’ will 
be explained later. 

The probable reason why resonance and considerable 
amplitudes could not be obtained in the wind tunnel is 
that it is difficult to maintain constant wind velocities 
over the whole length of span. Moreover, upon 
further thought, it is more difficult to maintain approxi- 
mately resonant conditions over a short span than it is 
over a long one. If, to assume an example, the wind 
velocity were adjusted so as to produce one loop in an 
8-ft. span, it would require a change in wind velocity of 
100 per cent to create the next larger whole number of 
loops, that is two, in the span. Any intermediate value 
of wind velocity would not produce resonance. If, on 
the otherhand, the span were 80 ft., a 10 per cent change 
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in velocity would be necessary to produce either nine 
or eleven loops in the span, while in a span 800 ft. long, 
only 1 per cent change would be necessary to produce 
99 or 101 loops in the span. 

In actual long spans of transmission lines, the nodes 
have been observed to shift back and forth in position 
with the slight changes in wind velocity, the vibrations, 
however, persisting with considerable amplitude for 
long periods of time. 

In 1921 an investigation made by E. F. Relf and E. 


Eppy ForMATION PRODUCED BY WIND BLOWING ON A WIRE 


Ower and covered by a report to the British Aero- 
nautical Research Committee, showed that the singing 
note produced by wires moving rapidly through the 
air corresponded with the periodic eddies produced 
behind the wire. 

When a fluid medium, such as air or water, flows past 
an obstruction in its path, eddies are produced behind 
the obstruction. If the obstruction is of symmetrical 
cross-section such as a circle, the behavior of the eddies 
formed will be similar upon each side of the obstruction. 
As the fluid flows past the obstruction, the friction on 
the two sides is not exactly the same at any particular 
instant and this tends to slightly lower the velocity of 
the fluid passing on one side. The fluid on the other 
side, continuing in its normal velocity, creates a slight 
difference of pressure back of the obstruction, the lower 
pressure area being on the side where the higher velocity 
exists. This causes a flow of the fluid from the opposite 
side to fill this rarified area, and the action of the fluid 
takes the form of swirls or eddies. As this rarified area 
is restored to normal density by the inflow of the eddy, 
the velocity on that side of the wire is reduced and the 
inrush of the eddy accelerates the motion of the fluid 
on the other side and presently the eddy ceases on the 
first side and begins on the other, thereby repeating the 
cycle of events. ‘ 

The result of this alternating-eddy formation is to 
produce an alternating force on the obstruction in a 
plane at right angles to the flow of the fluid. In air- 
craft work, the obvious means to prevent the formation 
of these eddies is to ‘‘stream-line’’ the section of the 
obstruction, thereby allowing the air to flow down both 
sides and join at the rear edge of the section without the 
formation of these eddies. The figure shown herewith 
illustrates this eddy phenomenon. 

Experiments in both air and water were carried out 
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from which the truth of the following general expression 
was established: 


V t ( Vap ) 
= Tp function 5 


(3) 


where 
f = Frequency in cycles per sec. 
V. = Velocity of the medium with respect to the 
cylindrical wire 
D = Diameter of the wire 
e = Coefficient depending upon the medium, being 
0.000159 for air and 0.0000122 for water 
Further investigations gave the following data: 
When 


VD VD 
Tes 100, function ( eee ) equals 0.125 


Fane 150, function equals 0.150 


é 


aha 300, function. equals 0.172 


equals 0.185 
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When 


Ves : VD 
mn, greater than 600, function (—) equals 0.185 


It will be noticed from the foregoing that function 
VeDN\e Veep 
( Sie ) is a constant for values of an is of 22600)" Sor 


greater. For a wind velocity of one mile per hour, the 
minimum value of D would be 0.78 in. For two miles 
per hour the minimum value of D would be 0.39 in. 
Therefore for usual transmission line conditions, a con- 


VD 
stant value for the function ( ite: ) can “be? “Used: 


Curves of frequency plotted against wind velocity 
become, therefore, a series of straight lines—one for 
each diameter of conductor. 

As a check upon the application of this theory, the 
following results tabulated from a long series of pains- 
taking observations upon a certain transmission line 
are of interest. The cable in this case was 1 in. diameter, 
weighing 0.858 lb. per ft. and was supported upon steel 
towers. 

The accompanying charts were obtained by attaching 
one end of a string to a transmission wire and the other 
end to a light wooden block arranged to slide in a slot 
in a vertical board which was fastened to a board rest- 
ing on the ground. The lower end of this block had 
attached to it a light spring which served to keep the 
string taut and yet permitted the block, with the 
pencil attached, to move up and down in response to the 
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No. 9—Length: 7 seconds 


No. 2—Length: 4 seconds 


No. 10—Length: 3 seconds 


No. 3—Length: 7 seconds No. 11—Length: 7 seconds 
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No. 12—Length: 6 seconds 
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No. 13—Length: 4 seconds 
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No. 6—Length: 3 seconds No. 14—Length: 4 seconds 
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No. 15—Length: 7 seconds 


RECORDS OF TRANSMISSION-LINE VIBRATIONS 
(See table for detailed information) 


_ No. 19—Length: 6 seconds 
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No. 20—Length: 8 seconds 
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No. 21—Length: 8 seconds 
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No. 22—Length: 8 seconds 


No. 23—Length: 5 seconds 


Recorps or VIBRATION OF TRANSMISSION-LINE 
CoNDUCTORS 


(See table for detailed information) 


DATA RECORDED IN VIBRATION TESTS ON TRANSMISSION LINES 
The conductor upon which the tests were made was 1 in. in diameter, weighed 0.858 lb. per ft. and was supported upon steel towers. 


1 2 3 4 6 a 8 9 
Vibration Amplitude 
Wave Wind Eddy Frequency of Vibrations 
Velocity Velocity Frequency Recorded Recorded Loop 
Chart Span Tension (ft. per sec. (GN IES Aah (Gy2 Derssec: on chart on chart Length 
No. ft.) (Ib.) calculated) Measured) calculated) (eyele per sec.) | (1/32 inches) (ft.) 
z 1200 8500 565 5.2 17.0 9.5 12 29 R71. 
2 ee ee be hed 25.0 12).5 28 22.6 
3 Mg “ re 8.0 26.0 12.5 26 22.6 
4 es < fs 8.5 27.5 21.5 22 12.8 
5 me bis ss 8.9 29.0 13813) 24 15.4 
6 ‘ x es 10.0 32.8 18.3 12 15.4 
7 = * 6 11.0 36.0 20.0 16 13.2 
8 # 7930 545 10.0 32.8 33.0 4 8.3 
9 er 7700 538 3.5 L125. 13.0 12 20.5 
10 7530 532 3.9 12.8 14.0 24 19.2 
ahh bd oY - 4.8 16.0 bes 18 23.4 
12 ee “ ee 5.2 1 a” 10.5 14 25127 
13 ef a Hf 5.6 18.7 12.0 20 22.5 
14 - < i 7.8 25.5 22.0 12 12.2 
15 s ae mA 8.0 26.0 22.0 6 12.1 
16 ad < - 19.1 62.5 23.0 6 116 
17 us a 21.3 69.5 22.0 18 12.3 
18 cs eS se 21.3 69.5 22.0 20 12.3 
19 - $ xe 22.5 73.0 22.5 8 11.8 
20 984 5600 460 3.40 LT0 14.0 2 16.4 
21 se Hg 5.00 15.0 15.0 6 15.3 
22 s a 6, 5.70 19.0 15.0 6 15.3 
23 se 42 ce 5.90 20.0 20.0 1 15.5 
vibrations of the transmission-line wire. The string interference due to the fluttering of the string by the 


was attached as nearly as possible at the middle. point 
of the first node from the insulator clamp. 

A wooden slide with a strip of paper attached to it 
was then moved in a direction at right angles to the 
movement of the pencil and was timed with a stop- 
watch. The device was crude but the charts afford 
a means of determining quite accurately the total 
number of vibrations produced in a certain time. 

In the cases described herein the cable was quite 
large and the vibration had sufficient force so that the 
string could be pulled quite taut without damping the 
vibrations. This prevented, to a considerable extent, 


wind. 

In other cases where the wire was smaller and the 
fluttering of the string interfered with proper results, 
a temporary platform was erected on the tower and by 
cutting off the current on the line, some charts have 
been obtained by attaching a pencil directly to the wire. 
The first described method has the advantage that it 
can be used on a live line and charts can be made on 
short notice, whenever the wind conditions are ob- 
served to be favorable, without taking time to cut the 
power off the line and arranging for a series of observa- 
tions. However, as noted, it is very often difficult to 
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obtain satisfactory results by this means in the case 
of small line wire. The amplitudes of the vibrations 
are obtained by measuring the charts directly. 


In the tabulations given herewith, the figures in col- 
umn 1 refer to the number of the charts as appearing on 
the reproduction of the charts themselves. The second 
column gives the length of span where these particular 
charts and observations were made. In this case, the 
supports were practically level. It will be noted that 
the observations are made upon two-span lengths. The 
third column gives the total tension in pounds in the 
span at the time of the observations. These tensions 
were calculated from the observed sags. The fourth 
column gives the theoretical velocity of propagation 
of transverse waves in the cable as described in equa- 
tion (1). 

Column 5 gives the wind velocity in miles per hour 
as noted by a portable anemometer used during the 
experiments. Column 6 gives the theoretical eddy 
frequency calculated from the size of wire and observed 
wind velocity, using equation (3). In equation (3) 
the values of V and D must be in the same units; that is, 
V is feet per second and D is diameter in feet of the 
conductor. Also, these units might be used in terms of 
inches per second and inches of diameter. : 


Column 7 gives the frequency in cycles per second as 
taken directly from the charts. Column 8 gives the 
amplitude also measured directly from the chart. 
Column 9 is the calculated loop length using equation 
(2). The values of V in this equation are taken from 
column four and the values of F are taken from column 
7. The values in column 9 obtained by this means are, 
therefore, theoretical but they check with a fair degree 
of accuracy with the actual observed distances between 
nodes at the time of the observations. 


On account of the variable character of the wind under 
most conditions, however,these node points were observed 
to shift constantly back and forth. Usually, however, 
they corresponded to values sometimes smaller and 
sometimes greater than the loop length given in column 
9. It is assumed, therefore, that the theoretical 
values given in column 9 are fair assumptions. 


Chart 8 is particularly interesting because of the 
absence of “beats” and the exact agreement between 
the eddy and observed frequency... This is interpreted 
as indicating a practically uniform wind velocity 
throughout the entire span. It is likely also that the 
time period of oscillation of the tower supports acts to 
amplify or damp the line vibration. 

A device at the support which has a period corre- 
sponding to a certain proportion of the natural period of 
the conductor will act as a damper. Such a damper 
having a period of about seven cycles per second would 
probably be effective in greatly reducing the amplitude 
of vibrations in the conductor throughout the range of 
wind velocities noted in the case described herein. 


It is reported that the device recently described in 
the technical press? by Mr. G. H. Stockbridge, of Los 
Angeles, California, has been found effective. Further 
investigations on transmission lines in service are at 
present going on. 


The writer is indebted for various courtesies and 
assistance in obtaining the data described in these 
notes from Capt. Wm. McEntee and Dr. A. F. Zahm 
of the United States Navy Yard, Washington, D. C.; 
Mr. H. A. Barre and Mr. H. Michener of the Southern 
California Edison Co., Los Angeles, Calif; Mr. A. E. 
Silver, Electrical Engineer, Electric Bond & Share 
Company, New York; and to Messrs. M. E. Noyes, 
J. P. King, Walter Hays and C. B. Owen, Aluminum 
Company of America. 


Discussion 


A. E. Knowlton: The principle of aerodynamics which Mr. 
Varney cites to account for the vibration of the transmission-line~ 
conductors is undoubtedly the same one which is found applied 
in the propulsion of Dr. Floettner’s rotorship. The one dif- 
ference is that he rotates the rotor and keeps the pressure always 
in one direction. That is not, of course, the ease with the line 
conductors. The instability there results in alternation of the 
pressure and consequent vibration of the conductor. 


Another and more important difference is that Dr. Floettner 
has made a useful application of it and one can’t say as much in 
the case of the line conductors. The fact is that we get two 
distinct results, one useful and the other deleterious. 

A committee of operating engineers is attempting to assemble 
the facts that have been observed and perhaps have been recorded 
in connection with this phenomenon, so that we can draw con- 
clusions not merely as to the rigidity of the theory as Mr. Varney 
has set it up, but also upon the efficacy of certain preventive 
measures. 

Theodore Varney: In closing, I think Prof. Knowlton’s 
comment regarding Dr. Floettner’s rotorship is appropriate. 
While Dr. Floettner turns the eddy effect of the wind to good 
account, the same influence accomplishes no good result in a 
transmission line conductor. It is not correct to say, however, 
that this effect is always deleterious in the latter case because 
cases are on record where vibration has been going for over ten 
years without interference in any respect to the continuous and 
successful operation of the line. 

As the speaker views the matter, destructive effects will 
result from vibration only when the direct stress in the conductor 
increased by the stress due to vibration exceeds the endurance 
limit of the material of the conductor. 


This is a complex problem, but it appears that the stress due to 
vibration is directly proportional to the stored energy in one 
half of each vibrating loop and inversely proportional to the 
distance over which that energy is dissipated. This energy 
is expressed by the mass of the half loop, the square of the 
amplitude and the square of the frequency of vibration. This 
energy passes back and forth freely between loops in the 
span away from the supports. At the supports there is an 
inevitable bump and increase of stress, which can be greatly 
reduced by care in clamp design. 

The most beneficial remedy is to reduce the amplitude of vi- 
bration by dampers. 


2. Electrical World, December 26, 1925, p. 1304. 


Sag Calculations for Transmission Lines 
BY H. B. DWIGHT: 


Fellow, A. I. E. E. 


Synopsis.—A set of sag formulas is presented, in the form of 
convergent series which give accurately the results of the hyperbolic 
catenary formulas. The series are useful for calculating almost 
any practical transmission line span, long or short. 

Trial and error methods are not used. First, the sag or deflection 
is calculated for a given maximum tension in the cable. Then, 
changes in temperature corresponding to changes wm deflection 
and loading are computed. This procedure is followed 


whether the supports are at equal heights or at unequal heights. 

A formula is presented for the deflection from the line joining 
the supports, when the elevations are unequal. This is useful in 
sighting from tower to tower, as shown in Fig. 2. 

A few examples are worked out and some derivations of formulas 
are. given. In the last appendix instructions are given with regard 
to allowing for the change in weight per ft. with change in length of 
cable. 


AG calculations for transmission lines are frequently 
made by means of formulas based on the assump- 
tion that the curve of a cable in a span is a parab- 

ola. Formulas for the calculations are also published, 
which use the equation for the catenary, a curve so 
named because it is the shape of a suspended chain. 
This equation involves hyperbolic cosines. 

In this article is presented a group of convergent 
series which will be found convenient and accurate for 
making sag calculations. Provided enough terms 
are computed, these give the results of the 
hyperbolic catenary formula as accurately as de- 
sired. Usually, two or three terms are all that 
are required. Since the series are convergent series 
derived from the expansions of hyperbolic functions, 
they can be said to be themselves hyperbolic formulas. 
The first term of the series is in many cases the same as 
the well-known parabolic formulas’, the majority of 
which consist of only one term. The series herewith 
presented should therefore be easily understood and 
applied by those accustomed to the parabolic formulas. 

The series moreover give directly and automatically 
the percentage error involved by using the parabolic 
formulas. Even where the latter have good accuracy, 
it is alwavs worth while estimating the amount of their 
error in a given case. Often the worst feature of an 
approximate formula consists in the fact that the 
amount of its error is not indicated and remains un- 
known, so that in some more or less unusual case the 
error may be unexpectedly large. An approximate 
formula in the form of a convergent series is much 
safer to employ, since when the terms do not become 
smaller and smaller, the last one being negligibly small, 
it is obvious that the formula is not applicable to the 
case considered. 

If, therefore, a formula is really the first term of 
a convergent series, it is practically always advisable to 
publish two or three terms of the series, so that tho 
appropriateness of the formula for a given case may poe 
quickly estimated. 

1. Professor of Electrical Machinery, Massachusetts Insti- 
tute of Technology, Cambridge, Mass. 

2. See articles on sag calculations by L. KE. Imlay in the Elec- 
tric Journal of February, 1925, and succeeding issues. 

Presented at the Regional Meeting of District No. 1 of the 


A. I. EH. E., Niagara Falls, N. Y., May 26-28, 1926. Complete 
copies available to members on request. 


The series are given in the form in which they can be 
most conveniently used for practical sag calculations. 
A few examples of their use are described, and in an 
appendix there is given the derivation of some of the 
series. The derivation of the others can be obtained 
by following the method of the examples given. 

The description of the engineering problem is usually 
as follows: A certain maximum tension T is specified 
for a cable and it is desired to know what will be the 
sag corresponding to this tension under given conditions 
of temperature and wind and of ice-loading. Further, 
it is desired to know what changes in temperature and 
tension correspond to given changes in sag or in loading. 
These results are required when the two ends of the 
span are supported at the same height or at unequal 
heights. 

In preparing the formulas, the use of trial and error 
methods has been avoided. These involve more work 
than direct calculations, and have a greater liability 
of error. If values of temperature are assumed, such 
as 40 deg. or 60 deg., a trial and error process is required 
at some stage of the calculations. Accordingly, values 
of sag or tension are assumed, and temperatures are 
obtained by direct calculation. 

This provides data for drawing a series of curves of 
sag plotted on temperature, separate curves being 
drawn for different lengths of span. These lengths of 
span may be the actual lengths for the transmission 
line being designed, or they may be even hundreds of 
ft., such as 200- 400- 600 ft., etc. In the latter case, 
new curves may be plotted from the first set, so as to 
show sag plotted against span, separate curves being 
plotted for specified temperatures such as 20 deg., 40 
deg., 60 deg., etc., and for specified loadings. 

These procedures do not involve trial and error 
processes. The drawing of the curves described above 
deals only with the final results, after temperatures have 
been calculated. This is not likely to produce errors 
in the same way as the use of curves for intermediate 
stages of the calculations. 

Attention should be called to a paper by J. S. Martin,’ 
containing a very complete table for calculating sags 


3. “Structural Engineering Problems in Transmission Line 
Construction,” by J. S. Martin, Proceedings, Engineers’ So'ciety 
of Western Pennsylvania, November 1922, page 309. 
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when the supports are at equal heights. Formulas are 
given for using the data in the table when the supports 
are at unequal heights but it is stated that the precision 
is not as great as for the case of equal heights, on which 
the calculations for the tabulated data were based. 
A method of successive approximations is described 
for obtaining sags at specified temperatures. While 
this involves some work, it is an orderly procedure lead- 
ing to the desired result. 


SAG FORMULAS 


It is to be particularly remembered that in the 
formulas in this paper, / represents a half span only. 


wl ) 
ke 


(1) 


SUPPORTS AT EQUAL HEIGHTS 


2, T 24 
= ee 
Fon 2 eee Ee 


1 
where 1 = > Span = 5 


1 wl 7 
Sag or deflection = d = il 5 aoe + ( 


; horizontal distance between 
supports in ft. 

T = tension in pounds, in cable at supports, where 
the tension is greatest. 

w = resultant loading in lb. per ft. of cable. Note 
that w? = v2 + W? where v is the vertical force per ft. 
acting on the cable due to gravity on the cable itself and 
on the ice covering, if any, and where h is the hori- 
zontal pressure in lb. per ft. due to wind. The deflec- 
tion d is not vertically downward. The distance verti- 
eally downward by which the lowest point of the cable 


vd 
is lower than the supports is a a i 


When the deflection, d, is given, 


4 a dah Beka at | 
t-wils5+s7-@ ale Ib. (2) 


The unstressed length of cable in the span is 


a a a ) 
Ie=2I\1+3-, -@ et 94 
ie a a Oe 
eei( ty bt et 


where A = area of cross-section of cable, in square 
inches and E = modulus of elasticity in pounds per 
square inch. 

The first line of formula (3) gives the actual perimeter 
of the catenary, and the second line gives the stretch 
in the conductor. 

To find the changes in temperature, ¢, corresponding 
to changes in deflection, d, and loading, w, find values 
of L,, corresponding to certain values of dand w. The 
changes in L, are due to temperature, if the cable is 
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assumed fastened to rigid supports, and 


Ty, FA Lixo 
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where t is the change in temperature, 
Ino = value of L, at the lower temperature, 
L, = value of L, at the higher temperature, and 
a temperature coefficient of expansion per degree. 
If a is specified per degree Fahrenheit, then ¢ 
is in degrees Fahrenheit. Note that 
Ligeilag er 6 Lit (5) 
When a is defined as the increase per degree above a 
certain temperature, then Lo should be that tempera- 
ture, in using equation (4) or (5). 
Curves can be plotted of d against ¢. 
curves for different values of w can be plotted. 
To find changes in load, w, corresponding to changes 
in d at a given temperature, insert values of d in equa- 
tion (3). The value of w which will give the value of 
L, for the given temperature, is obtained directly. 
L, is given by equation (5). 
Changes in temperature corresponding to changes in 
tension 7’ are given by the following equation, and by 
equation (4). 


I 


Different 


zat (ae) 
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Curves of tension, 7, against temperature, ¢, can be 
plotted. 


(6) 


Supports AT UNEQUAL HBIGHTS 

It is usually desirable to find first a solution of the 
catenary for a given maximum tension T' at the higher 
support where the tension is the greatest, as was done 
in the case when the supports were at equal heights. 
Then, changes in temperature, loading and tension 
can be calculated, corresponding to changes in 
deflection. 

Let » and h be the vertical and horizontal forces per 
foot acting on the cable, as previously defined. Then, 
w2 = y+ h. Let p be the vertical height by which 
one support is higher than the other and let 21 be the 


horizontal distance between the supports. 
w 
q =~ tt (7) 
v 
2k =/4P—¢4+?7? 
(een) Cie age 
= 2l- 11 a GA os 


These dimensions are shown in Fig. 1, which is drawn 
in the plane of the cable and not in a vertical plane. 
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If h, the wind pressure, is zero, then g = p and k = l. 

Equation (8) is based on the fact that the square of 
the distance between the supports is equal to 4 ? + p’ 
and to 4 k? + q?. 


Let 

SUES 
SOL oo) 
m=k(1-b4+ 20-35 ses} 

T 9 8 16 ) 
Hate (.-fe4eu- Fo 

(24) (Zo+o+Ru...) 
eae Bula 6 

(2) (Eero) 

re Nir: Bevsethen! 

ae 16 ) 
-1 (4) (Bose A Be (10) 


The deflection, d + q, is found from equation(1) 
putting 1 = m. 
The distance vertically downward from the upper 


; peevitds-t 1) 
support to the lowest point of the cable ore ere fis 


For finding the effect of changes of temperature and 
loading, it would be possible to assume different values 
of T and find values of m and d as shown above. How- 
ever, it will be a little shorter to.assume values of H 
the horizontal tension and find m from the following: 


ewan rie Sctyrss() 


is (catia) (ee We 
TOON EE spray are 


The deflection in this case is found from 


z 1wn (es) 1 (28) | 
ee Lie rp aap Ay o7e0 Noe eek 
, (12) 
where n = 2k— mft. (13) 
After m, n and d are found, using either (10) or (11) 


for m, the unstressed length of cable is found by apply- 
ing equation (3) to each part of the span separately, as 


) ft. (11) 


follows: 


| 2 a) 14 ane 
b= mL 1+ ( a ATTN ery 
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ae) 
+ ous = ae 
ce | m ) 5 a) 
TGs GA OPP ae Nya 
(sg 
8) m faye 


wn Us eed aes (BAR | 
Arh £22¢€ 6 n 9 n (14) 

Curves for sag, temperature, loading and tension can 
now be drawn, as described for the case of supports at 
equal heights. Ifa value of H has been assumed, the 
tension at each support can be found by applying 
equation (2) or (21) to.each part of the span. The 
tension at a support is somewhat greater than H, and 
is greater at the higher support. 

If there is no horizontal part of the curve between the 
two supports, then m is greater than 2k, and n isa 
negative quantity. See equation (13). 

Where a value of H is assumed, a table, not too 
condensed, of hyperbolic sines can be used with equa- 
tion (18) to find m. However, this would not give a 
direct calculation for m in terms of 7’, such as is given 
by equation (10). If the difference in elevation of the 
supports is unusually great compared with the length of 
the span, the series may not converge rapidly enough, 
and a table of hyperbolic sines and cosines may be 
required. In such a case, trial and error methods may 
be necessary in order to obtain the desired results. 

An illustration of this type of calculation is given in 
Example V. Since it is a trial and error method, differ- 
ent values of H must be assumed until a satisfactory 
value of T is obtained. 

When the supports are at equal heights, values of H 
may be assumed and a table of hyperbolic sines and 
cosines used in a somewhat similar manner to Example 
V. This usually requires more work than to use the 
series. This is a trial and error method if one is work- 
ing to a specified value of T. It may be necessary to 
do this if the series do not converge rapidly enough, as 
with an unusually large ratio of sag to span, but this 
is not likely to occur with practical transmission-line 
spans having supports at equal heights. One should 
also refer to the table by J. S. Martin‘. 


DEFLECTION FROM LINE OF SUPPORTS 


After the location of the lowest point O, Figs. 1 and 
2, and, therefore, the complete equation of the catenary 


4. Loc. Cit. 
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for one set of conditions, have been found, it is possible 
to find by a direct calculation the vertical distance, 
P Q, from the line of the supports A and C to a tangent 
B D which is parallel to A C. 

Ingtig. 2; PQ — A B= CD, and the two. latter 
distances may be measured on the towers and the line 
BD be used for sighting to determine the correct 
amount of sag to give the cable when stringing it. For 


Fig. 1—Span wits Supports aT UNEQquAL HEIGHTS 


this purpose, assume that there is no wind or ice load, 
and so the cable hangs vertically. The calculation 
would be practically the same if wind load were included. 

Let the equation of a line parallel to the line of the 


: 
Fic. 2—DeErFrLEecTION or CABLE FROM LINE OF SUPPORTS 


supports be y = gx +f where g is known but where 


p 


tee a Y 
fisunknown. For this line, esl Dee The 


height of any point on the catenary above O is given by 


Te 55 cosh H —1). See Appendix I. 


Cy Oe 
Ee, eaten | 


If the line B D is tangent to the catenary at Q, which 
is the point (%1, y1), 
“1 


f w 
* sinh H = 


Then 


(15) 


H (4 1 a 
i ooyerre eae a3 9 + oxaxe % 


1x35 ) ) 


alowed = s Ae) 
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Thus, numerical values of x; and y; can be obtained. 


ae onneeabove Oisd os ne and 
therefore, 
N+ 
PQ=AB=CD=d+?"5™ _y, (17) 


all parts of which are known. 
Example I. Find the difference in temperature for 
the following two sets of data for the same span: 


Di S00 tt. 
TS nies 
Tuite 0.138128 
<% i = 0.0000007572 
For the higher temperature, without wind or ice load, 
sag = 2a. 17604t: 
fae ae = 0.0000002976 


Temperature coefficient 0.0000096 
By formula (6), 
Luo = 800 (1 + 0.0028724 + 0.0000519 
+ 0.0000012. . . ) 
— 800 (0.0023070 — 0.0000066 
+ 0.00000004. . . ) 
= 800 X 1.0006252. 
By formula (3), 
L, = 800 (1 + 0.0022381 — 0.0000035 
+ 0.00000001.. . 
— 0.0010273 — 0.0000057 — 0.00000001 . . . ) 
= 800 « 1.0912016 
By formula (4), 


0.0005764 


t= —ppo00098 yc 10006252, 7 Hort des. fahr. 


This checks the result given in Mr. Martin’s® paper. 
Example II. Find the deflection for the following 


span®: 
2:4 = 2000 it. 
Supports at equal heights. 
T~ = 70,000 Ib. 
w = 4.700 lb. per ft. 
l 4.700 < 1000 
ee 70000 = 0.067143 


( ol 

2 (i 

By equation (1),d = 33. 57 + 0.088 + 0.0005 = 33.66 ft. 
This agrees with the value of 33.6 ft. given in 


) = 33.571 


5. Problem IV of the article by J. S. Martin, Loc. (Gor 

6. Problem 2, p. 11, Transmission Line Design by F. K. 
Kirsten, 1923, Bulletin No. 17, University of Washington, 
Seattle, Wash. 
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reference 6. It is seen that the series gives quickly 
and directly a precise solution of this problem, and the 
degree of precision of the calculation is indicated by the 
convergence of the series. The first term is the well- 
known parabulic formula. 

Example I11. Find the horizontal point for the 
following catenary’: 

Qe 2 Osis 

Supports at unequal heights, p = 179 ft. 

T = 60587 lb. at the higher support. 
h = 1.821 |b. per ft. 
vy = 2.870 lb. per ft. 
Ww 3.158 lb. per ft. 


I 


DP Ueeks 
G == 197.0 
2h = 2698.75 
q 
b =>7 = 0.0730 


By equation (10), 

m = 1842.2 + 1395.6 — 4.6 — 0.02 — 0.01 = 2738.2 ft. 

n = 2698.7 — 2733.2 = — 34.5 ft. © 
The above paper gives m = 2608.8 ft. and nm = + 91.2 
ft., but it neglects the fact that the cable lies in an 
oblique plane, and the dimension p = 179 ft. does not 
lie in that plane. 

Example IV. Find the deflection for the following 
span®: . 

2b A279 It; 

Supports at unequal heights, p = 185.5 ft. 

T = 33000 lb. at the higher support. 
= 2.036 lb. per ft. 
» = 2.628 lb. per ft. 
w = 3.922 lb. per ft. 


a = 235.0 ft. 


= 


q 
2k = 4276.57 ft. 


q 
= pias 0.05495 
By equation (10), 
m = 2132 + 545 — 17.0 -— 0.2— 0.4 
= 2659 ft. 
By equation (1), ; 
d+q=38564+ 1541 
SiorzZ it, 
The paper referred to above states that the deflection 
from the upper support is 


9933.77 — 9615.44 = 318.33 ft. 


7. Problem with cableloaded, Table VII, Transmission Line 
Design, by G. S. Smith , Journ. A. I. E. E., Dee., 1925, p. 1352. 
See complete paper. 

8. “Mississippi River Crossing,’ by H. W. Eales and E. 
Ettlinger, Journ. A. I. HE. E., Oct., 1925, first problem in the 
appendix. See complete paper. 
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and that the deflection from the lower support is 
9786.91 — 9615.44 = 171.47 it. 

The difference between these deflections is 146.86 
ft. which is less than the inequality in height of the 
supports, namely 185.5 ft. The difference of the deflec- 
tions in the oblique plane should, however, be greater 
than 185.5 ft. In the appendix of the above paper, 

k 


the equation k) = k cos 6 should be ki = hog» 


3 
a ) instead of 


and formula (3) should be k ( 
cos 6 


k (cos 6 — 1) 
2.623 
3.028 


Example V. To illustrate the use of a table of hyper- 
bolic sines and cosines, 
Let H = 31940 in Example IV. 


[ k = 185.5 ft. and cos 0 = 


wk 3.822 x 2188.28 Sor 
prs 31940 = 0.2228) 
sinh 0.22240 = 0.22424 
sae = 0)> 9 qw 
ah H ~ 2H xX 0.22424 
‘i 235.0 X 3.322 
~ 2% 31940 x 0.22424 
= 0.05450 
w (k— n) 
—S = 0.05447 
0.05447 « 31940 
ee ee a 
n 138.28 eS 
= 1614.6 ft. 
m = 4276.57 — 1614.6 = 2662.0 ft. 


The value of 7’ can now be calculated, and it will be 
slightly different from 33,000 since a value of H was 
assumed as part of the trial and error method. 

The complete paper contains an appendix, here 


- omitted, giving derivations of formulas. 


Appendix 
DERIVATION OF FORMULAS 


I. Sag, or deflection, when supports are of equal height. 
Let 


1 ; 
hay 9 length of span in ft. 
w = force in pounds per ft. acting on the cable, due 
to gravity and wind pressure, . 
H = horizontal component of tension in cable. 
T = tension in cable at support, in lb. 
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By the well-known catenary formulas’, 
d = sag or deflection 


H wl 
= ( cosh H =i) 


Ww t 


and 


T = Heosh 
fk a H . ae 
i ey Rear eer, 


=}} ue( 8), 
= ay Aa 

deals (0845) Ss (atid): 
2 1 94 


(by long division or by multinomial expansion) 


a) ( ee) 

OES Mel a OS = a 

( wl ) ( wl )[ 3 wl ) 
ee Sa 1-3 ( H | 


wl w 


\ 
Sid 
-+- 
bo| 
— 
ls 


[ee wd ce): 241 any ]o 
d=l mer) PONT). 


Eh, Equation (1) can be transformed by a similar tg 
cess to give a series for T in terms of d. 


4(#) 
== T pis 


} 9. For the derivation of these, see ‘Principles of Electric 
Power Transmission” by L. F. Woodruff, Chap. VI, or other 
texts. 
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a? 1 ( wl ) at wl ) 
Se tA Ti aha aT 


Cielamide sans i 


III. Perimeter of catenary in terms of sag. 


Peri pr putt on opts 
erimeter = i sin H 
-2i[i+3(t) +a (4) 
a Dee Nel 20 uN 
1 (4 : ] 
~ 5040 \ 


Cel (es) 

ae) Gt A aay 

d' a (Gy Tey 

Pe GON Cte) eeatiede NSC 
1 (ees), 64 
16 \ 48 1 

(24) dé} 64 di 

Fie / in can latin att 

d? UL (3) as (eae) E(u 

2 ~4\ an / ta H) 7 700\H 


(eee 8 de fh dt 
rE Dy ee eter ee TD 
Be 
9 0 


DWIGHT: SAG CALCULATIONS FOR TRANSMISSION LINES Transactions A. I. E. E. 


802 
wie dig 8 dig, Vlada) Hy oI tel ee ae ] 
(3) 1-3 te pepas Waleerer | Kaew emt isch a 
( 20 Asa, 620. a 1 Af 1 gine a ] 
Perimeter = 21 I+3 atone: + 735 is =o Las Sh ae ee 
ids) a Saad names ) Rg OY akc yeae, 
eer Gee oy. he wr 784 7 Ne 
2d 14d 278 @ ) ; 
by £: wl 8 d3 
-21(145 Ea 45 0H os donate an (Gze -—. 


as in equation (3). 
IV. Stretch of Cable. 
At any horizontal distance x from the lowest point of 2 wl ( Heat Reais Dat rae eer: Rae Ovals 


Increase in length of cable due to tension 


the span, the stress is SEY ee errs ds ye OS 
se H W 2 ; 
Ri eos SE? cosh are pounds per square inch i 8 a ) 
3 

where A = area of cross-section. so 

Let wu = perimeter of the catenary as far as the hori- ! 

: Oe) ed eek ew 2 : 

zontal distance x. Sah + 3 pto E as in equation (3) 

Increase in length of d w is 

wx V. Supports at Unequal Heights”. 


LEO “ H cosh H Referring to Fig. 1, 
EA EA yee wn 
d= COsh— S75 asl 


dy : Ww 
Nowdw=]1+ Np d x? 


du 


H w(2 k—n) 
a8 en ame Cosh a ie ae 
= [1+ sine Hi Jew 
H ; wn w (2 k—n) 
ae Be Dae ay cosh >, — cosh ~~ 
du = cosh yA et 
0b eee 
Increase in length of d w is cosh a — cosh b = 2sinh > sinh 2 
H cosh? — H k (k — n) 
oe DES os OE te 
= H ies q= 2k sinh | sinh 4G, __~ ft. (18) 
Integrate from x = — l/tox = I to obtain the increase Let 
in length of the cable. See “Short Table of Integrals” q 
by B. O. Peirce, Nos. 460 and 663. Dt tes 
Increase in length of cable 
FP TT Sa . ue 
apa (sm 2g +2) oh = o|t4 Ca 
fet ABADI (9). 
“OFAwL HA 3 sci at 120 \ H f 
—2wh PH 1 wl (eee ] ae ea: ot eee | 
Seobinden Benin sid G8 Wa a 15 ALIN Jesh lp Y 6H J." 360,\ Hh 
Now from J, ff 
d@ iwi eis) (2); ] ko = 9+ Get ing Ot mye 
EA Ras § LON aoe 360 \ H ; 


10. See Reference 9. 


j 
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where 
ve w (k — n) 
ehge H 
yg! = $7 
: 5fwk\ 
hb o=p+— Te =o ee) 
sinh® g=¢°+— © seh 6\ 
5 = $5 if} 2 (ee) | 5 7 
gi = nar bore, eet ity 
Similarly, it is found that 
1 BE) ee) 
2 ea) i ——_| —_— 
Caveats al Peco) 
1 * as): 37 
og on ae H | +e 
_ Se eee 
emit SG 8 on” & cos & 


Substituting the values given above and putting 
n = 2k— ™m, equation (11) is obtained. 
VI. The following series may prove useful in certain 


cases: 
Supports at Equal Heights 
1st igs! 4 
H=wi Se oxy Sea peat TA seqdb. ~(9) 
fee (=) 
ieee ee. Nepal = 4\ TF 
6 
241 W 
— 790 ) : dw. (20) 
[s(F) +a (H) 
Aen Eanes Oy 24 \ 
6 
if wl 
720 Jo.- en 


Supports at Un qual Heights 


SE am shop ® 
ms -+[(¢ pi-gesge 


-4(4)...] 


“ (4)... 
S320 bea ID gad tens 


(22) 
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wherez = k—n. Thus, a value of n can be assumed 
and d found directly. However, it seems somewhat 
preferable to assume a value of H and then find Mm, N 
and d by (11) and (12). 

Series (22) should be used only when the terms of 
higher orders which it contains, are ajl quite small. 

VII. Ifa bare cable is suspended between two fixed 
Supports, an increase in temperature will increase the 
length of the cable. However, the total weight of the 
cable remains the same, and so w, the weight per foot of 
cable, decreases by the same percentage that the actual 
perimeter of the catenary increases. This can be 
easily allowed for in connection with some of the 
formulas in this paper for finding differences of 
temperature. 

The first line of formula (3) gives the actual perim- 
eter of the catenary. In finding L,) and L,, corre- 
sponding to two values of d, the value of w used to obtain 
L,, may be decreased in inverse proportion to the actual 
perimeters in the two cases. A similar process can be 
used with formulas (22) and (14) for supports at un- 
equal heights. 

The effect of change in w with change in perimeter 
of catenary has been included in the calculations in the 
paper by G.S.Smith" to which reference hasbeen made. 

An investigation has been made to find the propro- 
tionate effect of this feature in a number of practical 
cases, including data very similar to that in the paper 
by G.S. Smith. The effect on the calculated value of 
tension was extremely small. The value of temperature, 
which is rather sensitive to the precision of the calcu- 
lations, was changed by only a small fraction of one 
degree. Accordingly, w is shown as a constant in the 
formulas in the main part of this paper. Allowance 
for the change in w can be made, if desired, as indicated 
in this appendix. 


Discussion 


M. G. Lloyd: 
in general, and how it has been handled elsewhere. 
two ways in which it may come up. 

In a line that is already constructed, if you know what your 
sag is, you can get the tension very simply by this formula (2) 
which the author has given and which expresses the tension in 
terms of the sag, the loading, and length of span. 

I think the more usual case, however, comes up in the design 
of a line where you want to know how to string the wire so that 
under the worst condition of loading which it will experience or 
which may be assumed, it will not be stressed beyond a definite 
fraction of the strength. In that case you start out with your 
loading and with your definite tension and you want to find the 
sag. Formula (1) does that very simply for that loaded 
condition. 

The construction man puts it up, however, under some other 
condition, and he wants to know what the corresponding sag is 
under stringing conditions, and that is the thing which gives a 
lot of trouble. 

As the author here points out, by using these formulas, one 
can work back by a method of trial and error or successive 


I want to say something about the problem 
There are 


11. Loc. Cit. See Reference 7. 
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approximations, or you can, using formula (3) and others, work 
out a number of cases and get a set of curves from which then you 
may be able to read off directly the particular value which you 
want. 

I want to speak, however, of another method of doing that 
which we have found more simple and time-saving in the long 
run. And I might say that at the Bureau of Standards I think 
perhaps we have done as much sag computing as anywhere in 
the country, in connection with the sag tables and curves for the 
National Electrica! Safety Code. 

In an Institute paper! which I think we may call one of the 
classics on this subject, Percy H. Thomas showed how, in plotting 
a curve between sag and stress, one could represent what we 
might call a generalized condition, by expressing sag as a per- 
centage of span length and applying the loading in unit terms. 
That corresponds to the first formula of the paper and it is 
all right for the simple case which does not involve con- 
ditions of changing temperature, because it is changing tempera- 
tures that bring in the greatest difficulty. 

A little later, two students, Messrs. Melvin and Wynne at the 
Massachusetts Institute of Technology, with whose thesis work 
I presume Prof. Dwight is not familiar, pointed out how a series 
of curves could be plotted to assist greatly in solving this 
problem. They plotted a whole family of curves which apply to 
different loadings of a given material, and then plotted on the 
same sheet of paper, another set of curves which are the stretch 
curves at different temperatures. The two families of curves 
intersect. (They used the parabolic relation in getting these but 
in the later work we have used the catenary relation in order 
to have them more accurate.) 

What we call the stretch curve will represent conditions 
corresponding to some single temperature when the load on the 
wire is varied. 

Now suppose the load is entirely removed from the wire; (and 
in that load I include the weight of the wire itself); we come all 
the way down on the stretch curve to the axis (the limiting 
member of the sag-stress curve being comprised of two axes) 
just as though the wire had no weight or load, and could be 
strung without sag or tension. 

In using the old Thomas method, one would compute what we 
are now doing graphically; that is, take the load off the wire, 
get the condition of tke wire with no load, then assume a change 
in temperature and find the change of the unstressed wire in 
length due to change of temperature. Upon arriving at that 


new length at the new temperature, apply the load again and 


then find the condition of the wire in sag and tension 

The method of using the new charts is this: Pick out the 
point representing the stress,—that is, the tension reduced to 
pounds per square inch,—and the corresponding sag. You find 
what that is for your loaded condition. 

Now then, if you want to find what the sag would be at some 
different temperature under the stringing condition of load,— 
that is, no load except the weight of the wire itself,—you follow 
the stretch curve to the axis. 

The stretch curves are plotted for definite intervals of tem- 
perature, say, ten degrees. If the coefficient of expansion is a 
constant, it doesn’t matter what the temperature is; one can 
shift the temperature scale to suit. Say you have taken the 
loaded condition at zero degrees and the stringing temperature 
at 60 deg.; you follow the axis for 60 deg. and return on another 
constant-temperature line to the load represented by, say, the 
weight of the conductor only. This point gives the stress and 
the sag for your stringing condition. 

That gives a very rapid method of computing sags without 
any successive approximations and will fit any temperature and 
any loading. The only requirement necessary is that you have 
your chart to begin with. 

If one has a great deal of this to do, it is worth while to com- 


1. Trans. A. I. E. E. 30, p. 229 (1911). 
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pute the chart and have it on hand. Of course if one has 
only one problem to work out, it is easier to use the formulas. 
The author mentions a paper by Martin presented before the 
Engineers Society of Western Pennsylvania in which he has 
worked out some tables giving the catenary funetions. They are 
very useful in a single case; in fact, we have sometimes found 
them preferable even in doing a lot of such work, since working 
over curves like these and attempting to interpolate between the 
drawn curves to obtain accurate results requires very close 
attention and careful work and it becomes very tiresome and 
exhausting if kept up for any length of time. On that score, it is 
easier to do computing, if you can do it, ina mechanical way with 
computing machines, as it takes a great deal less mental effort 
and less eye work. 

I might say also that we have worked these charts out with the 
principal materials used, such as copper, aluminum and steel. 
In working them out, we used formulas somewhat similar to 
these in the paper, expressing the catenary functions in series. 

H.B. Dwight: Has the work with curves for sag calculations, 
as described, been done for the case of supports at unequal 
heights or for cases of supports at equal heights only? 

Mr. Lloyd: What I said applied to equal heights only. 

H. B. Dwight: Is there any work on the other as yet? 

Mr. Lloyd: No, not towork it out in the same way, except 
that with unequal heights, in considering the curve of the wire 
extended, you have always equivalent cases-of equal heights of a 
span of greater length, of which your actual span is merely a 
portion; and you can always work it out in that way. 

E. V. Pannell: The high degree of accuracy being striven 
for in transmission line calculations is most noteworthy, but 
the question is whether the mathematicians have not gone a 
long way ahead of those responsible for testing the fundamental 
properties of material. While sag and tension caleulations are 
being made to four, five, or even six significant figures, it must 
be admitted that knowledge of the physical properties of the wire 
does not come anywhere near this degree of exactitude. 

The fundamental property in all calculations of wire extension 
is the modulus of elasticity. For copper wire, this is variously 
reported as from 16,000,000 to 18,000,000 lb. per sq. in. Here 
is evidently a difficulty and a possible error of 12/4 per cent. In 
the case of aluminum, various investigators have reported a 
modulus of 9,000,000 and 9,500,000 and 10,000,000 Ib. per sq. 
in., involving a possibility of error almost as great as for copper. 

The properties of the wire when stranded into cables of various 
lengths of lay and characteristics become still more involved and 
except in the case of certain German laboratories, I know of no 
thorough tests having been made on a scientifie basis by which 
attempt could be made to establish these properties. 

It would seem as if the great degree of accuracy possible in a 
mathematical manipulation described by Dr. Dwight and other 
investigators is very nearly useless until the physical constants 
of wire and cable are more soundly established. 

H. B. Dwight: The discussion by Mr. Pannell brings out a 
matter of considerable engineering importance. The physical 
characteristics of stranded cables, such as modulus of elasticity 
and temperature coefficient of expansion, are not known with 
exactness for standard conductors. Accordingly, further tests 
should be made to determine the average values of these con- 
stants and their usual amount of variation. 


It is not necessarily obvious at first sight what is the effect 
of a certain percentage change in one of the constants, and it 
would appear to be a good engineering procedure to repeat a 
sag,calculation using maximum and minimum values of a con- 
stant, so as to find what effect the variation has on the engineer- 
ing decisions which depend on the ealeulation. If this were 
done for the two constants mentioned above, important changes 
in the results would be obtained. 


In general, one should not write the values of engineering 
quantities with a precision greater by more than one significant 
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figure than the precision of the measurements on which the 
quantities depend. Exceptions to this rule, however, are some- 
times justified. For instance, one is justified in assuming the 
length of a span to be exact, as 800.00 feet. The sag caleulation 
really deals with small changes in length. If the calculation 
should be repeated for a span of 801.00 feet the difference would 
be minute. If the length of span is considered to change after 
the application of a load, as by deflection of the towers, this 
should be taken up in a separate calculation. 

When one wishes to compare two methods of calculation, 
one is justified in assuming for that purpose that all the con- 
stants are known with precision. The results are useful for 
the purpose intended. 

Even where a constant is not definitely known, it is good 
engineering practise to adopt a standard value so as to design 
all the spans of a transmission line to have the same factor of 
safety rather than by irregular designing to have one span 
weaker than the others. Thus, a standard value of ice load or 
wind load is adopted even though the probable maximum \alue 
is uncertain. So also for the sake of uniform design of all the 
spans, it is proper to take a standard or average value of modulus 
of elasticity. The effect of possible variations in this constant 
can be made the subject of a separate investigation, as pre- 
viously mentioned. 

Where average values have been taken for several quantities, 
their deviations will probably cancel out to some extent in their 
effect on the final result, and so it is justifiable to carry out the 
computations based on the average values, with a moderate 
degree of precision. 

The above mentioned reasons for making precise computa- 
tions do not justify adding more than about one or two signifi- 
cant figures except in the case of the length of the span, or in 
the case of comparing two mathematical methods. In Table I 
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of the paper by Dr. G. S. Smith?, the modulus of elasticity is 
given as 29,000,000; that is, to two significant figures. This is 
multiplied by some quantities depending upon the section of the 
cable, and the result is given in section (13) of Table I as 
3,153,306,102; that is, to 10 significant figures. This is due ap- 
parently to the plan of writing the result of all multiplications 
with as many significant figures as a calculating machine will 
give, but when this is done, it does not seem possible to tell what 
figures have use and meaning and what have no meaning. 
Such a procedure masks the precision of the different parts of 
the calculation, and gives the impression that no attention is 
being paid to the relative precision of the caleulation. It would 
seem better to give only such figures as are intended to be used. 


The use of charts has a place in the calculation of sags, as 
described by Dr. M. G. Lloyd or as described in a number of 
A. I. E. E. papers. A chart method may give a sufficient degree 
of precision for a certain class of work, but this should be care- 
fully determined. It should be remembered that a reading taken 
from a curve is correct to a certain number of significant figures, 
and the final result cannot be accurate to a greater degree than 
that determined by the curve reading. In sag calculations, 
especially where temperatures are involved, the discrepancies 
resulting from taking readings on curves may be greater than 
are desirable in designing. 

The discrepancy between the values of deflections obtained in 
my paper and in that of reference (8) is due to the fact that two 
different catenaries have been assumed in the two papers, for 
the case of unequal supports with wind load. While the deflee- 
tions are different, since they are measured to different lines, 
the difference in the stresses obtained by the two calculations is 
not appreciable for practical spans. 


2. Transactions A. I. E. E., 1925, p. 938. 
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MovING ELECTRICITY THE MOTHER OF ELECTRICAL 
ENGINEERING 


HE Annual Convention brings us together for the 
f Rae of advancing our knowledge of each other 

and of the ideals of our Society. We believe that 
our ideals are in harmony with the ideals of American 
science and American engineering, and, moreover, we 
believe that we have a place of honor among those 
whose mission is the cultivation and amplification of 
these ideals. They furnished the motive power for the 
rapid advancement of the science and the art of 
electrical engineering during the last hundred years. 
The advancement has been very rapid, but, neverthe- 
less, no other art has a scientific foundation which is so 
deep, so broad, and so firm as the foundation of electrical 
engineering. In no other department of human 
knowledge are science and art so closely welded to- 
gether. These statements, I know, many will consider 
as somewhat too bold. I shall try to justify them by 
referring briefly to the outstanding events in the 
history of the art of electrical engineering and of the 
science to which it is welded. 

The very meaning of the word engineering implies 
an art which guides the activities of physical forces 
into channels of useful service. When the Galileo- 
Newton philosophy had disclosed the laws of motion of 
terrestrial as well as of celestial bodies, a new universe 
was revealed to man, a universe of orderly motion of 
matter in obedience to forces acting in accordance with 
laws of child-like simplicity. This philosophy sug- 
gested to the engineer new sources of power and service, 
and to the natural philosopher a new and apparently 
most comprehensive view of physical phenomena. 
Some philosophers, thrilled by the beauty of the new 
knowledge, believed that the whole future history of the 
universe could be foretold by the Galileo-Newton 
philosophy if we only knew at any given moment the 
configuration, the state of motion of every one of its 
parts and of the forces acting between these parts. 
That was the mechanistic view of the universe 
which flourished soon after the triumph of Newton’s 
great achievements. These achievements, however, 
misled some enthusiasts into the belief that all physical 
phenomena are reducible to orderly motions of matter 
under the action of gravitational forces. But as soon as 
man had discovered that other processes, not expressible 
in terms of motion of matter, formed an essential part 
of physical phenomena, that belief was abandoned. 

Among these processes, the motion of electricity 
stands foremost. The new universe revealed by our 
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knowledge of the motions of electricity appeals to our 
imagination so strongly today that many would 
not hesitate to rewrite the first sentence of the book of 
Genesis as follows: ‘In the beginning God said, ‘Let 
electricity move, and theembryo of the Universe began to 
form.’” Perhaps in a hundred years from now such a 
glorification of the motion of electricity willappear justas 
extravagant as the old mechanistic view of the universe. 
There is no doubt, however, that the nineteenth, and the 
first quarter of the twentieth century, will long be 
remembered as the epoch which revealed to us the 
hidden powers of electrical motions and their exalted 
position in our present knowledge of the universe. 
Who could have foretold all this when Stephen Gray, 
less than two hundred years ago, modestly announced 
that electricity can move any distance over conductors 
and that it does move with enormous rapidity? The 
world paid small attention to Gray’s great discovery, 
and it might have continued its indifference if Franklin, 
instructed by his Leyden jar discharges, had not in- 
ferred that lightning is a motion of electricity. Gray’s 
modest terrestrial experiment received from Franklin a 
celestial illustration which commanded attention, 
although it was ridiculed by some learned members of 
the Royal Society. The motion of electricity which, in 
Gray’s experiment, was detected by a tiny electroscope, 
assumed a sublime aspect when its flash in the heavens 
blinded the eye, deafened the ear, and shattered many 
stable structures of man. 


Franklin’s discovery of the electrical character of 
lightning was a great stimulus to the study of the 
motion of electricity. One may compare it to the 
stimulus which the Copernicus-Kepler revelation con- 
cerning the motion of the planets gave to the study of 
the motions of terrestrial bodies which Galileo inaugu- 
rated. Just as Copernicus and Kepler gave us a Galileo 
and a Newton, so Gray and Franklin were destined to 
be succeeded by an Oersted and a Faraday. But it 
required a Volta to introduce Oersted; it required 
large electrical motions to reveal the magnetic forces of 
moving electricity which Oersted discovered. 

Prior to Oersted, the engineer moved material 
bodies and guided their motions into channels of useful 
service by providing a material connection between 
the driving and the driven body. Oersted showed that 
a material body which is the seat of electrical motions 
can make other bodies move without a material con- 
nection between them. The maghetic flux is the in- 
visible coupling. Oersted’s discovery of the magnetic 
field which accompanies electrical motions promised, 
therefore, to give birth to a new type of engineering, 
employing a new type of coupling. This promise was 
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one of the great incentives to the advancement of the 
new knowledge. The mechanical action of an electri- 
cally charged body upon other bodies gave a similar 
promise, but it failed, and it was destined to fail tomake 
that promise good. The promise of the Oersted dis- 
covery blossomed out into a reality more beautiful than 
the fairest dream which prompted that promise. Elec- 
tricity in motion offered to the engineer a moving 
force which proved much more powerful than that 
offered by electricity at rest. The lifting power of 
Henry’s electromagnets was immeasurably greater 
than the lifting power of the gravitational action of the 
material out of which his electromagnets were made. 
One can imagine today what an impression that new 
fact must have made upon the mind of the engineer of 
a hundred yearsago. Today one can say that electrical 
engineering is the science and the art which tell us how 
to make material bodies move by employing an invisible 
harness hitching up these bodies to moving electricity. 
It was born when Oersted made his discovery, but its 
growth was destined to be slow as long as the Voltaic 
battery was the only powerful means of generating and 
sustaining electrical motions. To Faraday belongs the 
glory of discovering a new and much more powerful 
instrument than the Voltaic battery. It was his 
clear vision which prophesied a reciprocal relation be- 
tween moving electricity and moving magnetism. 
The prophesy was probably the offspring of the intuition 
which suggested that since moving electricity moves 
magnets, it is reasonable to expect that moving magnets 
will move electricity. This expectation proved correct, 
and it offered to the engineer an ideally simple and 
powerful method of setting electricity in motion. The 
promise of Oersted’s discovery to the engineer assumed 
a new meaning after Faraday’s discovery, and electrical 
engineering began its career which placed it in the ex- 
alted position it has today among the engineering 
sciences. The efforts of the electrical engineer to render 
useful service by hitching up material bodies to moving 
electricity resulted in the creation of the dynamo, the 
motor, the transformer, the telegraph, the telephone, 
and other epoch-making devices which have revolu- 
tionized the material conditions of human life. Grate- 
ful mankind responded with a generous support of the 
science which gave birth to and nursed the young 
art of electrical engineering and, like a wise mother, 
gave it its exalted ideals. These ideals are the bond of 
union between electrical engineering of today and 
its trusty guide, the electrical science. The progress 
of one brings quickly an equal progress of the other, 
because hand in hand they always walk together with 
equal step. One cannot contemplate their stately 
walk without recalling to mind the well-known line 
from one of the odes of Horace: 

“OQ matre pulchra, filia pulchrior!’. 

THE HARNESS OF MOVING ELECTRICITY 

The enormous lifting power of electromagnets was 

the great scientific sensation of a hundred years ago. 
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It excited the lively imagination of Joseph Henry, 
at that time a young engineer, and he was the first to 
give it a novel service when he designed the first electro- 
magnetic telegraph which gave the first real job to the 
electrical engineer of a hundred years ago. The 
enormous lifting power of the electromagnet furnished 
also a new job to the natural philosopher when it forced 
upon him the question: What is the invisible coupling 
through which this force is transmitted from the 
stationary to the movable part of the electromagnet? 
Faraday was the first to suggest an answer to this 
question. His discoveries and visions detected what 
one may call an invisible electromagnetic harness to 
which all material bodies in the universe are attached 
and which is always available to be employed by moving 
electricity in useful service. Faraday and Maxwell 
taught us that this harness is woven out of the electrical 
and magnetic tubes of force. Change the electrical 
elements of this cosmic harness in any part of space 
and its magnetic elements will also be changed in 
accordance with Maxwell’s extension of Ampére’s 
law. Change its magnetic elements and its electrical 
elements will be changed in accordance with Maxwell’s 
extension of Faraday’s law of electromagnetic induction. 
It is by these changes that an action is transmitted from 
one part of free space to another. A more complete 
and, at the same time, ideally simple description of the 
operation of the invisible harness than that given by 
Maxwell was unthinkable sixty-one years ago. It 
became the foundation of the electrical science as well 
as of the electrical art, that is, of electrical engineering; 
it welded the two to each other. Faraday and Maxwell 
performed the welding process. Their mode of thought 
appealed to the engineer because it expressed the motion 
of energy from one part of space to another in terms of 
the action of the invisible coupling between them, 
furnished by the tubes of force. No elaborate mathe- 
matical process was required to aid our understanding 
of this action and yet the Faraday-Maxwell electro- 
magnetic theory was often accused of being too mathe- 
matical, because its fundamental laws, mentioned 
above, when expressed mathematically were called 
Maxwell’s equations. This conveyed the idea that the 
theory is a mathematical apparatus which cannot be 
operated by the mathematical skill of an ordinary 
electrical engineer and therefore of no use to him. 
Nothing can be more erroneous than this notion. 
Nothing is more concrete and simple than the Faraday- 
Maxwell electric and magnetic flux and nothing is 
more extensively used by the electrical engineer than 
these fluxes and the simple laws which govern their 
activity. No elaborate mathematical apparatus is 
necessary in order to understand that the Faraday- 
Maxwell science revealed to us the most accurate under- 
standing of not only the mode of operation of the in- 
visible coupling in ordinary electrical power generation 
and transmission, but also in the transmission of radiant 
energy from the distant stars to our terrestrial globe. 
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This understanding gave us the first glimpse of that 
unity of the universe in which the invisible harness, 
joining every one of its parts to every other part, is 
always ready to transmit service which moving elec- 
tricity makes available. 


Faraday and Maxwell, however, had not spoken the 
last word concerning the invisible cosmic coupling. 
New explorers of the boundless region, revealed by the 
visions of Faraday and Maxwell, have delivered and are 
still delivering new messages from this region, unfolding 
many of its secrets. What are these secrets and how 
does their unfolding affect the views of the electrical 
science and its art, electrical engineering? 

Franklin was the first to profess the belief that all 
electricity has its origin in material bodies. Faraday’s 
discovery, that to each atomic valency there is attached 
a definite electrical charge, gave Franklin’s beliefamore 
intelligible form, which appealed to our imagination 
more and more as the conviction grew stronger, that all 
chemical reactions are due to the activities of the 
atomic charges. It was this conviction which suggested 
the name “electron” to the smallest unit of atomic 
charges long before its independent individual existence 
had been demonstrated by actual experiment. Roent- 
gen’s discovery of the X-ray suggested the hypothesis 
that these rays are excited by the impact upon the anode 
of tiny projectiles, shot forth with enormous velocities 
from the cathode of a high vacuum tube. Experiment 
proved that these projectiles are the individual elec- 
trons, the existence of whichin theatomic structure had 
been suggested by Faraday’s electrochemical discover- 
ies; experiment also determined their electrical charge 
and inertia. This is the foundation of modern electron- 
physics and it is so broad that it furnishes new support 
to the foundation of the Faraday-Maxwell electro- 
magnetic theory, to chemistry, astrophysics, meterol- 
ogy, biology, and, above all, to electrical engineering. 
It has created a new electrical industry and a new type 
of electrical engineering. It is the busy electron in the 
amplifying vacuum tube which gives life to the radio 
broadcasting industry and supplies new problems to the 
electrical engineer, the so called radio engineer; it 
carried conviction to those who were inclined to think 
that the tiny electron was only a fiction of a super- 
sensitive scientific imagination. 


THE ELECTRON, THE PRIMORDIAL UNIT OF POWER 
GENERATION . 


The marvelous success of this new electrical industry 
and of the electrical engineering which guides it, 
directed our attention to the function of the electron 
in all electrical power operations. The result is that 
today the electron and its positive partner, the proton, 
have become the fundamental concepts in the science 
of modern physics and in the art of electrical engineer- 
ing. The tubes of electrical force between them are the 
primordial electrical flux, the fundamental and the 
only substance in the web of the cosmic harness. 
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The relative motion of that primordial flux manifests 
itself as the magnetic flux which measures the momen- 
tum of this relative motion. Relative to what? 
Relative to the observer who is measuring that 
momentum. A charge moving with the observer has 
no momentum relative to the observer and is not 
accompanied by a magnetic field which the observer 
can detect. 

Electron-physics made a fundamental contribution 
to the achievements of Oersted, Faraday and Maxwell 
when it demonstrated the individual existance of the 
electron and the proton and pointed out that the 
electrical flux, which unites the two, is the primordial 
flux, the cosmic bond of union between all electronic 
granules in the universe. This is the invisible harness 
to which all parts of the cosmic space are hitched up. 
To the electrical engineer who isa disciple of the Faraday 
school of thought the electronic granules are unintelli- 
gible except as local convergencies of the primordial 
flux. It is the activity of the flux which tells him the 
story of energy movement from one part of space to 
another and without this energy transference, the 
motion of the isolated electronic granules would have 
but a very small interest for him. He is, it is true, 
interested in the cosmic processes by which heavier 
atoms are evolved out of lighter atoms by a suitable 
grouping of the electronic granules, but that which 
interests him incomparably more is the energy libera- 
tion in these processes and the invisible harness along 
which the liberated energy is transmitted, destined to 
perform some useful service in some distant part of 
space. He is also interested in the energy which is 
stored up in the formation of the atomic nucleus, 
and how much of it can be made available when the 
structure of the nucleus is changed as in radioactivity. 

Electron-Physics interpreted in terms of Faraday’s 
visions and Maxwell’s quantitative formulation of 
them suggests to the electrical engineer a universe 
which reminds him of a power distribution system 
in which there is an endless number of power stations 
all interconnected by the primordial flux. Material 
bodies, from the smallest atoms to the biggest stars, are, 
according to this picture of the universe, local aggrega- 
tions of electronic centers in the all-embracing, primor- 
dial flux. This cosmic structure, however, is not a static 
but a dynamic one. Every one of its electronic centers 
is ina state of activity, receiving energy from its busy 
neighbors and giving it out without cessation or 
rest. It is pulled by or is pulling at the cosmic harness 
to which it is inseparably attached. It is doing its 
share of servicein the evolving universe, and how much of 
this service is to benefit man depends upon the man 
himself; upon his science and art of electrical engineer- 
ing. It is the problem of the electrical engineer to 
transform the activity of the infinitely numerous, but 
infinitely small, electronic toilers in the cosmic power 
stations into orderly service for the uplift of the life of 
man. He is the coordinator of the restless activity of 
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these toilers; they follow his bidding as if guided by the 
magic wand which Faraday and Maxwell and their 
disciples gave him; they are his obedient servants. 
Here, they heat an electrical furnace and there, they 
guide chemical reactions; here, they drive the propellers 
of a battleship, and there, they turn the busy wheels of 
an industrical plant; here, they speedily carry the 
weary industrial toiler to his home and there, they 
make it cozy and comfortable by their light-giving 
service; here, they record the cheerless figures of the 
stock exchange ticker and there, they carry sweet 
melodies and soul stirring language to the millions of 
eager listeners on this hopeful continent. 

It is a master mind, indeed, that can thus control 
the activity of an infinitely numerous army of toilers. 
No vulgar rule of the thumb can find a lasting place 
in the logic of such a mind; its art is an exact science 
and its science is supported by an art the experience 
of which, through many generations, has been tested 


by methods of measurement of astronomical precision. ’ 


No vague and hazy notions obscure the lucidity of 
the electrical engineer’s operations. The enormous 
electrical efforts of his million-kilowatt power station 
are just as lucid to him as the feeble efforts of the tiny 
electrical power which brings us the wireless message 
from distant Australia. Both of these efforts are huge 
in comparison with the efforts of a single electronic 
toiler in terms of which the electrical engineer can 
express every electrical effort. He knows the numerical 
value of the labor of these tiny workers and he also 
knows that it is their toil by which the lily, without 
toiling or spinning, arrays itself in beauty which far 
surpasses Solomon in all his glory. It is their toil 
which promises to the civilization of man a beauty and 
glory which will far surpass the beauty of the lily. 
The mission of the electrical engineer is to make this 
promise good. In the performance of this mission, he 
will keep always in mind the words of St. Luke who 
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glorified the blessedness of the indolent lily. The 
apostle said: 


“And seek not ye what ye shall eat, or what ye shall 
drink, neither be ye of doubtful mind.” 


“But rather seek ye the kingdom of God; and all 
these things shall be added unto you.” 


The men who made the science and the art of elec- 
trical engineering did not seek what they should eat or 
drink. But in their thirst and hunger for the eternal 
truth they did seek and find, in part at least, the 
kingdom of God, which resides in the beauty of their 
science and its art, and in the beauty of the universe 
which they reveal. That science and its art are the 
creation of a new philosophy which we call the phi- 
losophy of idealism in science. It is the simplest 
philosophy ever constructed by the mind of man and 
represents the essence of scientific experience of cen- 
turies; an experience which was always guided by a 
definite motive, a definite mental attitude, and a 
definite method of work. The motive was the un- 
selfish longing for God’s eternal truth; the mental 
attitude always demanded an open minded and un- 
prejudiced interpretation of nature’s language; the 
method of work is that by which our patron saints, 
Gray, Franklin, Volta, Oersted, Ampére, Faraday, 
Maxwell, Roentgen and their disciples, created the 
science and the art of electrical engineering. This 
motive, mental attitude, and method of work is the 
firmest foundation of the scientific idealism which is 
the idealism of our profession and we have always been 
the leaders in the propagation of its gospel. We were 
the earliest apostles who converted the American 
industries, so that today they worship at the altar of 
the Idealism of Science. We must impress that ideal- 
ism upon all phases of our national life, in order to assist 
our nation in the solution of the many complex problems 
of modern democracy. 
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Research 


Report of Technical Committee on Research’ 
J.B. WHITEHEAD, Chairman 


To the Board of Directors: 


The year just closing has revealed the usual activity 
in the field of electrical engineering research. This 
activity extends from laboratory investigations of purely 
scientific character, outward to the development of 
all equipment, and to the study and improvement of 
the performance of the largest types of machinery and 
transmission systems. The importance of scientific 
research to industry in all its branches is now clearly 
recognized. The idea of research is ‘“‘sold’”. More- 
over, it appears to have beena bargain based on good 
value, for the article sold is in constant use and there 
is increasing demand for it. Industrial research labora- 
tories are numbered by hundreds. Problems demand- 
ing solution are continually appearing, and there is 
increasing need for skilled research workers. 


THE NATIONAL RESEARCH ENDOWMENT 


There has, however, been one new and striking note 
during the year which has immediate bearing on the 
future of engineering research. This is the shifting of 
the emphasis in public discussion from the importance of 
applied and industrial research to the importance of 
protecting and stimulating purely scientific research. 
Advocates of the value of industrial research have 
always pointed to its intimate dependence on a funda- 
mental scientific basis. Industrial research laboratories 
have realized from their beginnings their dependence 
upon trained research workers. Recently, however, 
Secretary Hoover has pointed out that the tremendous 
development of industrial research has resulted in two 
tendencies which threaten to dry up the sources of 
inspiration for research, and to diminish the number of 
those who are fitted to carry it on. The first of these 
is thestripping of university laboratories of their men who 
are trained in research because of attractive offers 
from industrial laboratories. The second is the great 
increase in university student attendance which has 
compelled universities to limit research activities in 
order to meet the mere volume demand for elementary 
education. Recognizing this tendency, Secretary 
Hoover has placed the weight of his great influence 
back of the suggestion of the National Academy of 
Sciences that a national research endowment be ac- 
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cumulated, whose chief purpose should be the promotion 
of purely scientific investigation in American universi- 
ties, the natural nurseries for the training of competent 
scientific research workers. Asaresult, Herbert Hoover, 
Elihu Root, Chas. E. Hughes, Owen D. Young, John Ale 
Carty, Wm. H. Welch, and other distinguished asso- 
ciates are serving as trustees of the National Research 
Endowment, whose purpose is to raise twenty million 
dollars to aid American universities in carrying on 
fundamental research during the next ten years. 

This movement is one of the healthiest and most 
promising events in recent years for the further develop- 
ment and progress of research in all fields of industry. 
Not only will it tend to conserve the sources of supply of 
research workers, but it is certain to result in an eleva- 
tion in the general standards of ability, and in the 
increase of researches of scientific value, emanating 
not only from universities but also from industrial 
research laboratories. Industry itself has been quick 
to recognize the importance of the move, for the heads of 
many great corporations have entered actively into the 
campaign to raise the endowment, and it is not unlikely 
that industry itself will make substantial contributions. 

ELECTRICAL ENGINEERING RESEARCH 

Naturally, electrical engineering with its rapid 
development and expansion, its dependence on physical 
laws only uncovered in recent years, is always a heavy 
contributor in the field of engineering research. While 
there is no single result of outstanding novelty and 
importance, the past. year has nevertheless seen many 
advances of interest. The range of problems studied 
has been much the same, but some shifting of emphasis 
in the various fields may be noted. Thus, for example, 
in overhead high-voltage transmission, attention has 
centered more particularly on analytical studies of the 


regulation, stability, and power limitations of high 


lines and large systems. At the same time there has 
been somewhat less attention than in foregoing years 
to experimental studies, in laboratory and field, of 
transients, protective apparatus, and high-voltage prob- 
lems, although these have continued in some measure. 
The laws of corona, its physical character, and its bear- 
ing on transmission-lineperformanceare still unanswered 
questions, and are therefore receiving some attention. 

In the field of electrical machinery, the intensive 
study devoted to fuel economy, with the resulting 
improvements in steam-power producing machinery, 
is so striking as to warrant its inclusion here as an 
important research activity. More directly in the analyt- 
ical and laboratory class are continued studies of the 
problem of the ventilation of large rotating units, and of 
the general relations between temperature and machine 
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rating. Other studies of note are in connection with 
machinery and the application of delicate vibrating 
instruments to problems of balance, and the like, the 
mathematical similarity between mechanical and elec- 
trical systems, and the proposal to investigate the 
former electrically through the equivalent investigation 
of the mechanical forces arising in short circuits in 
synchronous machinery. There have been fewer papers 
than usual on the properties of iron as related to the 
question of core losses. 

There has been a continuation of the marked activity 
in experimental studies in the field of electric communi- 
cation. Papers have been presented to the Institute 
reporting studies of the quality, the recording, and the 
reproducing of sound, on the importance of loading 
telephone circuits, and on new methods of carrier- 
current transmission. The publications of the Bell 
Telephone Laboratories show an extremely wide range 
of subject of investigation. Some of them are scientific 
research of the purest character, and the range extends 
to the experimental development of equipment and 
methods for meeting the increasing modern demands for 
facility in communication. 

Results in the radio field are numerous and important. 
New tubes are being developed, new circuits devised, 
and new methods adopted for improvement in all 
directions of this highly specialized branch of electrical 
engineering. Perhaps the most interesting activity has 
been that of studying the behavior of short-wave trans- 
mission and the resulting new knowledge that has come 
as to the conducting properties of the upper atmosphere. 

In the field of electrical measurements, among other 
noteworthy advances, may be mentioned the adaptation 
of the cathode ray oscillograph to the measurement of 
very short-time intervals, simpler and more convenient 
forms of oscillograph, and a greatly increased attention 
to the methods of measurement of dielectric loss at 
low-power factor and high voltage. 

Studies which lie close to the field of pure physical 
research, and which may prove to have a practical 
bearing, are those in which the cathode stream of elec- 
trons has been brought through the walls of the tube 
into the surrounding air, the study of atomic hydrogen 


in its adaptation to are welding, the obtaining of copper — 


in large crystals showing 13 per cent increase in normal 
conductivity, and the continued study of the structure 
of crystals by the means of X-rays. 


. 


DIELECTRICS AND INSULATION 


The Committee on Research has continued to devote 
its principal attention to the subject of dielectrics and 
insulation. It serves as a consulting committee in 
Electrical Engineering .to the National Research 
Council, Several of its members are also members of 
the Committee on Electrical Insulation of the Division 
of Engineering and Industrial Research of the National 
Research Council, the two committees having the same 
chairman. The program of the Committee on Elec- 
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trical Insulation has been outlined in foregoing reports. 
During the past year considerable progress has been 
made by the subcommittees in the respective divisions. 
The Subcommittee on Dielectric Absorption and 
Theories of Dielectric Behavior has made a report 
which was also presented at the Midwinter Convention 
of the Institute. It is a comprehensive survey of 
existing knowledge of the anomalous properties of 
dielectrics and of theories that have been offered in 
explanation, and it includes suggestions of directions 
in which further experiment will probably result in 
new knowledge important to the control of the proper- 
ties of insulation. As a result of this report the Com- 
mittee on Electrical Insulation is prepared to suggest 
problems for investigation and research. It also hopes 
that some plan may be worked out whereby joint and 
coordinated work of a number of investigators may be 
undertaken. The report of the subcommittee on 
Dielectric Strength may be expected in the near future. 
The literature on these subjects is very extensive, and 
requires careful reading and discrimination. The 
members of the Committee are giving their services 
voluntarily and this work of necessity takes a secondary 
place in their busy programs. 

The Committee is glad to record continued activity 
in the experimental investigation of the properties of 
insulating materials of all characters, and believes 
that its own interest in this field of study has stimulated 
the interest which lies back of the present activity. 
During the year there have been presented to the 
Institute important papers on gaseous ionization in 
paper-insulated cables, on the theory of dielectric 
absorption, the measurement of dielectric losses, and a 
method for the convenient and quick measurement 
for the absorption in commercial insulation. Attention 
should also be called to important contributions from 
abroad. A noteworthy paper on high-voltage, impreg- 
nated-paper cables has appeared in England, and there 
has been a number of papers from Germany bearing 
on the dielectric strength of different materials with 
special reference to the mechanism of the failure of 
high-voltage insulation. 


ORGANIZED RESEARCH 


It is a conspicuous feature of research activity in 
general that it is highly organized in industrial labora- 
tories, but proceeds practically without organization in 
university laboratories. This situation is natural. 
The work in an industrial laboratory is usually directed 
towards the solution of particular questions, and if they 
are sufficiently important the whole resources of the 
laboratory may be diverted to their solution. In 
university laboratories, individual workers find such 
time as they can for research outside of crowded pro- 
grams, and usually do research without material 
compensation and only for the love of it. 

Considering both extremes, it will be seen that the 
situation is not particularly conducive to the production 
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and publication of important results of research. In 
a few notable instances industrial research laboratories 
are making substantial efforts in the field of pure 
physical research, and it is possible to point to results 
of great value emanating from these efforts. These 
examples are few, however, and on the whole it can 
not be said that results of fundamental scientific value 
are to be expected in large quantities from laboratories 
in this class. In only a few university laboratories is 
any considerable proportion of the resources of men 
and materials devoted to original investigation. Such 
as is accomplished usually comes from men who are 
willing to sacrifice time outside the educational program, 
and who are prompted to it solely by the love of it. 

An exceptional and promising example of organized 
research is that being carried out at Harvard, Johns 
Hopkins, Massachusetts Institute of Technology, and 
the University of Wisconsin, on the impregnated-paper 
insulation of high-voltage cables. The work is being 
done under the auspices of the Committee on 
Cable Insulation Research of the National Elec- 
tric Light Association, whose member companies 
have subscribed sufficient funds to ensure the 
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active prosecution of the work. Results of impor- 
tance and value are already beginning to appear. 

It would appear, then, that the several national 
organizations which have among their principal pur- 
poses the encouragement and support of engineering 
research, might do well to undertake actively the organ- 
ization of research in university laboratories and the 
provision of material support of the necessary experi- 
enced research workers. The national engineering socie- 
ties might consider also with propriety, these things as 
lying among their normal functions. The National 
Research Endowment is pledged specifically to support 
pure scientific research in university laboratories. 
There are some problems of pure research which must 
be attacked by research engineers, but it appears doubt- 
ful whether appeal for work in the engineering field 
will for sometime receive consideration by the National 
Research Endowment. Itis highly desirable, therefore, 
that engineering foundations interested in research 
and the national engineering societies should consider 
how the sources of the training of research engineers 
can best be conserved, and how activity in engineering 
research may be encouraged. 


Standards 


Report on the Work of the Committee on Standards’ 
H. S. OSBORNE, Chairman 


GENERAL REVISION OF THE STANDARDS 


The past year has marked the practical completion 
of the revision of the Institute standards which has been 
actively under way during the past three years. The 
revised standards are published in the form of a number 
of sections, each section dealing with standards for a 
particular type of apparatus or a particular branch of 
the electrical industry. This arrangement has very 
great advantages which were discussed in the report of 
the work last year. At the present time, 21 of these 
sections have been completed, covering the great bulk of 
material previously incorporated in the Institute 
Standards and also some valuable new material, 
discussed in last year’s report. A number of the other 
sections are in preparation, the more important of these 
being Standard Definitions and Symbols, Standards for 
the Measurement of Test Voltages in Dielectric Tests, 
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Standards for Lightning Arresters, Standards for 
Storage Batteries, Standards for Electrical Measuring 
Instruments and Standards for Air Circuit Breakers. 
Working committees of the Standards Committee are 
also busy on new material, the most important of which 
is a proposed section on Standards for Graphical 
Symbols. 

During the past year, on the initiative of the Russian 
engineers, the Institute Standards were translated into 
Russian. A translation of the revised standards into 
Spanish is now being carried out under the direction of 
the Standards Committee. It is thought that this 
translation will be of great value in leading to closer 
relations with Latin America. 


COOPERATION WITH INTERNATIONAL 
ELECTROTECHNICAL COMMISSION 


A very considerable part of the activities of the 
Standards Committee during the year has been directed 
toward the preparation of recommendations to the 
United States National Committee of the I. E. C. 
for material presented at the April meeting of the I. E.C. 
in New York. A large amount of material was pre- 
pared covering recommendations on traction motors, 
high-pressure tests, standard pressures, rating, graph- 
ical symbols, nomenclature. About 50 representatives 
of the Institute were appointed as delegates or technical 
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advisors to the Advisory Committees of thes bl G: 


COOPERATION WITH AMERICAN ENGINEERING 
STANDARDS COMMITTEE 


The work of the Standards Committee under the 
rules of the American Engineering Standards Com- 
mittee has continued to expand, the Institute being 
appointed sole or joint sponsor for eight projects during 
the year, including six sections of the revised Institute 
standards. The Institute has also appointed repre- 
sentatives on additional Sectional Committees for 
which it is not a sponsor. 


During the year, the American Engineering Standards 
Committee approved as American Standard the Stand- 
ards on Industrial Control Apparatus and the Stand- 
ards on Instrument Transformers. 


A very important step in the development of stand- 
ardizing work in the electrical field has been taken in 
the decision to appoint an Electrical Advisory Com- 
mittee for the American Engineering Standards Com- 
mittee. This has arisen from the joint study given 
throughout the year by a Joint Committee of the 
A. I. E. E. and of the Electrical Manufacturers’ 
Council to the mutual problems involved in electrical 
standardizing work. Based on the recommendations 
of this Committee, the boards of the two organizations 
recommended to the A. E. S. C. that an Electrical 
Advisory Committee be appointed to make recommen- 
dations to the A. E. 8. C. on all matters pertaining to 
electrical standards coming before them under the 
constitution and procedure of the A. E. S. C. This 
recommendation has been accepted by the A. E. S. C., 
who have invited the Institute and the other interested 
organizations to nominate representatives on the 
committee. 


OTHER MATTERS 


An interesting step which was taken by the Institute 
during the year consisted of the appointment of a sub- 
committee of the Standards Committee on Nomen- 
clature. The function of this committee is not to define 
established terms, but to consider the need of additional 
nomenclature to represent new concepts or to more 
clearly represent concepts not at present adequately 
expressed. It is proposed that the recommendations 
of this committee should be made in general through 
the medium of technical papers and that the proposed 
terms might not require, in many cases, exact defini- 
tion or standardization until their significance has 
become established by usage. 

The cooperation of the Standards Committee with 
Technical Committees of the Institute and with other 
technical organizations has continued to be very close 
throughout the year. An illustration is the acceptance 
by the Standards Committee of an invitation to become 
responsible for the Electrical Measurements Section 
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of the Power Test Codes of the American Society of 
Mechanical Engineers. 


CONCLUSION 


Briefly summarized, the present situation marks an 
important stage of progress in the practical completion 
of two matters which have occupied the major atten- 
tion of the Standards Committee for the last few years; 
namely, the extensive revision and rearrangement of the 
A. I. E. E. Standards and the establishment of closer 
and better defined arrangements for cooperation with 
other bodies interested in electrical standards. With 
these matters well in hand, it is believed that the 
Standards Committee is in a position to make great 
future progress in furthering the cause of electrical 
standards in fields which have not as yet been actively 
covered. 


Discussion 


H. M. Hobart: It seems to me that we are only just begin- 
ning a much larger activity in standardization. Now that the 
Standards are being brought out in a large number of different 
pamphlets, it seems to me that we are just at the beginning of an 
era when hundreds of people can be doing the standardizing 
work. 

Those people should be doing the work who are specialists in 
particular subjects. It seems to me that the most natural way to 
bring this about is for each Technical Committee to take on 
automatically those Standards relating to the subjects coming 
under the purview of that technical committee. Each com- 
mittee would probably have two or three Standards that would be 
its special property, and it would be its special responsibility to 
keep those up to date. 

Some progress has been made in that direction. In the 
Electrical Machinery Committee we have a subcommittee on 
Standards, of which Mr. J. C. Parker is Chairman, and during 
the past year this committee has done a good deal of very 
vigorous work in connection with the further revision of 
standards. 

There is one Standard entitled Synchronous Alternators which 
has been adopted for less than a year but since that time very 
many suggestions have come from very many people. Am- 
biguities have been pointed out; the attention of the committee 
has been called to incorrect statements; the need for revision in 
various limits has been urged. Take, for instance, in the 
company where I work, there used to be just a few people 
interested in standardization. Now that we have Standards in 
separate pamphlets, the designing and commercial departments 
are interested and they have made at least a dozen suggestions 
since the revision suggesting that the Standards Committee, 
when opportunity presents itself, should have certain changes 
made. 

That ought to be going on all over the country in all of the. 
manufacturing companies. They could either come straight to 
the Standards Committee with those suggestions or send them to 
the particular Technical Committee that would deal with the 
subjects in which they are interested. 

I want to suggest that now it isn’t necessary for afew of us to be 
working hard on standards, but it is arranged so nicely and 
naturally that the subject falls into the hands of hundreds of 
members of the Institute in respective committees, if the com- 
mittees see fit to turn their attention in that direction. 


Instruments and Measurements 


Report of Committee on Instruments and Measurements’ 
A. E. KNOWLTON, Chairman 


To the Board of Directors: 

The Committee on Instruments and Measurements 
undertook to continue this year two of the studies 
begun in 1924 and to start a third major study. 


POWER AND ENERGY MEASUREMENT 


One of the first two was that of the measurement of 
energy and power under the following conditions: 

1. A study of methods of measurement of variable 
power, with particular regard to cases of commercial 
importance, such as efficiency tests on large machines. 

2. A study of methods of measurement of energy in 
large blocks where the high value of the product makes 
every practicable improvement of the method desirable. 

The subcommittee originally consisted of H. B. 
Brooks, Chairman, F. V. Magalhaes, and J. R. Craig- 
head; because of weight of other business, Mr. Brooks 
resigned as chairman and Mr. Craighead was appointed 
chairman, and G. A. Sawin added to the committee. 
It was decided that, in both problems, great advantage 
could be secured by improvement in watthour meters 
and the subcommittee took the first steps toward 
accumulating data on the present performance of watt- 
hour meters as a basis upon which to proceed. The 
presentation in February, 1925, of the paper by Messrs. 
Kinnard and Faus on Temperature Errors in Induction 
Watthour Meters indicated such an advance in the field 
of watthour meters that it was considered unnecessary 
to accumulate the data referred to above; this branch 
of the work was dropped, therefore, because that and 
other work now in progress makes it seem probable 
that meters of substantially improved accuracy, 
particularly with regard to errors with varying tem- 
perature, would be available. 

In connection with the further study of the first 
problem, the paper by Mr. E. S. Lee, presented in May 
1925, entitled Measurement of Electrical Output of 
Large A-C. Generators, covered to a satisfactory degree 
the necessary details of application of indicating instru- 
ments to the testing of variable power. 

In the measurement of energy in large blocks, present 
commercial methods require the use of instrument 
transformers and watthour meters. Therefore, the 
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subcommittee has prepared the following short dis- 
cussion of methods and devices in use: 

This discussion refers to the measurement of energy 
on three-phase circuits at large supply or interchange 
points, where the value of the energy is large enough to 
justify any reasonable complication or expense to im- 
prove the accuracy and certainty of measurement. 

When power is measured in large blocks, the current 
and voltage are practically always of such values as to 
require instrument transformers, both for convenience 
in application to meters and instruments and for pro- 
tection of operators. The systems are usually three- 
phase. Grounding conditions of the systems vary, 
but for metering purposes may be classified in three 
groups: 

1. Ungrounded, 

2, Having one or more grounds en only one side 
of the metering point, - 

3. Having grounds on both sides of the metering 
point or a fourth wire so that there is the possibility 
of currents passing the metering point outside the 
three-line conductors. 


Source 


Load 
1—ConNECTION 


iiigee. 


FoR MbrterInc ON THREE-WIRE, 
THREE-PHASE 


SYSTEM WITH NOT MORE THAN OnE Point 


‘GROUNDED. 


1. Ungrounded Systems. The usual form of 
metering is by the use of two potential and two current 
transformers with a polyphase meter shown in Fig. 1. 
The advantages lie in the fact that there are only four 
transformers and one meter to care for, and that the 
meter will rotate forward under all conditions where the 
energy flow is in a given direction. The disadvantages 
lie in the necessity of having elements with closely 
similar characteristics and with negligible interference, 
and in the fact that the power factor under which the 
elements actually operate differs from the line power 
factor due to the use of voltages which in a balanced 
circuit are dephased 30 deg., one in the lagging and one 
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in the leading direction from the position representing 
the true power factor of the three-phase circuit. For 
this use, therefore, the meter selected should have: 
a. Close balance of elements and negligible 
interference between elements, 
b. Excellent power-factor characteristics. 

The substitution of two single-phase meters for the 
polyphase meter is sometimes advocated. This does 
not change the situation in regard to power factor, but 
substitutes the adjustment of the two meters for the 
balance of elements. Where the effect of low power 
factor or of unbalance of load at somewhat higher 
power factors causes one meter to run backward, the 
system will be in error due to the light load adjustment 
on the reversed meter, which will produce torque in the 
wrong direction. This may be met by the use of sepa- 
rate meters to record the backward reading, with a 
ratchet arrangement which allows each meter to record 
energy delivered in one direction only, as has been done 
in eases where the direction of the total flow of energy 
is expected to reverse at intervals. The polyphase 
meter is usually considered preferable. 


Source 
Load 


Fie. 2—Connections For Mertrerinc on Fovur-Wirz, 
THREE-PHASE SYSTEM OR THREE-WIRE, THREE-PHASE SYSTEM 
WITH GROUND ON Boru SIDES OF THE METERING PoINntT 


2. Systems having grounds on one side of the metering 
point. These may be treated as ungrounded systems, 
using the methods described above, or the system shown 
in Fig. 2 may be used. Here three potential trans- 
formers are connected with primaries in Y, the common 
point grounded, and three current transformers are 
used with a three-element, polyphase meter, or with 
three single-phase meters. The three-element, poly- 
phase meter has the advantage of simplicity as com- 
pared with the three single-phase meters, but it should 
be assured that interference between elements is negli- 
gible and that a satisfactory balance between elements 
is assured; once obtained, the balance among elements 
is quite permanent, while the balance among the three 
single-phase meters is subject to the usual small varia- 
tions requiring occasional adjustment. 

This method has the advantage of having the power 
factor of each element of the three-phase meter, or of 
each single-phase meter, the same as the line power 
factor on a balanced circuit, approaching the line power 
factor under unbalanced conditions more closely than 
the methods previously described. 
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To secure good results, it is necessary that the ground- 
ing of the primary circuit be sufficient to maintain the 
neutral at a satisfactory balance at all times among 
the three phases. If this is not accomplished, the 
voltages on the individual potential transformers vary 
with circuit conditions and with the characteristics of 
the potential transformers themselves, involving cer- 
tain errors in the potential transformer ratio and phase 
angle and in the meters. 

In some cases this method has been proposed for 
application to ungrounded circuits, but the uncertainty 
of the position of the neutral renders it unsatisfactory 
for the best accuracy. For other reasons it is unde- 
sirable also to ground the neutral of the primaries of the 
potential transformers when the circuit is not otherwise 
grounded. It is possible to omit the ground on the 
potential transformer primary and obtain an artificial 
neutral by balancing the secondary burdens of the 
potential transformers, but the method requires care 
in adjustment and therefore, is not to be reeommended. 

3. Systems having grounds on both sides of the 
metering point, or a fourth wire. These systems should 
be treated as four-wire, three-phase systems, using the 
method shown in Fig. 2. In the unlikely case of an 
ungrounded, four-wire, three-phase system, the common 
point of the potential transformer primaries should be 
connected to the fourth wire. 

In some cases, switching operations under different 
conditions of load and supply cause important variations 
in the ground connections. Here the following two 
fundamental principles govern the method selected: 

a. The minimum number of current transformers 
and corresponding meter elements must be such that 
under any condition, where a correct record is desired, 
no more than one possible path for return current past the 
metering point shall be without a transformer and meter 
element; in other words, in the circuit of ~ wires or 
paths, the minimum number of current transformers 
and corresponding meter elements required is (n—1). 

b. The connection of potential transformers must be 
such that the unbalance of voltages on their primaries is 
not in excess of the unbalance of the delta voltages on 
the primary lines. 

In illustration of the first principle, consider a three- 
phase, three-wire circuit, having a permanent neutral 
ground on one side of the metering point and an occa- 
sional neutral ground on the other; the connection of 
Fig. 1 cannot be properly used because of possible 
ground current past the metering point during the 
presence of the second ground but the connection of 
Fig. 2 is correct. 

An illustration of the second principle: Suppose 
that, at times, the entire circuit is ungrounded; if the 
connection of Fig. 2 is used, the voltages on the potential 
transformers will be subject to unbalance because the 
relation of the various lines to ground is no longer 
definitely controlled. Assuming the practise once used 
in emergency of disconnecting the system ground to 
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continue operation when one line is grounded be 
followed, two transformers will receive delta voltage 
and the third transformer no voltage. In this case, 
the ground must be removed from the potential trans- 
former primary neutral and a voltage balance be 
obtained by adjusting secondary burdens. These 
latter practises have been recognized as harmful for other 
reasons as well, and they are practically obsolete for 
the type of circuits under consideration. They are 
mentioned as an illustration of an extreme case only. 


SELECTION OF INSTRUMENT TRANSFORMERS 


The errors of an instrument transformer appear as 
an error of ratio and as a phase angle by which the 
secondary voltage or current departs from its theoret- 
ically correct phase for metering. Since the rate of the 
watthour meter andits lag are both adjustable, it is possi- 
ble to offset known errors, to some extent, by special 
adjustment of the watthour meter. Since, however, 
the ratio and phase angle of ordinary instrument 
transformers vary appreciably with voltage, current, 
burden, etc., any adjustment of the watthour meter 
to meet these errors is based upon an estimated average 
condition and therefore cannot be very accurate. It 
is, therefore, desirable to select transformers and adjust 
conditions to give the best possible accuracy without 
corrective adjustment of the watthour meter. This 
applies particularly to phase-angle errors of which 
the variation with power factor makes satisfactory 
correction impracticable. 


POTENTIAL TRANSFORMERS 


Standard commercial potential transformers are 
designed to cover a range of burdens. In the higher 
voltage sizes, used on most circuits of large power, the 
accuracy is usually somewhat better than on low- 
potential transformers. The no-load phase angle is 
ordinarily negative (secondary voltage reversed leading 
primary voltage), and several types of transformers 
are available where this does not exceed 8 minutes 
at 60 cycles. Non-inductive current drawn from the 
secondary windings tends to change this angle in the 
positive direction and lagging current in the negative 
direction. In the best transformers, it is possible, 
by increasing the non-inductive current, to reduce the 
phase angle practically to zero by proper adjustment of 
the secondary burden. Even without this adjustment 
the phase angle with two watthour meters and necessary 
leads as sole burden may generally be kept within 
10 to 12 minutes at 60 cycles. 

The no-load ratio is usually low, but this error in 
many high-voltage transformers is not more than 0.2 
per cent at 60 cycles. Hither non-inductive or lagging 
current drawn from the secondary tends to increase 
ratio, so that frequently the reduction of phase angle by 
burden adjustment referred to above is accompanied 
by an increase in accuracy of ratio. The variation in 
errors of a potential transformer for changes of voltage 
within the limits caused by ordinary regulation is very 
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small. Whatever ratio error remains may, therefore, 
be fairly considered a constant error subject to correc- 
tion by compensation in the watthour meter or by the 
application of a correction to the final result. 

Plate 1, a and b, show average ratio errors and phase 
anglesof anumber of transformers from 22,000 to 66,000 
volts at 60 cycles, and c and d show test results on a 
single 33,000-volt transformer at 25 cycles. 


CURRENT TRANSFORMERS 


Standard current transformers are designed to cover a 
range of burdens. The ratio errors and the phase 
angle between primary and (reversed) secondary cur- 
rents vary appreciably with current, secondary burden 
and large changes of frequency. ‘The phase angles 
are usually positive, and are increased by increase in 
non-inductive burden. It is desirable, therefore, to 
keep both burden and its power factor as low as possible. 
This means low resistance leads and only the necessary 
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one or two watthour meters for the best results. The 
variation of ratio and phase angle with current must 
also be considered. It is desirable to obtain transform- 
ers having as little variation of these errors with current 


as possible. 


On account of the range for which the transformer is 
designed, the ratio is usually low at low burdens to 
prevent it from being too high for reasonable accuracy 
at high burdens. The amount by which the ratio is 
low on the lowest practicable burdens varies with the 
practise of the various manufacturers, but does not 
usually exceed 0.8 per cent maximum. No attempt 
should be made to bring a low ratio up by additional 
burdens, as it requires very careful adjustment of the 
amount and power factor of the burden to produce 
satisfactory results on ratio and phase angle at a single 
value of current, while the resulting phase angle (and — 
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sometimes ratio) at other values of current becomes 
rapidly worse. This difference between treatment of 
potential and current transformers should be noted as 
resulting from the fact that the potential transformer 
must be accurate at a roughly constant voltage and 
current, while the current transformer must be accurate 
at widely varying currents and voltages. The same 
results may beobtained by adjustment of the watthour 
meter as by a change in the ratio of the current 
transformer. 

Improvement of current-transformer accuracy by 
special means has been proposed in several forms. A 
method recently brought out, for which apparatus is 
beginning to be available, is the two-stage transformer 
with special watthour meter. (“The Two-stage Current 
Transformer,’ Brooks and Holtz, A. I. E. E. JOURNAL, 
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a combination of two transformers in one, in which the 
second transformer corrects the errors of the first by 
the use of a simple corrective winding in the watthour 
meter. By this arrangement the errors of ratio and 
phase angle due to the current transformer are greatly 
decreased as compared with standard current trans- 
formers. Typical curves show ratio error held within 
0.2 per cent and phase angle within about 6 minutes for 
a test from 10 per cent to 100 per cent current at 60 
cycles with a burden of two watthour meters in the 
corrected circuit. 

In Plate 2, A and B show average ratio errors and 
phase angle at 25 and 60 cycles of standard current 
transformers, and C and D show test results on a two- 
stage transformer designed for a working pressure of 
32,000 volts. 


INSTRUMENTS AND MEASUREMENTS 


The two-stage transformer is, in principle, | 
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SECONDARY CONNECTIONS OF INSTRUMENT 
TRANSFORMERS 


To assure the best results, it is preferable that 
separate leads be used for all secondary circuits, and 
that the length of leads be kept as short as possible. 
All secondary circuits of current and potential trans- 
formers should be connected to a common ground. 


WATTHOUR METER 


The watthours per disk revolution of a watthour 
meter will depart somewhat from the nominal value for 
load current values other than those for which it has 
been adjusted. On this variation are superposed what- 
ever errors result from changes of temperature, power 
factor, frequency, voltage and wave form. Certain 
work now in progress (such as that of Kinnard and 
Faus, already cited) makes it seem probable that 
meters of substantially improved accuracy, particu- 
larly with regard to errors with varying temperature, are 
to be available. Temperature compensation is more 
readily obtained for meter elements operating at unity 
power factor; inasmuch as one of the two elements of the 
ordinary polyphase meter usually operates at low power 
factor, it is greatly to be desired that such studies be 
prosecuted with a view to obtaining temperature com- 
pensation for all conditions of phase departure within 
the meter elements. 

The power-factor error is partly compensated by lag 
adjustment. The frequency and voltage errors are 
negligible for the variations occurring in the usual 
circuits under operating conditions. If special wave- 
form conditions, serious enough to cause error, exist, 
the greater part of the error may be eliminated by cali- 
brating the watthour meter in place by the use of indi- 
cating instruments the wave-form error of which is 
negligible. 

The watthour meter in general service is one of the 
most reliable devices in measurement work. In view, 
however, of the large value of the energy measured at 
the points here under consideration there are cases 
where it may be advantageous to use two watthour 
meters similarly connected to assure a proper record in 
ease of the accidental failure of one meter. In such © 
cases it is proper to designate one meter as the regular 
standard, and to substitute the reading of the second 
meter only when reasonable proof of the failure of the 
first meter to record correctly has been obtained. 

Owing to the recent rapid improvement in the 
watthour meter, detailed data on performance are 
omitted. 


HicH FREQUENCY MEASUREMENTS 


The second of the studies undertaken in 1924 was 
in the field of measurement of high-frequency quan- 
tities; progress is being made in this investigation 
but the subcommittee (C. M. Jansky, Chairman, 
E. D. Doyle, B. W. St. Clair) makes no report at this 
time. 


DIELECTRIC LOSSES AND POWER FACTOR 


The matter of measurements in connection with 
dielectrics, especially solid dielectrics, was surveyed by 
the committee and a subcommittee appointed as 
follows: W. A. Del Mar, Chairman, O. J. Bliss, and 
W. N. Goodwin, Jr. This committee arranged a 
symposium of papers presented at the First District 
Regional Convention at Niagara Falls May 26, 27, 28, 
1926. The papers submitted are as follows: 

The Power Factor of Dielectrics and Insulation, by 
J. B. Whitehead, Johns Hopkins University 

The Mechanism of Breakdown of Dielectrics, by 
P. L. Hoover, Harvard University 

Standards for Measuring Power Factor of Dielectrics, 
by H. L. Curtis, Electrical Testing Laboratories 

The Significance of Errors in Dielectric-Loss Measure- 
ments, by C. F. Hanson, Habirshaw Electric Cable Co. 

Use of Dynamometer Wattmeter for Measuring Di- 
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electric Power Loss, by E. S. Lee, General Electric Co. 

Commercial Dielectric-Loss Measurements, by R. E. 
Marbury, Westinghouse Elec. & Mfg. Co. 

Three Methods of Measuring Dielectric Power Loss 
and Power Factor, by E. D. Doyle and E. H. Salter, 
Electrical Testing Laboratories 

Compensation for Errors of the Quadrant Elec- 
trometer, by D. M. Simons, Standard Underground 
Cable Co. 

The Dielectric-Loss-Measurement Problem, by B. W. 
St. Clair, General Electric Co. 

Zero Method of Measuring Power with a Quadrant 
Electrometer, by W. B. Kouwenhoven and P. L. 
Betz, Johns Hopkins University 

It is believed that these papers in the total givea 
reliable index of the present state of the art of measure- 
ments involving the higher voltages and small phase 
angles. 
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Report of Committee on Communication 
H. P. CHARLESWORTH, Chairman 


To the Board of Directors: 


In presenting this report it is the aim of the Com- 
mittee on Communication not so much to present a 
complete report of all the developments which have 
been made during the last Institute year in the art 
of electrical communication, but rather to single out 
those advances which it is thought will be of greatest 
interest to the members of the Institute. 


PRINTING TELEGRAPHY 


The year has been marked by a rapid growth in the 
use of printing telegraph apparatus by the telegraph 
companies, railroads, news associations for distributing 
news items, and by general business concerns in connec- 
tion with private line business. There is a general 
tendency toward the operation of the apparatus at 
higher speeds, thus increasing the speed requirements 


of the line circuits and requiring the use, especially’ 


with long and complicated circuits, of repeaters which 
reform or regenerate the line signals. 
Printing telegraphs are now being used in connection 
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with switching arrangements, both manual and auto- 
matic. These arrangements have been found valuable 
for sending information from a central location to one 
or a number of receiving stations. A recent installation 
of this type consists of a number of printers controlled 
by automatic switching apparatus so arranged that any 
printer equipped with a sending keyboard can communi- 
cate individually with any other printer so equipped, 
or communicate with a group of receiving-only printers. 
Dials, similar to those used with telephone instruments, 
are used at the transmitting stations for setting up 
any desired operating condition. 

The ever widening field of usefulness of printing 
telegraphs was illustrated by a paper on ciphering and 
deciphering arrangements for secret wire and radio 
communications read by Mr. G. S. Vernam before the 
Midwinter Convention of the Institute in New York 
last February. 

In the message business of the telegraph companies 
there has been a marked tendency to use tape printers 
instead of page printers. To facilitate the subdivision 
of the tape into single lengths and the attachment of 
it to message forms for delivery to customers, effective 
cutting and gumming devices have been developed. 

In addition to the application of tape printers to 
the Multiplex circuits used in trunk line service, a sim- 
plified combination of such a printer with a keyboard 
transmitter is coming into extensive use for branch office 
circuits and other short-line service. The application 
of these printers will probably be quite extensive due 
to their accuracy, traffic handling capacity, and 


June 1926 


economy. This type of printer is primarily intended 
for single-line operation, affording intermittent single- 
channel service in both directions. It also lends 
itself readily to use on duplexed circuits when 
this method is desirable. Printers of this type 
have a field in private offices of patrons where the 
amount of business handled warrants their use. Main- 
tenance requirements are few, and the attention 
required is sufficiently small to make this service 
desirable. 


““TICKER’’ TRANSMISSION 


During the past year the automatic tape transmission 
system for telegraphic tickers was installed and put 
into. operation at Cleveland, Chicago, Los Angeles, 
and San Francisco. Long-distance distribution of 
ticker service was greatly extended from New York, 
Cleveland, and Chicago. 

A particularly note-worthy feature was the establish- 
ment of telegraph ticker service in important business 
centers on the Pacific Coast which heretofore obtained 
market quotations only by Morse on brokers’ private 
leased wires. Full market quotations are now supplied 
to Pacific Coast brokers from the New York Stock, 
New York and New Orleans Cotton Exchanges, and 
the Chicago Board of Trade. Provision is also made 
for “dropping” the quotations at various cities along 
the route of the main circuit which extends from 
Chicago to San Francisco via Los Angeles, a wire 
distance of 2895 miles. New York stock market 
quotations reach the brokers on the Pacific Coast in 
30 to 45 seconds from the time that they appear on 
the tickers in Wall Street. 

The system developed for this and similar services 
elsewhere includes modifications of the two-channel, 
Multiplex printing telegraph apparatus and repeaters 
suitable for use on the long lines involved. 

The transmitters are controlled by perforated tapes 
similar to those used in other automatic telegraph 
systems. Instead of the more familiar five-unit code, 
a six-unit code is employed, the sixth pulse of each 
character serving to distinguish between letters and 
figures. The receiving instruments at customers’ 
offices are self-winding tickers of a type already widely 
used in Eastern cities. 

The output of the channel printer system in char- 
acters per minute per channel is the same as that 
obtainable with self-winding ticker systems used on 
shorter circuits having but one channel. 


SUBMARINE TELEGRAPHY 


The great success of the new type of submarine 
telegraph cable loaded with permalloy that was men- 
tioned in last year’s report has led to the rapid extension 
of this type of cable, and during the year five important 
telegraph cables of this type were under construction. 
The technical features of this type of cable were de- 
scribed in a paper by Mr. Oliver E. Buckley which was 
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presented at the Convention last June and which ap- 
peared in the August JOURNAL. 


MACHINE SWITCHING TELEPHONY 


With the continued steady growth in the application 
throughout the country of machine-switching telephone 
apparatus have come further developments in this form 
of apparatus. In the panel system, which is the type 
of system used for large cities, a simplified form of 
tandem switch has been developed by which, after one 
selection at the calling office, the final selection of the 
called office can be made by apparatus located at a 
distance from the originating office, and used to collect 
traffic from a number of offices routed over common 
groups of trunks. This results in a material saving 
in the trunk plant. 

A more efficient method of associating a sender with 
the calling subscriber has been developed. This 
results in an appreciable saving in the number of 
senders required, uses more economical apparatus, 
and reduces the number of types of apparatus required 
in an office. 

In the step-by-step system, which is the type usually 
used for the medium and smaller sized cities, a line-finder 
system has been developed which is similar in principle 
to that being used with success in panel offices. This 
employs the same selector that is used in the rest of 
the switching train, effects an improvement in service 
to the subscriber, and lends itself more readily to 
efficient equipment layout. 

A machine-switching tandem system, employing 
step-by-step equipment, has been developed for com- 
pleting toll calls within a 50-mile radius of any given 
central office area. All calls completed through this 
system are handled directly by the originating operator 
over dialing trunks. A tandem system of this kind 
probably will find its principal application in areas 
employing step-by-step machine-switching equipment. 
An installation of this type recently has been put into 
service in Los Angeles and serves some 75 central 
offices having a total of approximately 400,000 sub- 
scribers. The principal new engineering feature of 
this system is the means which was developed for 
dialing and signaling over phantom toll lines. 

New types of frames for mounting step-by-step 
equipment have been developed which take advantage 
of the ceiling heights ordinarily found in central office 
buildings, thus effecting a material reduction in floor 
space requirements. 

A cordless “B” switchboard has been developed tor 
completing calls from manual offices to machine offices 
where the number of manual offices involved makes the 
use of dialing devices at the manual offices prohibitive 
in cost. This switchboard employs new trunking 
principles which result in very efficient and simplified 
operating equipment. 

TELEPHONE TOLL CABLES 
An event of prime importance during the year was 
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the completion on August 11 of the telephone toll- 
cable system connecting New York and other Atlantic 
Seaboard cities with Chicago. This system of cables 
runs from Chicago through South Bend, Toledo, 
Cleveland, Detroit, Pittsburg, and MHarrisburg to 
Philadelphia and New York, connecting with the cable 
system extending from New York to New Haven, 
Hartford, Springfield, Providence, Worcester, Boston, 
and Albany, and from Philadelphia to Baltimore 
and Washington. Extensions of this cable westward 
from Chicago carry the toll-cable system to Milwaukee, 
and by the end of this year the system will extend to 
Peoria, Springfield, and St. Louis. Numerous shorter 
branches carry this network to many other points 
near the large centers mentioned. 

In addition to this very extensive network in the 
northeastern part of the country, smaller networks 
are starting in other parts of the country, notably in 
various parts of the Pacific Coast and in Florida. The 
rapidity of growth of this type of telephone plant is 
illustrated by the fact that during the year 1925 over 
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ToLL CaBLE Routes IN NORTHEASTERN SECTION OF THE 
CouNTRY 


1000 miles of toll cable were placed in service, and 
during the year 1926 more than 1500 miles will be in- 
stalled. The map reproduced below shows the routes 
of the present and proposed toll cables. 

The possibility. of providing satisfactory telephone 
transmission over very long circuits in cable has come 
about through a series of remarkable developments in 
telephony which have been discussed from time to time 
before the Institute. During the year the network 
mentioned above was the subject of a paper presented 
before the New York Section in December by Mr. 
J. J. Pilliod, and was discussed at other section 
meetings. _ 

The development of toll-cable networks means a 
great deal in improving and increasing the service 
given to the public. Practically the entire country 
is subject to severe sleet storms from time to time and 
toll cables furnish a means for providing great security 
against interruption from such storms or other weather 
conditions. Furthermore, they furnish a practical 
solution for meeting the very great demands for service 
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between large urban centers of the country. A single 
cable contains between 200 and 250 telephone circuits 
and would require five or six open-wire toll lines 
with former methods of construction, the largest number 
of circuits which can be provided by this means; further- 
more, furnishing means for supplying circuitsso liberally 
as to give afaster service. Asindicative of theincreased 
facilities provided, it may be mentioned that the 
New, York-Chicago toll-cable system contains about 
510,000 miles of wire, while at the time this project was 
started, the facilities for serving the corresponding 
points consisted of less than 100,000 miles of open 
wire. 

In last year’s report reference was made to certain 
papers describing the development of telegraph systems 
suitable for use in long telephone cables. The applica- 
tion of these systems has been considerably extended 
during the past year. The voice-frequency carrier sys- 
tem is of special interest, since, through the development 
of apparatus for separating to a very high degree cur- 
rents of different frequencies, it has become possible to 
operate 12 independent telegraph circuits over a single 
telephone cable circuit, each of the 12 circuits using a 
different frequency ranging from 425 to 2300 cycles per 
second. There are now in operation about 25,000 
channel miles of telegraph circuits operated by this 
system in the telephone cable plant. 


RADIO TELEGRAPHY 


A new radio telegraphy service between the Dutch 
Hast Indies and San Francisco has been established, 
and a new service from New York to Holland has been 
introduced for handling through traffic from Java. 

The work of decreasing the use of spark transmitters 
with their corresponding interferences, commenced 
in 1924, has progressed rapidly to such an extent that 
over 150 American merchant ships are now equipped 
with tube transmitters. 

The use of the radio direction finder for navigation is 
rapidly increasing and has passed the experimental stage. 
The Great Lakes are leading in this respect, duetothe 
demonstration of the particular value of this apparatus 
in the difficult navigation problems inherent in the 
Great Lakes. 


TRANSATLANTIC RADIO TELEPHONY 


The development work which has been in progress 
during the past few years on transatlantic radio tele- 
phony reached a point of considerable interest last 
winter in the attainment of two-way telephonic conver- 
sations. In the earlier tests, telephonic transmission 
had been but one-way, from the United States to 
England, with the study of transmission of radio waves 
in the reverse direction being made by the utilization of 
radio telegraph stations in England. Two-way talking 
was made possible the winter of 1925-26 by the completion 
ofa transmitting station by the British General Post 
Office. The British radio telephone transmitter is; 
in general, similar to that employed on the American 
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side. Both transmitters are of the carrier-suppression, 
single-side, band type, which makes the maximum use 
of the transmission power and which minimizes the 
frequency band which is required. Receiving on both 
sides is carried out by means of directional receiving 
antennas of the wave-antenna type. Reception on the 
American side has been further improved by establish- 
ing a receiving station at a higher latitude where the 
atmospheric interference is less, located at Houlton, 
Maine. The Houlton reception is extended into New 
York by means of wire telephone circuits. Likewise, 
the voice currents originating in New York are trans- 
mitted to the Rocky Point transmitting station over 
wire circuits. Similarly, in England the radio trans- 
mitting and receiving stations are connected into 
London by telephone circuits. In this way, an in- 
tegral two-way circuit is established with New York 
and London as the terminals. 

The carrying on of two-way talking tests between 
England and the United States created much general 
interest and arrangements were made to enable a 
group of American Press representatives in New York, 
and a similar group of English newspaper men in 
London, to participate in the tests by conversing with 
each other. These tests represent the first time that 
groups of people have been able to converse with each 
other across the Atlantic. 

Papers by Messrs. A. A. Oswald, J. C. Schelleng, and 
R. A. Heising, describing important technical features 
of the apparatus used for transatlantic radio tele- 
phony were published in the June 1925 Proceedings 
of the Institute of Radio Engineers. 


RADIO PROPAGATION TESTS 


A great deal of activity has been shown in studying 
the properties of the medium, intervening between 
transmitter and receiver, through which the radio 
waves must pass. This information is essential before 
we can utilize, to the best advantage, this remarkable 
but eccentric medium which nature gives us. 

Extensive propagation tests have been reported on 
long, medium, and short wave lengths, together with a 
large amount of theoretical work towards explaining 
and correlating the apparently contradictory behavior 
found in different parts of the radio spectrum. This 
work has confirmed the existence of a positive ionization 
gradient in the upper atmosphere, postulated indepen- 
dently, many years ago, by Kennelly in this country 
and Heaviside in England. 

The Naval Research Laboratory published the results 
of experiments which indicate that short waves may, in 
effect, hurdle the first few hundred miles of their journey 
and be received at a distant point with a much greater 
strength than would be expected from the past ex- 
perience with long waves. In the range of frequencies 
under exploration (down to about 30 megacycles, or 
10 meters) the “skipped” distance appears, in general, 
to increase with increase of transmission frequency 
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and to be greater at night-time than at day-time. 
These results have been confirmed by other experi- 
menters. Theories have been proposed (among others, 
by Baker and Rice in a paper presented before Mid- 
winter Convention of the A. I. E. E., 1926) to explain 
these phenomena which assume that waves received 
at a distance are deflected downward from some upper 
ionized region of relatively low index of refraction and 
of low attenuation. 

The observed indications of rotation in the plane of 
polarization and directional errors find a qualitative 
explanation when due account is taken of the fact that 
the earth’s magnetic field, acting upon the free electrons, 
will change the velocity of the wave and produce 
rotation. This effect is especially marked in the vicin- 
ity of 214 meters, which corresponds to the resonant 
frequency of an electron in the earth’s magnetic field. 

Careful investigations of fading and signal distortion, 
so exasperating to the broadcast listener, have shown 
that they are closely related to the high degree of fre- 
quency selectivity exhibited by the radio medium. 

During the total eclipse of January 24, 1925, many 
observations were recorded which further tended to 
confirm the recent electron dispersion theory of the 
radio medium. 

An observed variation of signal strength during mag- 
netic storms is also significant. Here the effect is a 
reduction of the normal signal strength by night and 
an increase above normal by day. 

Increasing use is being made of the short wave range 
of frequencies as is evidenced by the continued increase 
in the number of short wave licenses issued to commer- 
cial concerns. Experimentai work indicates the 
possibility of twenty-four-hour telegraph service with 
short waves over distances of several thousands of. 
miles. The transmission varies largely with the time 
of day, however, one frequency transmitting much 
better for one period of the day and another frequency 
for another period, so that the use of several wave 
frequencies appears to be required to give uniform 
operation. 


RADIO BROADCASTING 


Continued improvement has been made in radio 
broadcasting on both the receiving and the transmitting © 
sides. The receiving set improvements are, in general, 
characterized by better quality of reproduction, which 
means higher grade amplifiers and better loud speakers; 
but there is still much to be desired in these respects 
in receiving sets asa whole. The fact that the reliable, 
high-quality service range of the average radio broad- 
cast transmitting station is relatively short is being 
more generally recognized and is leading to a more 
extensive use of long distance wire lines for enabling 
good programs to be made available at a number of 
widely separated broadcast stations, and is leading also 
to the use of greater power in transmitting. As 
many as 17 stations, spread over the northeastern 
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quarter of the United States, are nowregularly supplied 
for a portion of their time with programs transmitted 
over special long-distance wire circuits. A number of 
stations are now transmitting with five-kw. power, and 
one station which is capable of transmitting with as 
much as 50 kw. has been established during the year. 

Another important improvement in radio trans- 
mitting stations introduced during the year is the use 
of master oscillators with piezoelectric frequency 
control for the purpose of reducing quality distortion 
in the received signals. In general, there was a consid- 
erable improvementin the maintenance of the frequency 
assignments of broadcast stations, due to amore general 
appreciation of the need for frequency stability and to 
the efforts of the Radio Inspection Service in checking 
up conditions and of the Bureau of Standards in the 
work of frequency standardization. 

The problem which exists in the regulation of radio, 
in the general public interest particularly in the 
allocation of wave bands, has been reflected in sub- 
mitting to Congress several bills designed to strengthen 
the Government’s control of radio, and by the 
holding of the Fourth National Radio Conference at 
Washington during the fall of 1925. This Conference 
recognized the fact that the number of transmissions 
which can be accommodated in the range of frequencies 
available for broadcasting is definitely limited, and 
recommended that the Department of Commerce 
undertake to limit the number of broadcast stations 
to be licensed. 


ELECTRICAL TRANSMISSION OF PICTURES 


The commercial service for the transmission of pic- 
tures by wire between New York, Chicago, and San 
Francisco, has continued throughout the year. The 
results have been promising and it has been decided to 
add five more complete stations to the picture-trans- 
mission network. This extension should enable a 
thorough test to be made of the commercial demand 
for this type of service. 

An interesting experiment was conducted for the 
U. S. Signal Corps, in October 1925, when pictures 
were taken from an aeroplane over Fort Leavenworth, 
Kansas, developed on the plane, dropped by means of 

-a parachute, and transmitted from Fort Leavenworth 
to New York, Chicago, and San Francisco, simulta- 
neously. The entire experiment was so successful that 
army officers in New York City viewed the picture 
291% minutes after the snapping of the camera on the 
plane at Fort Leavenworth, approximately 1500 miles 
away by wire. This isan indication of the usefulness of 
telephotographs for war purposes. 

During the year from March 1925 to 1926, a series of 
tests of radio transmission pictures has been conducted 
between Carnarvon (Wales), San Francisco, Honolulu, 
and New York. Specific mention should be made of 

. the pictures sent by radio from Honolulu to New York 

during the Naval maneuvers of our fleet there in May 
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1925. Asa result of the successful completion of this 
experimental work, commercial service has been 
established between England and New York and also 
between Hawaii and San Francisco. 


INDUCTIVE COORDINATION 


Last year, the report of the Committee announced 
the formation of the American Committee on Inductive 
Coordination, embracing representatives of all wire- 
using utilities interested in this problem. During the 
year, the committee has issued a very complete and ex- 
tensive bibliography of publications bearing on 
inductive coordination. This bibliography includes 
not only American, but also foreign references and con- 
tains a total of about 900 items. It is expected to be 
of great value to all concerned with inductive coordina- 
tion work. Another item of interest in this field is 
the issuance of a report by the joint, general committee 
of the National Electric Light Association and the Bell 
Telephone System, covering the principles and practises 
adopted by those organizations for the joint use of 
wood poles by supply and communication companies. 

During the year this joint general committee 
continued its progress in-research work on a large 
number of specific problems in inductive coordination. 
The study of these problems has been facilitated by the 
development of improved measuring apparatus and 
methods particularly adapted to the wave analysis of 
power-circuit voltages and currents and of induced 
voltages and currents in telephone circuits. 

Two papers dealing with the subject of inductive 
relations between power-distribution circuits and tele- 
phone circuits were presented at the Seattle Convention 
in September, in connection with asymposium on power- 
distribution. 


TELEPHONE SERVICE FOR THE DEAF 


Another interesting telephone development relates to 
improved service for deaf people. Many partially 
deaf people, who have difficulty in hearing ordinary 
conversations, use the telephone with ease. Others, 
who are somewhat more deaf, however, have not been 
able heretofore to use the telephone. In order to make 
the telephone service available in these special cases, 
apparatus which greatly increases the volume of sound 
received has been developed for the use of deaf 
people. Although in cases of extreme deafness, no 
amplification of sound, however great, makes hearing 
possible, this new device makes it possible for many 
people of impaired hearing who would otherwise be 
unable to use it to obtain telephone service. The 
apparatus is designed, of course, only for those having 
impaired hearing. 


CHARACTERISTICS OF SPEECH 
The work carried on by telephone research engineers, 
in the study of the characteristics of speech, has con- 
tinued to produce important and interesting results 
which have been described in a number of publications 
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during the year. Of particular interest is the paper 
published in the A. I. E. E. JOURNAL for March 1926, 
by Messrs. Maxfield and Harrison entitled ‘“Methods 
of High Quality Recording in Reproducing of Music 
and Speech Based on Telephone Research.’ This 
paper tells of the application to the improvement of 
phonographic reproduction of speech of some of the 
methods developed in the study of the quality of tele- 
phone transmission. 


LOADING OF TELEPHONE CIRCUITS 


The year 1926 marks the completion of the first 25 
years of the application of loading to telephone circuits, 
in the form of inductance coils inserts in the line at 
periodic intervals. A paper presented by Shaw and 
Fondiller at the Midwinter Convention reviewed the 
progress which has been made in this country, in both 
the development and application of loading, covering 
particularly the last 15 years. The outstanding 
developments in that period are the compressed-powder 
iron-dust core material, the loading systems for the long 
toll cables and the more economical systems for local 
exchange area trunk circuits. The extent of the appli- 
cation of loading is indicated by the estimate given in 
that paper, of 1,250,000 loading coils in this country, as 
of January 1, 1926, and by the expectation that this 
number will be doubled by 1930. 


FIRE-ALARM, POLICE-SIGNAL, AND TRAIN-CONTROL 
SYSTEMS 


The National Fire Protection Association has con- 
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tinued its work of standardizing and improving 
emergency signalling systems. At its last annual con- 
vention, completely revised ‘Regulations for Munic- 
ipal Fire Alarm Systems” and partially revised 
“Regulations for Protective Signalling Systems’’ were 
adopted, and work for the further revision of the latter 
regulations has been carried on throughout the 
year. 

The International Association of Municipal Elec- 
tricians has continued the compilation and _ pro- 
mulgation of standard specifications for wires and 
cables for municipal signalling. Important additions 
were made to these specifications during the past 
year. 

Another important development has been the com- 
pletion of arrangements by some leading railroad 
systems for automatic train-control systems. This 
promises to become a very important field of operation. 

The field of police emergency signals and traffic 
signals is constantly growing in importance. Many 
cities are now installing an elaborate system for one or 
both of these. In some cases, the systems include a 
combination of police-alarm, fire-alarm, and _ traffic 
signals, whereby officers on traffic duty may receive 
due warning of fires and escape of bandits in auto- 
mobiles, and thus facilitate the movement of fire 
apparatus in the one case and block all traffic in the 
other. Further advances have been made also in 
the installation of extensive modern manual fire-alarm 
systems in a number of important cities. 


Status of Electric Lighting in 1926 


Report of Committee on Production and Application of Light* 
PRESTON §S. MILLAR, Chairman 


To the Board of Directors: oe 

As required by provision of the By-laws, this report 
constitutes a brief resumé of of the progress of the 
lighting art, including recent developments in electric 
lighting which appear to have significance as indicating 
an actual trend in the art. 


ILLUMINANTS * 


In electric illuminants there have been no new de- 
velopments of a radical character during the past year. 
Among tungsten filament incandescent lamps there has 
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been developed a new standard line in which the gas- 
filled type has been introduced in ¢he 50- and 60-watt 
sizes heretofore generally of the vacuum type. These 
lamps, standardized thus far from the 15- to the 100- 
watt sizes of the 115-volt range, are characterized by 
bulbs of a pleasing contour (Fig. 1), lightly frosted upon 
the inner surface, providing a measure of diffusion of 
light, while retaining the cleanly smooth surface hereto- 
fore to behad only in the clear bulb and “‘natural glass” 
lamps. The adoption of this new standard line of 
lamps in place of a variety of types heretofore employed 
is a conspicuous example of the principle of simplifi- 


cation which the Department of Commerce has 


urged successfully and constructively upon industry 
in this country. . 

Are Lamps. The employment of are lamps in this 
country for general illumination is confined largely to the 
magnetite lamp which continues in successful operation 
in some localities, and which in its higher powered form 
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has been utilized in several recent installations where 
high-intensity street lighting is desired. 

For the projection of motion pictures in large houses, 
the high-intensity arc is quite generally used. In 
medium-sized theatres carbon arcs, both alternating 
and d-c., operating at currents from 30 amperes to 80 
amperes, are quite generally inuse. A10-to30-ampere, 
horizontal carbon are used with a reflector instead 
of a lens as a condenser has entered into use recently. 

Practically all interior motion picture photography 
is now done with the aid of electric ares for illumination. 
Four types of are are used: the high-intensity are (150 
amperes), the white-flame are, the ordinary carbon arc, 
and the mercury vapor are. There is steady improve- 
ment in all forms of studio arc-lighting apparatus. 

The high-intensity are has been brought to its highest 
degree of perfection in military searchlight work and 
is now used universally by both the Army and Navy. 

White-flame ares are still quite generally used in 
photo-lithography and color reproduction work. 
Improved units are occasionally appearing in this field. 

The use of white-flame arcs in portrait photography 
is increasing and several small, efficient are mechanisms 
are now being used in this field. 


Fig. 1—New Stannard Line or TunGsTeEN FILAMENT 


Lames 


Small Gaseous Conductor Lamps. A distinctly new 
development is the small gaseous conductor lamp! 
devised by Moore for indicator or marker purposes 
rather than for purprses of illumination. These 
lamps operate at 115 volts alternating current or 
direct current. They consume about one-half milli- 
ampere for the T-4 bulb size, and one milliampere 
for the G-10 bulb size, and have an efficiency of 
about one-third lumen per watt. The life is said 
to be 3000 to 5000 hours. One form of the lamp, 
fitted with a G-10 bulb, has an over-all length of 
two in. and a diameter of one to one-fourth in. This 
is provided with a wire resistance of about 35,000 
ohms in the base, which is of the medium screw type. 
Another form has a T-4 bulb, an over-all length of about 
one to one-fourth in., and a diameter of one-half in. This 
is fitted with a candelabra screw base in which there 
is a composition paste resistance of about 70,000 ohms. 
The lamps are said to contain neon, helium, and argon 
in certain proportions. When excited by electric 

1. “Recent Developments of Moore Gaseous Conductor 


Lamps” by Moore and Porter, Transactions, Illuminating Engi- 
neering Society, Feb. 1926, p. 176. 
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pressure at the electrodes, the gas becomes luminous 
at the cathode. On direct current, the gas around 
only one electrode glows; on alternating current the 
gas glows near both electrodes at a frequency depending 
upon the supply current. 
The lighting and extinction of these lamps is practi- 
cally instantaneous. They thus have properties which 


Fig. 2—Gasrous Conpuctror Lamps For 115-Vout Circuits 


are peculiarly desirable for such instruments as strobo- 
scopes, synchroscopes, etc. If 230 volts be applied, 
they merely glow a little more brightly than on 115 volts. 

‘The two forms of this lamp are illustrated in Fig. 2. 
Application of the lamp to an electric flat iron is shown 
in. Fig. 3. The small power consumption makes it 
practicable to use the lamp in a wide variety of service 
to indicate that the circuit is alive, or to indicate loca- 


Fie. 3—Gasrous Conpuctor Lamp to InpicaTE CLOSED 


CIRCUIT ON FLATIRON 


tions of switches, polarity of d-c. circuits, ete. For 
other applications see paper to which reference has been 
made. 

Double Filament Automobile Lamp. The past year 
has witnessed the rather extensive introduction of 
the double filament automobile headlight lamps. In 
ordinary practise the lower filament provides the 
principal driving beam. When the upper filament is 
switched into circuit the beam is depressed by two to 
three degrees. A further discussion of this development 
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in relation to headlight practise appears under a later 
section of this report. 

Prefocusing Lamp Socket. To meet the requirements 
for precise location of filaments of incandescent lamps 
used in motion picture machines, stereopticons, signals, 
etc., there has been developed a special type of base 
and socket which insures correct operating position 
for the filament in such apparatus. Each lamp is 
based in an optical jig to secure exact filament location 
with respect to both axial alignment and light center 
length once the projection apparatus is properly fitted. 
This device eliminates the necessity of refocusing on 
renewing a lamp, and procures for users of projectors 
maximum screen illumination. While this equipment 
is not regularly listed by manufacturers it is understood 
that it can be procured when desired. 


LIGHTING EQUIPMENT 

For Residence Lighting. The trend in luminaries 
for home lighting in recent years has been largely in 
the direction of the candelabra type of equipment 
employing frosted or coated incandescent lamps which 
in large part have been without shades and wholly ex- 
posed to view. Inilluminating engineering circles this 
trend has been regarded as contrary to the public inter- 
estin that it hasbrought within the field of ordinary vis- 
ion sources of excessive brightness which have produced 
glare. With a view to correcting this condition much 
educational work is being done by central stations 
and other branches of the industry to impress the public 
with the desirability of properly shading light sources, 
and new types and finishes of shades are being made 
available by some manufacturers to encourage this 
practise. 

For Street Lighting. In street lighting equipment 
there has been a pronounced trend in the direction of 
employment of directive equipment, usually of pris- 
matic glass, surrounded by lightly diffusing outer glass 
envelopes. The purpose has been to secure a consider- 
able measure of favorable redirection of light while 
keeping brightness and glare within bounds. A 
variety of equipment of this kind has been placed in 
service. In some cases effort is confined to redirection 
into the lower hemisphere of some of the light flux 
which otherwise would be directed upward. In other 
cases this has been combined with a latitudinal redirec- 
tion along the street of some of the light flux which 
-otherwise would fall upon building fronts. 


ORGANIZED STUDY OF ILLUMINATION 
Illumination and Production. Under the aegis of 
the National Research Council an effort is being made 
to ascertain some of the relations between changes in 


illumination and changes in industrial production. | 


Investigations to date? have indicated that improved 


2. Report of Committee to Promote Central Station Illu- 
minating Engineering, Lighting Bureau, Commercial National 
Section, Presented at National Electric Light Association Con- 
vention, May, 1924. (Table III) 
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illumination has secured industrial advantage in the 
way of increased production, diminished shrinkage, 
and more favorable working conditions. The purpose 
of the present investigation is, if possible, to ascertain 
under independent auspices the facts in certain repre- 
sentative industries. Thus far, the committee having 
this enterprise in charge, and operating under the 
chairmanship of Professor D. C. Jackson, has engaged 
largely in developing methods with a view to the formu- 
lation of a procedure and the establishment of systems 
of control which when applied to an industry which is 
largely dependent upon vision, may be expected to 
determine the facts of relationship between illumination 
and industrial production. 

Street Lighting. A committee of the Illuminating 
Engineering Society is endeavoring to develop a method 
of appraising the effectiveness of street lighting which 
will make it practicable to determine, at least approxi- 
mately, the relative merits of two different street 
lighting systems. It is an interesting and notable 
fact that despite the extensive attention which has been 
devoted in recent years to the subject of street lighting, 
there is today nothing like consensus among the 
leaders of the art as to the best manner of locating and 
equipping street lamps and of distributing the light 
for purposes of street illumination. If the present 
attempt fails in its ultimate object, it may at least 
succeed in diminishing the divergence of views among 
street lighting engineers. There is included in the 
program a project for study of the elusive subject of 
glare in street lighting. 


ORGANIZED MOVEMENTS FOR THE IMPROVEMENT OF 
LIGHTING PRACTISE 


Electric lighting is receiving proportionately more 
attention at the hands of electric service companies 
throughout the country than has been the case in 
recent years. The potentialities of revenue from 
increased lighting load and a growing sense of responsi- 
bility for making available to the public the benefits 
of improved illumination have combined to command 
a greater degree of specialized attention to illumination. 

Training Course for Lighting Men. At the 1924 
Convention of the National Electric Light Association, 
a Committee to Promote Central Station Illuminating 
Engineering reported upon the importance of the 
opportunity in the lighting field afforded central 
stations, and described a training course for 
prospective central station illuminating engineers 
then in course of preparation. This course, under the 
joint auspices of the National Electric Light Association 
and the Illuminating Engineering Society, was arranged 
for the autumn of 1924 and was carried through with 
success. It made available to a training group the 
kind of instruction which in recent years had been 
given lighting students in training courses by the larger 
manufacturers of incandescent lamps, and supple- 
mented this by the experience of central station com- 
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panies who have pioneered in the organization and 
operation of lighting service departments and by a 
carefully chosen inspection trip. 

Selection of Lighting Equipment. A further indication 
of central station concern for the improvement of 
electric lighting is furnished by action of the Lamp 
Committee of the Association of Edison [luminating 
Companies, which heretofore has functioned success- 
fully in connection with incandescent lamps themselves, 
but has not concerned itself with lighting equipment. 
It is understood that this Committee has taken cog- 
nizance of unsatisfactory lighting conditions in 
residences, and has requested the Illuminating Engi- 
neering Society to formulate a statement of principles 
and perhaps some simple specifications which may 
be looked to for the guidance of central stations which 
desire to select satisfactory lighting equipment for sale 
to the public. It is further understood that the 
Illuminating Engineering Society is endeavoring to 
comply with this request and has a committee at work 
formulating such a statement of principles which may 
govern the selection of residence lighting equipment. 

Central Station Lighting Departments. Whereasin the 
spring of 1924 only nine central station companies were 
known to have lighting service departments, today 
there are 42 central stations which have such depart- 
ments and the number is fast growing. The principal 
limitation is the unavailability of trained men com- 
petent to organize and operate such activities. 

This awakening of central stations to their opportuni- 
ties and responsibilities in lighting is of large significance 
to the country. Most classes of illumination, and par- 
ticularly residence, industrial, and street lighting, 
suffer needlessly from ineffective and inappropriate 
lighting which fails to take advantage of recent advances 
in the art. The light and powerindustry can contribute 
materially to the welfare of the country by lending its 
great influence to betterment of these conditions. It 
isa matter of gratification to this Committee that defi- 
nite progress in this direction is indicated by the 
developments of the past year. 

I. E. S. and Central Station Lighting Men. During 
1925 the National Electric Light Association, in re- 
organizing its Commercial Section for greater 
effectiveness, dispensed with its Lighting Sales Bureau. 
In September, 1925, on the day preceding the opening 
of the Illuminating Engineering Society’s annual con- 
vention, there was a gathering of central station 
lighting men out of which there was evolved a plan 
for greater activities in connection with central station 
lighting under the auspices of the Illuminating Engi- 
neering Society. In this connection it is understood 
that there is in course of preparation a Lighting Service 
Department Manual which will make available the 
experience of central stations which have assumed the 
lead in such work. This will include a brief survey of 
the lighting field and chapters on the organization of 
a lighting service department, its scope, needed equip- 
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ment, and engineering and commercial features of its 
work. 

Lighting Demonstrations. Interest in electric lighting 
has been enhanced and in all probability practise has 
been much improved as a result of demonstrations 
made in the elaborate Lighting Educational Centers 
of the incandescent lamp manufacturers at Nela Park 
and Harrison. So successful have these been that less 
elaborate demonstrations have been set up and operated 
in a number of cities. Notable among these are 
demonstrations in Boston, Chattanooga, Cincinnati, 
Detroit, Kansas City, Knoxville, Louisville, Nashville, 
Philadelphia, Pittsburgh, and Providence. Others are 
understood to be in preparation. 


Motor VEHICLE LIGHTING 


Specifications for automobile headlamp and rear- 
lamp performance have been prepared by the Iluminat- 
ing Engineering Society and revised as of 1922. These 
headlamp specifications cover laboratory tests for 
headlamps and headlighting devices and prescribe 
candle power limits for different parts of the beam. 
The headlamp specifications were endorsed in 1922 
by the Society of Automotive Engineers, which organi- 
zation, however, supplemented its endorsement by 
promulgating, within such limits, recommended practise 
calling for a higher maximum beam candle power and a 
higher candle power in the beam spread to the right 
and to the left than is stipulated in the specifications. 
The I. E. S. headlamp specifications were approved 
as a “Tentative American Standard” in 1922. They 
are in use by the Eastern Conference of Motor Vehicle 
Administrators in which are represented all the New 
England States, (except Massachusetts) New York, 
New Jersey, Pennsylvania, Maryland, Delaware, Vir- 
ginia, District of Columbia, Ontario, and Quebec. 
The specifications are also in force, either wholly or 
in part, in Ohio, Wisconsin, Iowa, Utah, Nebraska, 
Texas, California, and Oregon. Also they are recom- 
mended in the “Uniform Act Regulating the Operation 
of Vehicles on the Highways” prepared under the di- 
rection of Secretary Hoover in the National Conference 
of Street and Highway Safety. 

The rear lamp specifications developed by the 
Illuminating Engineering Society cover the general 
relation of the lamp and license plate holder and the 
quantity and uniformity of illumination upon the 
license plate. At the present time the rear lamp speci- 
fications used by the State of Massachusetts are 
substantially in accord with those prepared by the 
Illuminating Engineering Society. 

During the past year the Automotive Lighting 
Association has prepared specifications covering stop 
and direction signals and the depressed beam from con- 
trollable headlights or auxiliary driving lights. Sub- 
sequently somewhat. different specifications for 
depressed beam lighting have been formulated tenta- 
tively by the Illuminating Engineering Society’s 
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Committee on Motor Vehicle Lighting. The matter 
also is understood to be under consideration by the 
Hastern Conference of Motor Vehicle Administrators. 

A further advance made in the practise of the 
Eastern Conference of Motor Vehicle Administrators 
is a requirement for excellence of headlamp construction 
not formerly imposed. Another forward step was 
taken by the National Conference on Street and High- 
way Safety in formulating a Uniform Vehicle Code 
intended to promote uniformity of regulatory action 
in the several states. 

The depressible beam, fast coming into use in motor 
car lighting, is a step in the direction of securing the 
advantages of the desirable headlighting characteristic 
required by the specifications now in general use with 
the element of advantage otherwise secured through 
dimming. It is a step further in the direction of doing 
away with the disadvantage inherent in each practise, 
measurably avoiding the glare to which the approaching 
driver is subjected under the first practise and the 
hazard of passing vehicles with lights dimmed involved 
in the second. 

The depressed beam has become a practicable device 


through the development of a lamp having twin. 


filaments, one placed 9/64 in. above the other and 
suitably coordinated with lens or reflector elements. 
By switching from one filament to the other, the beam 
is depressed by from two to three deg. in a simple, 
positive, and easily applied manner. 

Although but few of these devices as thus far de- 
veloped are understood to have been approved by the 
Eastern Conference, more than 20 car manufacturers 
have adopted such equipments for their new cars. 

Research. As a result of discussion following the 
1925 Conference on Street and Highway Safety, a 
joint Steering Committee on Headlight Research has 
been formed by the Society of Automotive Engineers 
and the Illuminating Engineering Society. 

The first objective of the Committee is to stimulate 
and guide experimental research directed toward the 
determination of the most satisfactory methods of 
automobile headlighting and, in accordance with the 
results of research, to formulate a code of recommended 
practise with respect to headlight equipment, adjust- 
ment, and use. 

A program has been projected by the Comnuittee 
including collection of data on visibility of objects 
under various conditions, experimental studies of 
visibility under conditions of actual driving, collection 
- of data on quality and condition of lamps as used and 
the possibilities of bettering them, and a demonstration 
of the lighting which various automobile manufacturers 
consider most satisfactory for all-around use. 

Relation to Street Lighting. In this connection it 
may be interesting to observe that the Committee on 
Street Lighting of the Illuminating Engineering Society 
is of the opinion that urban streets ought to be sufh- 
ciently well lighted to make it practicable to do away 
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entirely with powerful headlights on automobiles, as is 
the practise in New York City, and to a limited extent 
in some other cities. It is held that streets which 
support considerable traffic ought to be sufficiently 
lighted to make this practicable, and that where such 
condition exists, the safety and convenience of all 
concerned will be promoted. The Committee is 
engaged in establishing street lighting minima 
above which it can feel confident in recommending the 
abolition of headlights. 


RESIDENCE LIGHTING 


One of the serious obstacles to the provision of better 
lighting in the home is the general lack of adequate 
outlets and the apparent difficulty and expense of 
making additions. 

In the 1925 report of this Committee, reference was 
made to the Red Seal Campaign which undertakes to 
establish a minimum limit of adequacy of wiring ac- 
cording to the needs of each community. This plan 
has been adopted by nineteen different local electric 
leagues operating in six hundred and_ seventy-six 
communities and reaching nearly ten million people. 
One manufacturer is undertaking to establish a nation- 
wide standard of quality and adequacy, and it is 
probable that others will follow along similar lines. 
It is therefore becoming the fashion to provide suitable 
wiring. 

Although home-lighting equipment is still being 
selected with the main emphasis on the artistic features 
of metal working, with inadequate attention to the 
artistic and utilitarian values of the illumination itself, 
there yet seems to be a slow but general progress toward 
a better understanding of the merits of good lighting. 
The more common use of such terms as ‘‘shaded lights” 
indicates the trend. 


ScHOOL LIGHTING 


Preliminary tests have been made for the city of 
Newark, New Jersey, to secure an indication of the 
quantity and character of artificial light desirable for 
special public school classes of pupils having defective 
vision. 

Observations of reading and writing suggested 15-ft. 
candles, or about 50 per cent more than ordinarily 
recommended. Comparison seemed to show semi- 
indirect and direct lighting, with large diameter 
diffusing glassware, to be equally acceptable, when 
supplementing daylight. 

RAILWAY LIGHTING 


The first edition of a Manual of Lighting Practise for 
Railroads has been practically completed by the Asso- 
ciation of Railway Electrical Engineers. 

The following topics have been covered: Funda- 
mentals of Illumination and General Design, Design 
Data, Railway Shop and Roundhouse Lighting, Office 
and Drafting Room Lighting, Freight and Passenger 
Station Lighting, Warehouse and Pier Lighting, Yard 
Lighting, and Car Lighting. 


Bus LIGHTING 


The 12- to 16-volt systems are rapidly displacing 
the six- to eight-volt systems formerly used in bus 
lighting. A 2l-c. p. incandescent lamp in an S-11 
bulb designed for 300 hours of life has been standardized 
particularly for this purpose. It is interesting to note 
that some of the modern double-deck motor coaches 
have as many as 42 lamps for interior lighting. Special 
types of enclosing units and opal glass reflectors have 
been developed for motor coach lighting. Enclosing 
units are being used in the majority of new buses. 


ILLUMINATION OF RAILROAD CLASSIFICATION YARDS 


The employment of flood lights for illumination of 
railroad classification yards is becoming general. The 
Committee on Illumination of the Association of 
Railway Electrical Engineers reported that in 1924, 
35 railroads had 90 yards equipped with an aggregate 
of about 2100 flood lighting units. Since that time 
the practise has been extended, notable recent installa- 
tions being in the Selkirk Yard of the New York 
Central Railroad and the Markham Yard of the 
Illinois Central Railroad. 

The necessity for adequate and proper illumination is 
enhanced by the introduction of the so called mechan- 
ical car-retarder system for controlling the speed of 
cars in the gravity type of classification yard since the 
operators of such equipment must have a good view 
of the entire yard from their control towers. 

The above mentioned Committee has received a 
report from one railroad covering operating records 
of yards for several months before and after equipment 
with flood lighting, there previously having been 
no artificial illumination in the yard. This showed 
an increase of 15.5 per cent in number of cars handled at 
night with a decrease of 21 per cent in the average cost 
of damage suffered by cars and with entire elimination 
of personal injuries attributable to inadequate illumina- 
tion during the months in which the records were 
studied. 


LIGHTING FOR ADVERTISEMENT 
Electric signs and illuminated displays are a 
constantly growing factor in the advertising field. 
There has been within the last year a noted increase 
in the diversity of form of such displays together with 
a more rational design of the illuminated pattern based 


upon new engineering information. 


SIGNAL LIGHTING 

Traffic Signal Lighting. With the large increase in 
the use of electric traffic signals, there has come fortu- 
nately an approach toward uniformity of practise in 
their use. Red quite generally now means “Stop” 
and green means ‘“‘Go’’. Amber signifying ‘“‘Caution”’ 
is employed in many cities for the assistance of the 
pedestrian. 

A lens, a glass reflector, and an incandescent lamp 
are the usual equipment for each signal. Styles of 
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signals are becoming more nearly uniform. Flexibility 
of control for isolated units and for large interlocked 
installations is a feature of the latest developments. 
A centrally controlled progressive system of signal 
operation has been developed and placed in operation 
in Chicago, which is greatly expediting the flow of traffic 
through the “Loop” district. Many of the signals 
installed in the past have not been sufficiently bright 
to have the necessary attention value when seen against 
the sky near the sun. Experience indicates that this 
is a subject to which considerable attention must be 
given to insure the efficacy of the signal under all 
conditions. 

The proper solution of the traffic problem in any 
given case requires real engineering analysis. 

With the multiplication of traffic signal lights, there 
comes a possibility of confusion which merits further 
study. Red traffic signal lights are sometimes placed 
at elevations of not more than 10 ft. above the roadway; 
there are red tail lights; and sometimes red stop lights 
on street cars and port running lights on motor buses. 
In some districts there is also a red signal at fire alarm 
boxes. Police patrol stations and building exit markers 
This is a matter 
which clearly requires care and attention if we are to 
avoid complexity of signal lights which may result in 
confusion and increase the accident hazard. 

The 1926 Conference of Street and Highway Safety, 
taking cognizance of the above described situation in 
regard to traffic signals, adopted by majority vote a 
recommendation that yellow be employed as a rear 
lamp signal for motor cars. 

Railway Signal Lighting. Progress is reported in 
the development of electric signals both to replace the 
kerosene lamp for night use and to serve as a full color 
signal both day and night. The development has 
involved specialized design of lamp filament and bulb, 
of optical system, of a universal accurate focusing 
mechanism, and of means for directing the light as 
desired. | 

Aviation Lighting. After much experimentation, 
particularly on the part of the United States Air Mail 
Service, it appears that the following is likely to become 
general practise in aviation lighting: a 500,000,000- 
c. p., high-intensity are searchlight, visible in clear 
weather for 150 mi., is located every 250 mi. along the 
route. Every 25 mi. between these beacons are located 
60-ft. steel towers supporting a 24-in. rotating beacon, 
employing a 30-volt, 900-watt, tungsten filament lamp. 
This beacon has a beam c. p. of approximately 7,500,000, 
and in clear weather is visible for 75 mi. The beam is 
elevated at an angle of one to one-half deg. above 
the horizon, and rotates at a speed that provides a 
flash every 10 seconds. In very hilly or mountainous 
sections, routes are marked with smaller beacons 
consisting of four automobile headlamps equipped with 
12- to 16-volt, 21-c. p. tungsten filament lamps. These 
beacons are rotated at a speed of 10 rev. per min. 
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The boundaries of the principal landing fields are 
marked by 60-c. p. series lamps spaced 150 ft. apart 
around the edge of the field. Emergency landing field 
boundaries are marked by two-c. p., three- to four-volt 
lamps, 28 of these being connected in series around the 
boundary of the field. Theyare operated from gasoline- 
electric equipments. Each fitting has a relay which 
introduces an equivalent resistance into the circuit 
in case of a lamp failure. It is usual to place a number 
of flood-lighting equipments along two sides of the field 
to illuminate it for landing purposes. These have 120- 
deg. Fresnel lenses and are equipped with .900-watt, 
30-volt, tungsten filament lamps. To some extent 10- 
kw. ribbon filament lamps are also used in very large 
Fresnel type lenses for flood lighting landing fields. 

With the development of commercial flying it is 
probable that there will arise requirement for well 
defined routes and landing fields. The total lighting 
load at a typical air mail field is 38 kw. 


A NEw APPLICATION OF LIGHT 


The transmission by wire or wireless of actual scenes 
or so called ‘‘television’”’ is understood to have been 
accomplished experimentally. With the aid of the 
photoelectric cell and the Moore gaseous conductor 
lamp it has been found possible to use relatively simple 
apparatus for the transmission and reception of pictures 
within the interval imposed by the human eye as a 
requirement for sustained vision. It is expected that 
this new art will be brought to commercial development 
at a relatively early date. 


ILLUMINATION NOMENCLATURE AND SYMBOLS 


Nomenclature, abbreviations, and symbols in the 
illumination field are now fairly well fixed in this 
country. The report of the Committee on Nomen- 
clature and Standards of the Illuminating Engineering 
Society, having been submitted some time ago to the 
procedure of the American Engineering Standards 
Committee, was adopted as an “American Standard.” 


ILLUMINATION ITEMS IN THE PROCEEDINGS 
Under the auspices of this Committee there have 
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appeared in the proceedings from time to time brief 
articles designed to keep the membership posted as to 
significant developments in thelighting field. Evidences 
of appreciation having been received, this practise 
is being continued and may be recorded as a supple- 
mentary activity of this technical committee. 


CONCLUSION 


The Committee on Production and Application of 
Light, having thus reviewed the field of lighting within 
its purview, is in a position to report to the Institute 
that electric lighting is undergoing a sound and whole- 
some development under the influence of forces largely 
commercial in character but greatly beneficial from a 
public point of view. 

The Illuminating Engineering Society is intent upon 
developing the science and the art of illumination and 
is making measurable progress in its activities. Asso- 
ciations of manufacturing and operating interests are 
contributing notably through progressive engineering 
and business development which derives adequate 
sanction from the fundamentally favorable considera- 
tion that every improvement in equipment and practise 
in the lighting field is mutually advantageous to the 
commercial interests and to the public. 


Discussion 


W. E. Beaty (Cincinnati): The application of individual 
motor drive to varied machines, and particularly to the machines 
requiring 5 h. p. and below, has introduced the need for indi- 
cating lamps in connection particularly with automatic control 
of such machines. The gaseous lamp shown may meet that 
problem, and I should like to ask Mr. Millar what the voltage 
limitations are on a lamp of that character? I am wondering 
if the lamp can be used on all circuits up to, say, including 550 
volts? 

W. N. Goodwin: We are quite familiar with these gaseous 
lamps for advertising purposes in tubes several feet long em- 
ploying a few thousand volts. I understand that in those, the 
the voltage is frequently a function of the distance between the 
electrodes, so that it should be quite easily possible to adopt them 
for any voltage from 115 volts up to several thousand. 

P. S. Millar: The Committee Report records the achieve- 
ment of operating these small lamps on a voltage as low as 115. 
It should be easy to make them operate on 220 or 550 volts. 


Electrical Machinery 


Annual Report of Committee on Electrical Machinery’ 
BY B. L. BARNS, Chairman of Subcommittee on Annual Report 


To the Board of Directors: 


The activities of this committee during the past 
year have been carried out on a plan of organization 
comprising a number of subcommittees as outlined in 
Mr. H. M. Hobart’s report to the President and Board 
of Directors on the Development of the Activities 
of the A. I. E. E. Technical Committees under date of 
January 19, 1925. This report is under consideration 
by the Committee on Technical Activities to determine 
the advisability of recommending it in whole or in part 
for all of the technical committees. The scope of the 
Electrical Machinery Committee’s activities has been 
based on the recommendation contained in a report 
made by Mr. A. W. Berresford as chairman of a Special 
Committee to Review Technical Activities of the 
A. I. E. E. under date of January 28, 1924. 


During the past year the Electrical Machinery 
Committee has been more active in standardization 
work. A subcommittee on standardization has been 
organized under the chairmanship of Mr. J. C. Parker 
which is functioning in an advisory capacity to the 
Institute’s Committee on Standardization in matters 
concerning electrical machinery. The committee on 
Electrical Machinery, through a subcommittee under 
the chairmanship of Prof. V. Karapetoff, is also spon- 
soring research work affecting standardization and 
advancements in the art and is collaborating with the 
Committee on Research. 


That part of the Electrical Machinery Committee’s 
work which has resulted in the most tangible accom- 
plishments has been the procuring and reviewing of 
suitable papers on various subjects which have been 
presented under the auspices of this committee at 
the regular and regional meetings. The following 
table shows the number of papers under different 
classifications that have been presented during the year. 


Factors which affect design of electrical machinery... 5 papers 
Generator design and construction................ 8 papers 

’ Motor design and construction.................... 4 papers 
Transformer design and construction.............. 2 papers 
LO Ua Remade see cen ener. 19 papers 


*Committee on Electrical Machinery: 
H. M. Hobart, Chairman, General Electric Co., Schenectady, N. Y. 


J. C. Parker, Vice-Chairman, Brooklyn, N. Y. 

C. A. Adams, L. L. Elden, P. M. Lincoln, 

H. ©, Albrecht, G. Faccioli, A. M. MacCutcheon 
B. F. Bailey, W. J. Foster, F. D. Newbury, 

B. L. Barns, Harold Goodwin, Jr. N. L. Pollard, 

B. A. Behrend, Jee EDU, R. F. Schuchardt, 
A. C. Bunker, V. Karapetoff, C. E. Skinner, 
James Burke, A. H. Kehoe, A. Still, 


* Walter M. Dann, A. E. Kennelly, R. B. Williamson. 


Presented at the Annual Convention of the A. I. E. E., at 
White Sulphur Springs, June 21-25, 1926. 


In preparing a review of the development or advance- 
ment of the electrical machinery art one is inclined to 
turn first to those new types of machines that have 
developed and those machines which represent new 
records for high rating or size or voltage. The research 
work, whether it be mathematical, chemical, or physical, 
by which new types and high ratings are made possible, 
is less spectacular but of fundamental importance. The 
enumeration of new high water marks of ratings may 
not of itself appear to be an index of an advancement 
of the art but there are often many details and problems 
involved in the successful design and manufacture of 
such machines involving real pioneer work. Nor 
is all the engineering pioneer work confined to setting 
new records of large size. If we would but examine 
them carefully we would find research and ingenuity 
written all over the smaller apparatus that we see 
about us every day and take for granted. 

It is, of course, beyond the scope of this report to 
record even briefly the solution of the many problems 
involved in the perfecting of new developments, for 
time and space would not permit, nor is such detailed 
information available for that purpose. In considering 
the remarkable things that have been accomplished 
in building huge machines we should not overlook the 
importance of the development and improvement of the 
small apparatus upon which the expansion and growth 
of the electrical industry is so largely dependent. 

Again we take a considerable measure of satisfaction 
in recording new attainments reached in higher ratings 
of machines which have been put into successful 
operation. New records have been made for large 
capacity all along the line. Larger ratings than ever 
before obtained have been built in transformers, syn- 
chronous motors, induction motors, d-c. motors, 
horizontal-shaft alternators and turbo alternators. 

The following review is classified under headings for 
convenience in preparation and reference and an at- 
tempt has been made to include under each a bibliog- 
raphy of the more important articles that have been 
published during the year. An attempt has also been 
made to cover the more important developments that 
have taken place in Europe as well as in America (the 
United States and Canada). An apology is offered if 
important articles or developments have been omitted. 
Such omissions are entirely accidental. 


RESEARCH 
This committee now has the following subjects under 
consideration and it is probable that as investigations 


advance sufficiently to mention definite results they will 
be described in the form of papers for presentation at 
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Institute meetings. These topics are mentioned not so 
much to record the actual progress made by the Com- 
mittee as to indicate problems of importance brought to 
the Committee’s attention. 

Effect of Altitude on the Dielectric Strength of Insula- 
tions. An investigation has been proposed to deter- 
mine whether it is desirable to draw a distinction be- 
tween apparatus that is to be used at sea level and high 
altitudes as regards the insulation tests. 

Influence of Expansion and Contraction of Conductors 
on Insulation Deterioration in Long Machines. This 
subject has already received a great deal of attention 
and some valuable experimental work has been done. 
This subject is becoming of greater importance with the 
increasing capacities of turbo alternators. Further 
investigation has been suggested as desirable. 

Surge Tests of Insulation. An investigation of this 
subject is being undertaken to determine whether 
it is desirable or practical to standardize a test of this 
sort on the insulation of machines that may be sub- 
jected to transient high-voltage conditions. 


Hot Spots in Cores of Alternators. Observations made 
by engineers in Europe have indicated that higher 
temperatures may be reached in the slots at the ends of a 
turbo generator core than in the slots at the center of 
the core. Manufacturers in the United States have 
reported that they have been unable, from tests made 
on machines of American make, to substantiate this 
statement. This may be due to the difference in the 
design of end windings in Europe and in America. 

Evaluation of Conventional Losses. The present 
A. I. E. E. Standards assign conventional values to 
certain losses that are known to exist. It is felt that 
methods should be devised by which these losses may be 
determined by tests so that the design and tests may 
be reduced to a more exact science and due credit 
may be given to designs that are especially meritorious 
in this respect. 

Calorimetric Method of Determining Losses in Alter- 
nators. The feasibility of determining the losses and 
efficiency of alternators by calorimetric methods which 
are based on the temperature rise of the cooling medium 
is being investigated. 

Stability of Alternators. As distribution systems 
increase in size and the use of long, high-voltage 
transmission lines is extended, the subject of stability 
of generators becomes of greater importance. A study 
of the possibility of the evaluation or definition of 
generator stability is being made so that this character- 
istic may be specified. 

Relation between Dielectric Tests on New and Used 
Machines. . This subject has arisen from a considera- 
tion of recommended practise in checking the condition 
of the insulation of a machine that has been in opera- 
tion for some time. a 

Non-Destructive Physical Tests on New and Used 
Insulation. Physical tests of insulation have been 
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suggested as being desirable; accordingly, the subject is 
being investigated. 

During the past year research work has been done on 
the following subjects that come within the scope of 
this committee’s activities: 

Effect of Altitude on Ratings of Electrical Machinery. 
This investigation was undertaken for the purpose of 
providing a_ satisfactory revision of the present 
A. I. E. E. rules which have been recognized as not 
‘being entirely satisfactory. 

Copper Eddy-Current Losses. A theoretical founda- 
tion for the calculation of no-load copper eddy-current 
losses in machines has been presented. 

Motor Band Losses. Methods of calculating losses 
in the binding bands of armatures of direct-current 
machines have been made practicable. 

Heating Curves of Electrical Machinery. A further 
study of the prediction of the heating curves of machines 
has been presented. 

Alternator Short Circuits. The calculation of the 
transient phenomena resulting from short. circuits 
of the armature windings of alternators has been a 
subject of study for many years and an accurate 
method of predetermining the value of the short-circuit 
current is becoming more and more important as the 
generating capacity of power systems increases from 
year to year. Two papers have been presented to the 
A. I.E. E. during the past year dealing with this subject. 
One of these papers treats the subject on the basis of 
Kirchoft’s law that the vector sum of all the currents 
at a junction is equal to zero. The other paper is 
based on the constant linkage theorem, viz: “Ina 
circuit having zero resistance, the algebraic sum of the 
flux linkages of the circuit must remain constant.” 

Measurement of Stray Load Losses in Alternators. A 
paper has been presented which has suggested a different 
method of determining stray load losses than that 
specified in the present standards, and results of tests 
have been given. 

Ventilation of Turbo Alternators. During the year 
this work has been carried forward to a conclusion by 
the use of small models. Previous calculations and 
empirical formulas have been checked so that now a 
complete solution of the complex problem of measuring 
static pressures in a fluid movingat considerable velocity 
can be successfully obtained. 

Theory of the Synchronous Induction Motor. This 
subject has received considerable attention in Europe 
and a number of excellent treatises have been written. 

Hydrogen as a Cooling Medium. A further investi- 
gation of the problems incident to the use of hydrogen 
as a cooling medium has been undertaken. 

Characteristics of Synchronous Machines. Blondel’s 
theory of two reactions has been extended to include 
the effect of harmonics and of field excitation in the 
quadrature axis. 
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VENTILATION OF ELECTRICAL MACHINERY 


Ventilation, one of the fundamental considerations 
in the design of electrical machinery, has been a subject 
of very active study and experimentation. Because 
the design of turbo alternators involves a relatively 
greater need of a knowledge of the phenomena incident 
to the flow of gases through irregular passages, experi- 
mental work has been carried out to determine the 
forms of fans, bafflers and internal ducts which would 
give the desired cooling effect with a minimum of wind- 
age losses by introducing into new machines alternative 
ventilation schemes which were tried out when they 
came to test. In this way much valuable and accurate 
information has been obtained which has been free 
from some of the uncertainties of theoretical considera- 
tions of a very complicated problem. Nevertheless, 
considerable help has been obtained by building small 
models and testing them under laboratory conditions 
to check and verify principles that have been deduced 
by a theoretical treatment of the problem. Models 
have been constructed to represent the vent ducts 
and air passages in the stator core of a turbo alternator 
and tested to determine the drop in pressure in the 
several parts of the passage ways. In this way data 
were obtained by which close approximation can be 
made of the amount of pressure required to force a 
given quantity of air through a given machine. Other 
models have also been tested to determine the most 
efficient shapes of slot retaining wedges in stators and 
the best arrangement of spacers in the internal ventila- 
tion ducts. All of this work has contributed toward 
better designs not only of turbo alternators but also 
of other types of machines. 
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This committee’s report of last year made mention 
of an investigation into the use of hydrogen as a cooling 
medium for rotating machinery. The results of this 
have been published and this method seems to have 
many advantages that would make it desirable for 
commercial application and some operating engineers 
are looking forward to the time when it will be found 
feasible to use hydrogen for this purpose. Some of 
the new machines that are now being purchased are 
being arranged so that they may be readily adapted to 
the use of hydrogen when the problems peculiar to its 
use are finally solved. 

A few years ago the recognized need of nrovidine 
clean air for the ventilation of machines, especially 
large capacity turbo alternators, was met by the use 
of air cleaning and air washing apparatus which took 
air from outside the building, cleaned it, and discharged 
it outside again after it has passed through the machine, 
probably cleaner than when it came from the washer. 
This veritable throwing away of perfectly clean air 
appeared to be an uneconomical procedure and during 
the past year or more a more rational arrangement of 
a closed system has been used particularly for large 
turbo alternators. This system recirculates the same 
air, cooling it by passing it over water cooling pipes. 
The advantage of this arrangement has been recognized 
during the past year for application to other types of 
machines, it having been adopted for hydroelectric 
plants and substation equipment. The closed ventilat- 
ing system necessarily presupposes an abundance of 
cooling water at low cost. 


During the past year an ingenious arrangement has 
been devised for cooling heavy duty bearings of sub- 
station machinery where the water supply for such 
purposes is expensive. This scheme consists of a 
closed water circulating system so arranged that the 
water is cooled by the air used to ventilate the machine. 


Although for a number of years sales campaigns 
have been carried on advocating the use of small fans 
to increase the heating capacity of radiators in very 
cold weather, this idea has not been applied to the 
cooling of transformers until this year. By the use of 
jets of air directed over the surfaces of self-cooled 
transformers the convection of heat has been greatly 
accelerated. This development gives promise of many 
possibilities. 
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TESTING ELECTRICAL MACHINES 


A renewed interest has been shown in the accurate 
determination of load or stray losses of rotating ma- 
chines. The assumption that is made in the present 
A. I. E. E. Standards that the measured short-circuit 
core loss is equal to the load loss is generally considered 
to be far from correct in certain types of alternators and 
there is a general desire for a more accurate method of 
determining these losses that would be suitable for 
application to commercial testing. A paper which was 
presented at the Midwinter Meeting advocated a 
method of test which was based on measuring the 
synchronous motor power input when running light 
under conditions of leading and lagging currents. The 
discussion of this paper indicated that a calorimetric 
method of measuring losses has been in use in one of the 
large factories for several years and that this method is 
being studied by others. The calorimetric method 
makes use in different ways of the observed temperature 
rise of the air passing through the machine. Since 
closed ventilating systems are being more generally 
used, the determination of the losses by the measure- 
ment of the heat absorption by the air cooling equip- 
ment seems to offer a satisfactory method of test. 
These calorimetric methods do not, however, offer 
means of direct measurement of the so called load losses 
but are more suitable for the determination of the total 
losses under actual load condition. This committee is 
desirous that suitable commercial test methods be 
developed for a more accurate determination of the 
efficiency of large synchronous machines than is now 
described in the A. I. E. E. Standards. 

The testing of large machines on power house settings 
such as water wheel driven alternators often involves the 
measurement of losses by the retardation method. 
During the past year a chronographic method has been 
devised for obtaining a simultaneous record of time and 
revolutions on a paper ribbon. 
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TURBO ALTERNATORS 


In this Committee’s report of last year, mention was 
made of a 62,500-kv-a. 1200-rev. per min. turbo 
generator which had recently been put into operation 
as the largest single-shaft unit that had been built. 
During this year two machines of this capacity but of 
1800 rev. per min. have been put into successful 
operation. The step up from 1200 rev. per min. to 
1800 rev. per min. has been made possible by the more 
skillful design of the electrical parts, a better propor- 
tioning of the mechanical parts, and more extended 
multiple ventilation. This increase in speed makes it 
possible to further extend the upper limit of rating for 
single-shaft machines to such an extent that two 
60,000-kw. units are now under construction and 75,000- 
kw., 80 per cent power factor generators are being 
considered. A machine of this rating at 1200 rev. per 
min. would present difficulties in manufacture because 
of the great weight of the rotor. Another large turbo 
alternator that was put into service the past year is 
rated 66,660 kv-a., 1500 rev. per min., 25 cycles. In 
France one of 60,000 kv-a., 1500 rev. per min., 
50 cycles, is about ready to be put into operation. 
The description of this generator in a paper presented 
before the Institute brought out in the discussion some 
interesting information on the relative design prac- 
tises in Europe and the United States. The French ma- 
chine employed deep slots in the stator core for the dual 
purpose of increasing the reactance and providing axial 
paths for ventilation. Another feature is the much 
smaller ratio between saturation and impedance am- 
pere turns than has been considered good practise in 
America. American practise has considered it neces- 
sary to maintain this ratio at near unity while European 
practise allows it to be as low as 0.5. This difference 
may possibly be accounted for by the difference in 
operating practise on the two continents. In America 
the apparent desire of the operators is to get the maxi- 
mum output from the generator throughout its period 
of life, while in Europe, it is said, a generator is usually 
operated at slightly less than its rated capacity. 
Another factor has been the general practise in Europe 
to employ voltage regulators to care for the swings in 
load and supply the necessary excitation to prevent the 
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generators from falling out of step, while in the United 
States operating people have insisted upon generators 
that may be hand regulated and which are not de- 
pendent upon automatic regulation for their stability. 

It is interesting to note that designing engineers now 
predict the possibility of building machines having 
ratings of 75,000 kw., 80 per cent power factor at 
1800 rev. per min., 100,000 kv-a. at 1500 rev. per min., 
for 50 cycles and 40,000 kv-a. at 3000 rev. per min. for 
50 cycles. A 25,000-kw., 3000-rev. per min. machine 
has been built in Europe. It is the opinion of a leading 
engineer that if greater capacities than 7 5,000 kw: are 
demanded by the operating companies they will be 
obtained by advances in the design and materials 
applied to the four-pole generator rather than a return 
to a six-pole design. For very large units there are ad- 
vantages in the cross-compound arrangement or 
multiple-shaft design involving two or more generators. 
A unit of this type having a house generator, in addition 
to the two main generators and with a total rating of 
77,000 kw. has been completed during the past year and 
another of 80,000 kw. is under construction. An order 
has recently been placed for a two-generator unit rated 
at 90,000 kw. Triple shaft units with three generators 
of combined capacities of 160,000 kw. and 200,000 kw. 
are being considered. 

These very high generator ratings have involved 
problems concerning mechanical stresses in the rotor 
due to centrifugal forces and deflection, insulation of the 
rotor windings and ventilation of the stator. Cen- 
trifugal stresses have been provided for by the develop- 
ment of special alloy steels. The limitations of rotor 
deflection in its relation to critical speed have been 
largely eliminated by a better knowledge of the mechan- 
ics of the problem. Whereas before this was so well 
understood it was believed that the rotor speed should 
be well below the critical speed, now the designers are 
eoncerned only that the normal speed must not ap- 
proach any multiple of the first critical speed. Ex- 
perience has shown that the critical speed is not 
dependent only on the weight and length of the rotor 
but that it is influenced by the type and proportions of 
the stator frame and bearing supports and the design of 
these parts offers a means of control. The very great 
pressures on the rotor winding insulation coupled with 
the expansion and contraction resulting from changes 
of temperature has necessitated the development of 
types of insulation for the end coils that will withstand 
these destructive conditions. In the matter of ventila- 
tion, schemes of providing a number of multiple paths 
have been devised to obtain the equivalent of a short 
core machine. In some cases as many as 28 parallel 
paths are provided. For the ventilation of the smaller 
generators, fans mounted on the shafts inside the end 
bell housing have been used although separate motor 
driven fans would be more efficient. This arrangement 
has the advantage, however, of eliminating a separate 

auxiliary which if it failed to operate would cause the 
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removal of the generator from service. The fan 
capacity required for the very large generators has ex- 
ceeded the limit of the type that can be mounted on the 
rotor, and separate fans or blowers are now a necessity. 
With well designed external blowers, having an ef- 
ficiency of 65 per cent, a saving in the total losses of the 
machine would amount to approximately 0.1 to 0.2 
per cent at rated load. On the larger machines it is 
often feasible by the use of external blowers to build 
them with smaller diameters than would be possible 
with fans on the rotor. Under such conditions 
the external blower ventilated machine may show 
an efficiency of from 0.38 to 0.4 of a per cent 
higher than the machine with fans attached to the 
rotor. Besides the better efficiency this arrangement 
affords another important advantage in that the air 
passes through the air coolers of a closed system after 
leaving the fans and before it enters the generator, thus 
extracting the heat put into it by the fans. A material 
reduction in the temperature of the air entering the 
generator is obtained as compared with its temperature 
when the fans are assembled on the shaft. The closed 
ventilating system with fin-type radiator coolers is now 
being used almost universally for turbo alternators. 

During the year there have been improvements in the 
Emmet mercury turbine with resulting higher 
efficiencies. 

The 3000-kw. 3600-rev. per min., 20-stage turbine 
for operation at a steam pressure of 1200 pounds which 
was mentioned in our report of last year has been put 
into successful operation. 
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WATER-WHEEL DRIVEN ALTERNATORS 
American hydroelectric practise still favors the 
vertical shaft arrangement of alternators to such an 
extent that about 80 per cent of the water wheel 
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generators are of this type and the arrangement is more 
or less standardized with a spider or bridge spanning 
the top of the armature frame for supporting the thrust 
bearing which carries the weight of the generator rotor 
and the water wheel runner. Two years ago several 
units were built with the thrust bearing beneath the 
revolving field and no bearing or superstructure above 
the rotor except a cover or housing. Although there 
seemed to be a number of advantages to be gained by 
this so called umbrella type, no further machines have 
been built ’til this year. A 6250-kv-a., 18814 rev. per. 
min. generator of this type is now under construction. 
One manufacturer is using a fabricated construction 
of welded steel plate to a large extent for the armature 
frames. The closed ventilation system has been 
adopted in one large water power station. 

During the year a rather formidable number of large 
capacity alternators both horizontal and vertical 
shaft have been under construction or installed and the 
following incomplete list will serve to indicate to what 
extent machines of large ratings are being used. 


3-37,500 kv-a. 12,000 volts, 120 rey. per min. vertical shaft 
3-18,750 kv-a. 6,600 volts, 100 rey. per min. vertical shaft 
2-29,000 kv-a. .... volts, 300 rev. per min. vertical shaft 
2-25,000 ky-a. 13,200 volts, 450 rey. per min. vertical shaft 
2-20,000 kvy-a. 11,000 volts, 200 rey. per min. vertical shaft 
1-17,000 ky-a. 6,600 volts, 375 rev. per min. vertical shaft 
1-17,500 kv-a. 6,600 volts, 100 rev. per min. vertical shaft 
2-25,000 kv-a. 6,600 volts, 90 rev. per min. vertical shaft 
2-54,000 kv-a. 12,000 volts, 18714 rev. pec min. vertical shaft 
2-13,500 kv-a. 6,600 volts, 277 rey. per min. vertical shaft 
4-16,000 kvy-a. 11,000 volts, 133 rev. per min. vertical shaft 
3-20,000 kv-a. 11,000 volts, 330/360 rev. per min. vertical shaft 
2-15,625 ky-a. 11,450 volts, 257 rev. per min. vertical shaft 
2-25,000 kvy-a. 12,000 volts, 300 rev. per min. vertical shaft 
2-18,750 kv-a. 12,000 volts, 150 rev. per min. vertical shaft 
2-15,000 kv-a. 6,600 volts, 171 rev. per min. vertical shaft 
1-21,000 kv-a. 11,000 volts, 13814 __ rev. per min. vertical shaft 
1-12,000 kv-a. 12,500 volts, 12814 rev. per min. vertical shaft 
1-12,000 ky-a. 2,400 volts, 250 rev. per min. vertical shaft 
8-12,500 kv-a. 14,000 volts, 100 rev. per min. vertical shaft 
2-10,600 kv-a. 12,000 volts, 120 rev. per min. vertical shaft 
2-36,000 kv-a. 6,600 volts, 100 rev. per min. vertical shaft 
2-30,000 ky-a. 6,600 volts, 11214 rev. per min. vertical shaft 
2-10,000 kv-a. 6,600 volts, 180 rey. per min. vertical shaft 
2-33,000 kv-a. 11,000 volts, 360 rev. per min. horizontal 


1-33,000 ky-a. 13,200 volts, 360 rev. per min. horizontal 
2-25,000 kv-a. 11,000 volts, 450 rev. per min. horizontal 
1-20,000 ky-a. 11,000 volts, 375 rev. per min. hoxnoatal 
1-14,444 kv-a. 6,600 volts, 600 rev. per min. hovinontal 
1-13,000 kv-a. 12,000 volts, 500 rey. per min. horizontal 
1-13,125 kv-a. 4,400 volts, 225 rey. per min. hoviontal 
sha 


Although the 65,000-kv-a. units at Niagara Falls 
are still the largest machines that have been built, 
larger alternators have been under consideration and 
will probably be built in the near future. The manu- 
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facturers are prepared to build the following maximum 
rated water-wheel driven alternators of the vertical 
shaft type and designed to meet the usual run-away 
speed requirements: 
10,000 kv-a. at 720 rev. per min. 
20,000 kv-a. at 600 rev. per min. 
30,000 kv-a. at 514 rev. per min. 
59,000 kv-a. at 400 rev. per min. 
80,000 kv-a. at 300 rev. per min. 
110,000 kv-a. at 200 rev. per min. 
130,000 kv-a. at 100 rev. per min. 

The use of welded steel plate stator frames and the 
substitution of a few separate sole plates for a con- 
tinuous base ring has appreciably reduced vertical 
shaft generator weights. Comparisons of construction 
and actual weights indicate that American designs are 
at least twenty-five per cent lower than similar Euro- 
pean machines. 


The past year has set a new record in the maximum 
capacity of horizontal shaft water-wheel driven genera- 
tors. Two alternators rated 33,000 kv-a. at 360 rev. 
per min. were built in the United States for a Brazilian 
plant and a third was built for a California plant. In 
Europe a 30,000-kv-a., 500-rev. per min. horizontal 
shaft alternator has recently been built which has an 
unusual rotor construction consisting of twin rotors 
each with its pole pieces and windings mounted side 
by side on the shaft in a common armature core. This 
construction was adopted to conform with certain shop 
and transportation facilities. 

The use of automatic or remote control of 
hydroelectric. units is extending. During the past 
year some 9000 kv-a. units have been put into successful 
operation, being the largest yet constructed for this type 
of control. 
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DIESEL ENGINE DRIVEN ALTERNATORS 


There has been considerable activity during the past 
year in exploiting the use of Diesel engines as prime 


movers for stand-by plants. An installation of this 


type which is worthy of note consists of three 3125-kv-a. 
80 per cent power-factor, 25-cycle, 125-rev. per min. 
units for the Panama Canal which are probably the 
largest generators driven by this type of engine. 


TRANSFORMERS 


An important consideration in transformer work is 
the provision of means of dissipating the losses with 
sufficient rapidity to keep the temperature of the trans- 
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former within safe limits. In the past this has been 
accomplished by one of four methods, viz: 

1, Air-blast, in which air is blown around and 
through the core and windings. 

2. Self-cooled, in which the heat is transferred 
from the core and coils to the casing by an oil bath and 
then dissipated principally by radiation. 

3. Water-cooled, in which the heat is removed from 
the oil bath by water cooling coils. 

4, Oil-cooled, in which the oil bath is circulated 
through a cooling apparatus independent of the 
transformer. 

A new method involving an old principle has gained 
much favor this year. This consists of directing jets 
of air upward and over the radiating surfaces thereby 
removing a larger part of the heat by convection than 
can be done by the natural circulation of air. Some 
very large transformers arranged for cooling by air 
jets have recently been completed. The rating of these 
oil-insulated, air-cooled distributed core type trans- 
formers is 30,000 kv-a., 220,000 volts Y, 125,000 volts Y, 
10,640 volts delta at 60 cycles and 55-deg. cent. temper- 
ature rise by resistance. 

The method in which the oil is cooled outside of the 
transformer tank is more generally used in Europe than 
in America. This year, however, some very large 
transformers arranged for this method have been 
built and installed in America. They are rated 20,000 
kv-a., 50 cycles, 72,000-Y, 11,000-volt single-phase, 
and sea water is used as the cooling medium. Although 
air-blast transformers are not used to as great an extent 
as they were many years ago there is still a demand for 
them for installation in certain localities where the 
presence of large quantities of oil is considered to be a 
fire hazard. The largest air-blast transformer yet 
built was installed this year. It was rated 18,500 kv-a., 
25 cycles, 11,800-3,800 volts three-phase and weighed 
about 43 tons. 

The largest self-cooled single-phase transformers 
ever built were completed this year. They are rated 
-at 20,000 kv-a. 72,450-Y, 13,800 volts, 60 cycles. Like- 
wise the largest water-cooled transformers both in 
point of rating and physical size have been built this 
year. These are rated 28,866 kv-a., 220,000-Y, 66,000- 
Y, 10,750 volts, 60 cycles, single-phase. As will be 
noticed in the ratings of the above self-cooled and water- 
cooled transformers, tertiary windings are being used 
to a large extent in large high-voltage power trans- 
formers. The tertiary windings, being connected delta, 
permit using the star connection for both primary and 
secondary windings. The tertiary winding also pro- 
vides a means of connecting a condenser into the 
system for transmission line voltage regulation without 
using an independent transformer where the secondary 
voltage is too high for a condenser winding. 

During the past year the largest and highest voltage 
transformers ever built in the British Empire were com- 

‘pleted in Canada. 


These are designed for a rating — 
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of 25,000 kv-a., single-phase, 60 cycles, 154,000 volts 
and weigh 80 tons each. Twelve of these transformers 
were built on one order. 

A German manufacturer has built the largest capacity 
transformer ever constructed. By removing the alu- 
minum windings of a 60,000-kv-a. transformer that 
had been in operation for several years and substituting 
copper windings, a three-phase transformer having a 
rating of 75,000 ky-a., 110,000 volts was produced. 
This transformer is now in successful operation. 

Probably the most important development pertain- 
ing to transformer construction has been the further 
improvement of and extended use of transformers 
equipped with load ratio control or devices for changing 
taps without interrupting the load. Transformers of 
this type are being extensively used to regulate circu- 
lating currents between systems where the flow of 
energy is in either direction and where each system 
must maintain its voltage independently of the direction 
of the flow of energy. 

One of the largest units of this latter type is a three- 
phase self-cooled auto-transformer rated 36,000 kv-a., 
66,000 volts, 60 cycles. “It is used as a tie between two 
60,000-volt systems. The taps are arranged to give 
10 per cent buck and 10percent boostinninesteps. The 
total weight of this transformer with operating mecha- 
nism and circuit breakers is about 73 tons. 

The electrical circuit of this unit is novel in that 
double transformation is employed to secure voltage 
control. Electrically, the unit consists of two distinct 
transformers each provided with a high-voltage and low- 
voltage winding. The high-voltage windings of each 
transformer are connected to the 66,000-volt line, one 
being connected in shunt to the line and the other in 
series to the line. The shunt transformer contains 
the necessary taps and ratio adjusters by means of which 
fractions of the low voltage winding on the shunt 
transformer can be connected to the low-voltage 
winding on the series transformer. By varying the taps, 
the desired amounts of voltage either bucking or boost- 
ing can be inserted in the high-voltage line through the 
series transformer. By thus placing ratio adjusters in a 
separate low-voltage circuit, the switching apparatus 
is protected from abnormal voltages which may arise in 
the high-voltage lines. . 

It sometimes becomes desirable for the sake of 
greater insurance against interruption of service to 
separate the regulating function into a separate trans- 
former. An interesting example of this consists of 
banks of three single-phase, self-cooled, power trans- 
formers rated 20,000 kv-a., 12,600-18,800 volts, 60 
cycles, a three-phase, self-cooled, regulating transformer 
of 60,000 kv-a. capacity. 

Transformers having arrangements for tap changing 
under load are also being extensively used for electric 
furnace work. 

The extension of the idea of rural electrification has 
opened up a new field of design in small distribution 
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transformers for very high voltages. Some 100-kv-a., 
110,000-volt transformers have recently been built 
for this purpose. 

During the past year the largest potential trans- 
formers were built for use in America. These were 
designed for use between line and neutral of a 144,000- 
volt system. They have only one high-voltage bushing, 
the neutral being grounded to the cover. 

The development of successful high-voltage trans- 
formers is assisted greatly by accurate knowledge of very 
high-voltage phenomena which can be obtained only by 
experimentation at voltages much higher than the 
actual transformer potentials. During the year a study 
has been made of transformer and other high-voltage 
insulation with a 2,000,000-volt lightning generator 
for the purpose of obtaining practical information in 
designing apparatus to resist the effects of voltages 
induced in transmission lines by lightning. High- 
voltage testing sets to provide voltages as high as 
_ 2,100,000 volts have been constructed. These consist 
of 350,000-volt transformers connected in series or in 
chains, each succeeding unit being insulated from ground 
by supporting it on insulating cylinders. 

Improvements have been made in the temperature- 
indicating devices that are being used more generally to 
check the actual operating conditions of service trans- 
formers. A model has been produced which is suitable 
for use with subway transformers. 

Of special interest to radio telephone engineers and 
enthusiasts is the development of a transformer for use 
with the ignition systems of oil heaters which success- 
fully eliminates radio interference trouble, a serious 
objection to electric ignition in these devices hereto- 
fore. This transformer is provided with an internal 
magnetic blocking filter as well as low-voltage and 
high-voltage filters. During the past year the largest 
high-voltage oil-immersed reactors were constructed 
that have ever been built. They were rated 1300 
kv-a., 3000 volts for operation on a 73,000-volt, 60- 
cycle circuit. A distinctive feature of these reactors 
is that they were provided with shielding coils to prevent 
the stray magnetic field entering the steel tank and 
setting up additional losses. Air-cooled reactors have 
presented a serious difficulty due to the fact that they 
would flash over when a failure occurred on the circuit 
in which it is connected if any conducting material were 
lodged between the turns. An investigation has been 
~ carried out to determine a suitable insulation for the 
conductor of this type of reactor which indicates that a 
heavy asbestos covering will prevent flashovers from 
this cause. 

A new transformer connection having 100 per cent 
apparatus economy for transformation from two-phase 
to three-phase, or vice versa, has been devised which has 
been described in a paper presented to the Institute. 

Some very large single-phase transformers that are 
quite novel in certain respects have been built recently 
in Europe for 1624-cycle railway work. They have 
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three windings so arranged that power may be supplied 
from any one winding to either one or both of the other 
two. One of the two cores carries a 1382,000-volt 
winding, the other carries a 66,000-volt winding and a 
15,000-volt winding is divided into four parallel sections 
on both cores. It is stated that with this arrangement 
the bus bars and oil switches are not necessary on the 
15,000-volt side. These transformers are rated 11,000 
kv-a. and the total weight including oil is 117 tons. 

A new protective device for large transformers has 
been developed in Germany which is called the Buch- 
holz Relay. The operation of this relay is based on 
the fact that practically any trouble in an oil-insulated 
transformer will create gases which rise to the surface 
of the oil. A small amount of gas will cause the relay 
to operate. This relay will detect incipient troubles 
that will not actuate a current operated device and will 
disconnect the transformer before great damage is done. 
This relay can be used where the differential relay 
scheme cannot be applied. 
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D-C. MACHINES 


A new record has been set in direct-current motor 
capacity by the construction of an 8000-h. p., 40-rev. 
per min., single-armature blooming mill motor. Several 
7000-h. p. reversing mill motors have been built and the 
power for the first edging rolls to be equipped with 
electric drive is supplied by two motors of 2000 h. p. 
each. The simplicity and flexibility of speed control of 
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direct-current motors make them very desirable for 
variable speed drives and there has been considerable 
activity in the construction of large motors for steel 
mill work. 

A new type of armature winding has been developed 
and applied to many commercial machines. This 
winding, because of the shape of the coils, is called 
‘“Froglee’”’ and is a combination of a wave winding and a 
multiple winding arranged so that the armature is cross- 
connected by the wave winding and all cross-connections 
at the commutator and at the back of the armature are 
eliminated. This type of winding provides complete 
cross-connection which is very desirable for good com- 
mutation. The winding is arranged so that each slot 
contains four bars, two of which are in the wave winding 
circuit and two in the multiple winding circuit, and 
each commutator bar is connected to both circuits. 

At a recent exhibition in Europe a direct-current 
generator rated at 12,000 amperes and 5 volts was 
shown. 

The use of multiplex windings has, in general, been 
avoided due to the failure of these types to properly 
commutate in certain instances and to the uncer- 
tainty of satisfactory results. A paper has been pre- 
sented calling attention to certain rules that must be 
observed when multiplex windings are used. 
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FREQUENCY CHANGER SETS 


During the year a 40,000-kw. frequency changer set 
of the cascade induction motor type has been 
built and put into service and two sets of this capacity 
having both machines of the salient pole type are under 
construction, one of which is arranged with a spring 
support for the 25-cycle generator so that it may be 
used for single-phase power. A 7500-kv-a. set for 
converting from 60-cycles, three-phase to 25-cycles, 
single-phase is being built with the stator of the single- 
phase generator spring supported. The purpose of the 
spring support is to minimize the effect of the vibration 
incident to single-phase operation at low frequencies. 

An automatic control equipment has been arranged 
to remove the field excitation of the motor and reduce 
that of the generator of a frequency changer set when a 
disturbance occurs on the motor circuit and again 
torestore the excitation when the line voltageis normal. 
This type of control called for a special design of the 
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pole face winding to enable the motor to resynchronize 
while the generator is carrying part load at the reduced 
voltage. The benefit of this arrangement has been a 
greatly improved service due to a material reduction 
in the length of the interruptions. 


SYNCHRONOUS CONDENSERS 


Considerable advancement has been made recently 
in the design of synchronous condensers toward the re- 
duction of losses. In sizes above 5000 kv-a., the losses 
are now as low as from 1.75 per cent to 2 per cent. 
The extension of high-tension distribution systems and 
higher transmission voltages has expanded the field 
of line voltage regulation by the use of synchronous 
condensers very rapidly. The largest condenser ever 
built, rated at 40,000-kv-a., 600 rev. per min., was 
recently put into operation in connection with a 220-kv. 
transmission line. The important consideration of 
keeping the losses down to a minimum has resulted in a 
strong tendency toward higher speeds. A considerable 
number of machines of 25,000 kv-a. to 40,000 kv-a. | 
at 600 rev. per min. and of 15,000 kv-a. at 720 rev. per 
min. has been built. The disadvantage of the noise 
at these high speeds has-been overcome largely by a 
totally enclosed construction. 

An interesting development in the automatic control 
of synchronous condensers for line voltage regulation 
has been an installation of a 1000-kv-a. condenser 
provided with a voltage regulator arranged to start 
and stop on voltage indication. The condenser is at 
the end of a long transmission line and remains con- 
nected to the line through the starting tap in case of 
complete failure of power, thus providing areactance for 
line protection when power is restored. 
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SYNCHRONOUS MOTORS 


The past year has been marked by a further extended 
use of synchronous motors for many applications where 
induction motors have formerly been considered neces- 
sary. This extended use has been reflected in the de- 
velopment of complete lines of general purpose 
synchronous motors. The construction of a 9000-h. p., 
6600-volt motor is of particular interest because of its 
application to the main roll of a steel mill and because 
it is the largest continuous rated motor of any type to 
be applied to industrial purposes. About 11% per cent 
higher efficiency and the absence of about 4000 reactive 
kv-a. are the principal advantages obtained over a 
corresponding induction motor. 


Another interesting development is a_ single- 


phase synehronous motor as part of a motor- 


generator set for use on heavy duty electric locomotives 
to supply direct current power to the main motors of 
the locomotives. These motors are rated 1200 kv-a., 
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2300-volt, 25-cycle, single-phase for the freight locomo- 
tives, and 500 ky-a. for the smaller switching engines. 
These sets are brought up to about 80 per cent of syn- 
chronous speed by a starting motor of the repulsion 
type and then the motor is connected to the line at 
full voltage after which it quickly comes up to full 
speed and the excitation is automatically applied by a 
relay actuated by the current induced in the field 
during the starting period. 


INDUCTION Motors 


No outstanding developments in the electrical design 
of general purpose induction motors have been brought 
out during the past year but the attention of designing 
engineers has been directed more particularly to the 
improvement of constructional features as relating to 
mechanical design and economical manufacture. A 
number of manufacturers have developed complete 
new lines with improved mechanical features. 


The relative merits of sleeve and ball or roller bearings 
is a subject over which there is considerable discussion 
and difference of opinion. While a few manufacturers 
feature ball or roller bearings exclusively, the larger 
firms are prepared to supply either type according 
to the preference of the purchaser. New lines having 
tapered roller bearings have been developed which have 
overcome the assembly difficulties that previously 
made this type of bearing appear to be impractical for 
this application. General improvements have been 
made in the construction of the sleeve type of bearings 
to overcome the oil throwing and to exclude dirt and 
dust from entering the bearing which were objectionable 
features of the older design. 


One manufacturer has adopted a fabricated construc- 
tion of the mechanical parts of induction motors to the 
exclusion of cast parts except for the end bells. 
Another is using pressed steel end frames and riveted 
feet for moderate and small-sized motors. The motor 
manufacturers have in general retained the conventional 
casting construction for standard lines. General pur- 


pose motors having cast steel parts have been featured 


by one manufacturer while another has used the welded 
construction for large special motors. 


Improvements in the power factor characteristics of 
induction motors have been accomplished by the adop- 
tion of more precise manufacturing methods. For 
instance, a grinding process has been adopted for 
finishing the stator and rotor cores of small machines 
to obtain uniformity of air-gap. The use of larger 
bearings and shafts has permitted reductions of the 
air-gaps resulting in better power factor. However, 
there is a strong conviction among designing engineers 
that better practise in application engineering presents 
the greatest possibilities for the improvement of power 
factor conditions in general power distribution systems. 
It is particularly important to avoid over-motoring, 
i. é., installing motors of needlessly large capacity and 
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operating them at low loads and consequently low 
power factor. 

The ever extending use of electric power is presenting 
new and more severe conditions affecting the insulation 
of motor windings. Improvements in insulating ma- 
terials and processes are being continually sought for the 
purpose of minimizing the destructive effects of dust, 
vibration, acid and alkaline vapors, and moisture. 
Form wound coils which are completely insulated before 
they are assembled in the slots present the least difficul- 
ties in that the interior of the coils can be completely 
filled with varnishes or compounds, but the so called 
random wound coils in which the wires are not bonded 
together have presented a more difficult problem. 
A recent improvement in this type of winding has been 
obtained by encasing the complete end windings outside 
of the slots in a plastic insulating material. 

During the year considerable attention has been given 
to theoretical studies of the performance characteristics 
of the synchronous induction motor and the compen- 
sated induction motor which combine the power factor 
characteristics of the synchronous motor with the 
starting torque characteristics of the wound rotor in- 
duction motor. For a number of years a type of 
synchronous induction motor arranged to receive its 
excitation from an external source has been in general 
use in Europe. 

As mentioned in this committee’s report of last year 
two new types of synchronous self-excited, induction 
motors have been developed in America. Another 
type of compensated motor has been developed this 
year in Europe which uses the Leblanc principle with 
one rotor having separate windings in separate slots. 
Although the use of the self-excited synchronous in- 
duction motor is being extended in America, it has not 
reached anywhere near the proportions of the use of the 
separately-excited motor in Europe. American prac- 
tise accepts the ordinary induction motor for general use 
supplemented by a relatively few synchronous machines 
for the purpose of maintaining good power factor 
conditions. 

A European manufacturer is building a complete 
line of induction motors up to 225 h.p. with centrif- 


cugal-operated starters which have the same efficiency 


and power factor characteristics as the usual wound 
rotor type. This arrangement offers greater simplicity 
of starting than the ordinary manually operated com- 
pensator or controller. Compared with this, the general 
practise in America has been to avoid the use of centrif- 
ugal devices and built-in resistances in polyphase 
motors. A recent European development has been a 
line of water cooled, totally enclosed motors primarily 
for pump drives. These motors are capable of being 
rated up to 70 per cent of the rating of the open type 
frame of the same size. 

An interesting new development has been the design 
of a high-resistance squirrel-cage motor used largely 
for driving sugar centrifugal hydro extractors, etc. 
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The principal part of the load on this machine being the 
starting and stopping of a load of high inertia, it follows 
that the principal part of the losses in the motor are in 
the squirrel cage winding. The rotor of this motor 
has been designed with a high resistance section to the 
squirrel-cage winding which is built in the form of a 
fan to effectively dissipate the heat developed in the 
squirrel cage without communicating the heat to the 
rest of the motor. 

A notable step in arge-sized induction motors has been 
the building of a blooming mill motor having a con- 
tinuous rating of 8000 h. p. at 18,200 volts. This is 
the largest continuous rating at the highest voltage 
yet obtained in induction motors. 

Full voltage starting of induction motors is being 
urged by some engineers who claim for it greater effi- 
ciency, greater simplicity and lower cost, but there is 
a marked reluctance to abandon the time honored 
use of auto-transformers for reduced voltage starting. 
The so called double squirrel-cage motors or those 
having high reactance rotor windings for full voltage 
starting or applications requiring high starting torque 
seem to be growing in popularity especially for high- 
speed ratings where the inherent reactance of the 
standard construction is low. 
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HIGH-FREQUENCY MACHINES 

During the past year a new development in high- 
frequency alternators has resulted from relatively new 
developments in the use of high-frequency power. The 
successful operation of air-core induction furnaces for 
melting copper, brass and nickel, and silver alloys has 
called for the development of generators suitable for 
supplying power at about 480 cycles for one type of 
furnace and at about 2000 cycles for another type. 
Current of 2000 cycles is also used for heating long 
objects of small sections such as boiler tubes. Genera- 
tors for these purposes have been built in capacities 
up to 600 kw., single-phase, 480 cycles, and 150 kw., 
single-phase, 2000 cycles.. A further application of 
high-frequency power has been to obtan very high motor 
speeds for wood cutting and grinding operations and 
generators for three-phase power up to 420 cycles have 
been built for this purpose. These generators have 
been of the standard salient pole type, which is pre- 
ferred to the inductor type because of the better charac- 
teristics. The high speeds and large number of poles 
has necessitated some special types of windings and 
mechanical details. A consideration of the fact that 
with a limiting peripheral velocity of 15,000 feet per 
minute the pole pitch of a 2000-cycle alternator is only 
34 inch will give some idea of the limitations of the 
field structure of such an alternator. The use of two- 
pole induction motors on frequencies of from 300 
cycles to 420 cycles producing speeds of 18,000 rev. per 
min. to 25,000 rev. per min. has presented problems in 
motor construction more of the mechanical nature 
than of an electrical nature. The present limitation 
of speed is due to bearing troubles but the problem of the 
lubrication of high speed bearings is being studied with 
the hope that higher speeds can be used successfully 
if they are found desirable. 

A recent European development for obtaining high 
motor speeds for wood working machinery consists of 
a combination motor having two stators and two rotors 
which are concentric. This motor develops a speed of 
6000 rev. per min. on 50-cycle current. American 
practise has used the simpler high frequency motor 
supplied with power from frequency changer sets. 
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SYNCHRONOUS CONVERTERS 
Conditions in England have led toacareful study and 
development of motor-converters and apparent success 


has been obtained with a larger output per pole than has 
been obtained with d-c. machines in America. Ameri- 
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can practise has pinned its faith to the conventional 
six-phase synchronous converter. The largest capacity 
converter set that has been installed for heavy duty, 
1500-volt, d-c. traction service was built during the past 
year and consists of two 1500-kw. rotary converters 
connected in series. Limitation of space available for 
the installation of a 4200-kw. synchronous converter led 
to a rather unique arrangement. It was desired that 
the transformer should be set on the base of the con- 
verter at the collector end. In order to make use of 
the space on both sides of the shaft, the transformer was 
split into two units each of half the total capacity 
and each connected six-phase and the converter was 
built with twelve collector rings for twelve-phase opera- 
tion, taking advantage of higher efficiency, smaller 
space and lower cost. This is the largest twelve- 
phase converter of which we have knowledge. 

An ingenious arrangement for obtaining a stepless 
voltage control of a direct-current power supply for 
crane motor operation has been devised by a European 
manufacturer which consists of a small three-phase 
synchronous converter which is direct connected to 
a self starting synchronous motor or booster. The 
stator of the booster is arranged so that it can be shifted 
angularly thereby varying the direct-current voltage of 
the converter from zero to plus or minus full voltage. 
The complete outfit is of small enough dimensions to be 
mounted in the crane cab. 
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INDUCTION DISK PHONOGRAPH MOTOR 


Further applications of induction disk motors have 
recently been made to low-power, low-speed equipment. 
These motors operate under the same principles as used 
in the customary induction-type alternating-current 
watthour meter. The rotor consists of a conductive 
disk, through which a shifting flux is produced by 
one or more split phase electromagnetic elements. 
Eddy currents are generated in the disk and the reaction 
between the eddy currents and the flux produces the 
driving torque. 

The chief applications of induction disk motors 
heretofore have been as timing devices in demand 
meters, time switches, etc. However, a larger motor has 
now been perfected for phonograph drive and has been 
adopted by two of the most prominent phonograph 
producers. The chief advantages of this motor are 


silence, constant speed, lack of vibration and reliability. 


The rotor runs on a vertical shaft, the upper end of 
which also: carries the. phonograph turn table. No 
speed reducing gears are therefore necessary, the rotor 
turning at slow speed and driving the turn table 
directly. The motor has high starting torque, giving 
it rapid acceleration. The speed is controlled by a 
very sensitive fly-ball governor, | operating through 
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friction. The normal speed is 78 to 80 revolutions per 
minute, at which a torque of 6 inch ounces is produced, 
this being sufficient to drive any standard phonograph. 
The input to the motor is approximately 35 watts. 

An important advantage of this electric phonograph 
motor over the spring motor lies in the fact that the 
former supplies a constant driving torque regardless of 
the length of time it is operated, whereas the spring 
motor delivers a varying torque. The torque of the 
spring motor starts at a rather high value just after 
it has been fully wound and tapers down tc a low value 
as the spring unwinds. 

The induction disk motor is desirable, of course, only 
for low power applications having a low efficiency. 
It is very reliable and silent, however, owing to its 
relatively slow speed and simple construction. 


INDUCTION VOLTAGE REGULATORS 


A new development in connection with induction 
voltage regulators has been the combination of a series 
transformer and a transfer switch with the regulator 
and so arranged that the polarity of the series trans- 
former may be reversed thereby doubling the range of 
the regulator. The cycle of operation of the combina- 
tion produces the same results as would be obtained by 
a regulator of twice the capacity. The switch is © 
geared to the regulator which may be automatically 
operated. An outdoor type of regulator has been 
developed with all the auxiliaries including current 
and potential transformers mounted within the auxil- 
iary casing. Induction regulators have been developed 
for use on 12,000-volt single-phase circuits. The noise 
of single-phase regulators has been materially reduced 
by the use of a cushion support for the regulator in its 
tank and a similar cushion between stator and rotor. 
An indicator has been developed to show the boosting or 
lowering position of the regulator rotor. 


MERCURY-ARC RECTIFIER 

During the past year the mercury-arc rectifier has 
been further developed and notable improvements have 
been made particularly with regard to the automatic 
upkeep of the vacuum and to simplifying the control 
and auxiliary apparatus. This piece of apparatus 
would appear to approach the ideal for the rectification 
of alternating current in that the function is per- 
formed without transforming the energy into magnetic 
and mechanical energy with the attendant losses. 
The loss affecting the efficiency of the rectifier is the 
are drop within the tank and since the arc drop is ap- 
proximately constant the rectifier does not show as high 
efficiency at rated load as does the rotary converter 
for large low voltage capacities. For heavy duty — 
traction purposes involving voltages above 600 volts 
the rectifier has better efficiency characteristics. 
American manufacturers are now offering rectifier 
equipments for railway substations and industrial 
power uses that may operate in parallel with rotary 
converter or motor generator equipments and arranged 


842 


for complete automatic operation. Rectifiers are 
usually supplied with a slightly dropping characteristic, 
which may be adjusted to match the characteristics of 
shunt wound rotary converters operating in parallel. 
Rectifiers may also be compounded in order to obtain 
voltage control; however, it must be appreciated that 
this control will slightly lower the over-all efficiency and 
power factor of the rectifier unit. Equipment has been 
developed to include the application of automatic 
voltage regulators for maintaining constant dc-c. 
voltages. A peculiar advantage of the rectifier over 
other types of converters from a commercial point. of 
view is that the rating of a unit is independent of the 
frequency of the alternating current and within certain 
limits a given rectifier is suitable for operation at 
various voltages, the kilowatt capacity being greater 
the greater the d-c. voltage. While rectifiers have been 
extensively used in Europe for more than one decade, 
there are only two commercial installations in America 
which have been in commercial service for more than 
one year. A few more were added during the past 
year, and a large number of equipments are on the 
books of American manufacturers and will go into 
service this year. 

The voltage limitations of the rectifier are much 
higher than those of synchronous converters and 
motor-generator sets, for they are built in capacities as 
large as 3000 kw. at 4000 volts d-c. One 4000-volt 
plant has been in successful operation for more than two 
years on a standard gage railroad in Europe. These 
capacities are characterized by very high efficiencies. 
Since the loss is due only to the resistance drop of the 
arc the efficiency is inherently higher for the higher 
voltage ratings. Other advantages which have been 
claimed are that there is nosynchronizing operation and 
there are no moving parts. The absence of noise and 
vibration makes the rectifier peculiarly desirable for 
substations in congested and residential districts where 
quiet operation is necessary. The successful operation 
of a rectifier depends upon maintaining almost a 
perfect vacuum and equipment is available which will 
accomplish this automatically. The operation of this 
equipment is based upon the principal that the transfer 
of heat from one body to another is accomplished by 
radiation and conduction but the conduction is de- 
pendent upon the gas pressure and is zero in an abso- 
lute vacuum. This device is called a hot wire vacuum 
gage. 

The operation of rectifiers of this type is liable to be 
interrupted by an occasional arc-back which is a 
short-circuit between anodes and occurs when one or 
more anodes function temporarily as a cathode. Since 
this occurrence causes no damage to the equipment 
except in very rare cases, the rectifiers may immediately 
be restarted by reclosing the breakers either manually 
or automatically. The cause of arcing back is being 
studied and it is hoped that this difficulty will be 
overcome. 
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Discussion 

H. B. Dwight: The report states that the committee desires 
that suitable commercial test methods be developed for a more 
accurate determination of the efficiency of synchronous machines 
than is given by the present. Standardization Rules. Possibly 
one of these items is the amount of core loss corresponding to 
full-load conditions. 

At present the Standardization Rules specify the core loss for 
full load and rated voltage to be practically the same as that for 
no load and rated voltage, the small correction for resistance 
drop being almost negligible. If a satisfactory, precise test for 
determining the internal voltage of a synchronous machine 
were to be devised, full-load core loss could be taken equal to the 
reading on the core-loss curve corresponding to the internal 
voltage. This under full-load conditions would mean an 
inerease in core loss of from 20 to 50 per cent, which is of con- 
siderable importance. 

The internal voltage is equal to the vectorial sum of the ter- 
minal voltage and the reactive drop in the winding. What 
is desired, therefore, is a dependable test for the leakage reactance 
of a synchronous machine. There is a possibility that for cer- 
tain types of machines and for certain purposes, the leakage 
reactance may be taken equal to the measured reactance of the 
armature with the rotor removed. While this may not be 
precisely equal to the true leakage reactance, it is nearly equal 
to it for many usual machines, and it has the advantage that it is 
a definite, easily measured quantity. 

Two students of the Massachusetts Institute of Technology, 
C. F. Kirsch and M. L. Libman, have arranged a sample machine 
so that they could make a direct measurement of the leakage 
reactance and compare it with the reactance when the rotor was 
removed. To do this, they isolated part of the winding which was 
large enough to be representative of the total winding. They 
put a load on the main part of the winding and measured the 
difference in the terminal voltages of the main part and the iso- 
lated part. This difference, corrected for the number of coils 
in each part, was equal to the reactance drop in the winding, 
and the voltage on the unloaded part was proportional to the 
internal voltage of the machine. The difference between the 
reactance measured in this way and the reactance of the main 
part of the winding when the rotor was removed, was about 
20 per cent. 

This ‘‘seareh winding”’ method is not intended to be a commer- 
cial measurement of the reactance of a complete machine, since 
it requires part of the winding to be set aside as a search winding. 
It is a means for judging other methods of measuring or calculating 
the reactance of synchronous machines. 
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Annual Report of Committee on Power Generation” 
VERN E. ALDEN, Chairman 


To the Board of Directors: 

Last year’s report of this Committee reviewed the 
many important developments in the art of power 
generation and dealt particularly with advances in 
steam station design and operation. As a committee 
we were just a little prone to believe that there could 
not be the advance during 1925 that had taken place 
during 1924. Nevertheless, substantial progress has 
been made. 


IMPORTANT TECHNICAL ACHIEVEMENTS OF THE 
LAST YEAR 


1. The 3000-kw. turbine designed for operation with 
a steam pressure of 1200 lb. per sq. in., which was 
referred to in last year’s report, was placed in operation 
in the Edgar Station of The Edison Electric Ilumi- 
nating Company of Boston in December 1925. This 
turbine, receiving approximately 125,000 lb. of steam 
per hr. from a single high pressure boiler, exhausts its 
steam first through a reheating superheater built into 
the same setting with the high pressure boiler. The 
steam is then delivered to the main steam header of 
the station at a pressure of approximately 350 Ib. per 
sq. in. The most annoying trouble encountered in 
connection with this unit has been vibration incident 
to double winding on rotor and possibly undue flexibil- 
ity in the rotor shaft of the generator which runs at 
3600 r. p. m. 


The rotor was originally of the built-up type with 
squirrel-cage winding in addition- to the usual externally 
excited field. This arrangement was adopted as a 
precaution in case there should be governor trouble 
arising from the use of extremely high pressure steam. 
As the governing and synchronizing have proved to be 
perfect, however, the generator has been equipped with 
a solid field and all vibration has been entirely 
eliminated. 

The action of the unit is perfectly normal and indi- 
cates that equipment of this character is suitable for 
regular commercial service, where economically justi- 
fiable. ; 

This unit has had over 1800 hours of commercial 
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operation including one run of over three weeks’ time 
without a shutdown. 

The performance of the Edgar Station has been 
highly satisfactory. Operated with a favorable load 
factor and good coal, the 350-lb. pressure plant has a 
record of one lb. of coal per kw-hr. which means practi- 
cally 14,000 B. t. u. per kw-hr. 

With the single high-pressure boiler’and the 3600- 
kw., 1200-lb. pressure turbine in service, the average 
coal consumption per kw-hr. for the whole station is 
reduced three per cent. This indicates that if all four 
boilers were of the high pressure type, the fuel consump- 
tion per kw-hr. would be reduced 10 per cent, to a 
value of 0.9 lb. of coal per kw-hr. 

2. With the exception of moderately high outages of 
the generating units, the operation of the Philo Station 
of the Ohio Power Company, the Twin Branch Station 
of the Indiana and Michigan Electric Company, and 
the Crawford Ave. Station of the Commonwealth 
Edison Company, all at a pressure of 550 Ib. per sq. 
in. and a steam temperature of 725 deg. fahr. with the 
reheating cycle, has been quite satisfactory. The 
troubles encountered have been of a nature not entirely 
chargeable to the use of the higher steam pressure and 
temperature and the use of the reheating cycle. The 
indications are that these stations may be counted upon 
for thoroughly satisfactory and reliable service. 

3. The Columbia Power Company’s new 90,000- 
kw. station designed for operation with steam at a 
pressure of 550 Ib. per sq. in. and a temperature of 725 
deg. fahr. and for operation on the reheating cycle was 
started in December of last year. 

4. Two more turbines have been purchased for the 
Crawford Ave. Station in Chicago, and a turbine has 
been purchased for Waukegan Station of the Public 
Service Company of Northern Illinois, all for operation 
at a steam pressure of approximately 550 lb. per sq. in. 
Two new stations have been designed for operation with 
this same pressure. There is accordingly either in 
operation at a pressure of 550 Ib. per sq. in. or now 
projected a total of 925,000 kw. of power station 
capacity. 

5. The Milwaukee Electric Railway and Light Com- 
pany is installing in its Lakeside Station for operation 
at 1200 lb. pressure a boiler of modified Stirling type 
which will deliver steam to a 7000-kw. turbine, the 
steam temperature at the throttle being 720 deg. fahr. 
The steam will be exhausted through a reheating super- 
heater into the main steam header of the station, 
maintained at a pressure of approximately 315 lb. 
per sq. in. 

6. Of particular interest has been the increase in 
the size of turbo generator units as exemplified by the 
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purchase during the last year of the following machines: 

a. A 77,000-kw. and a 90,000-kw. unit pur- 
chased from the General Electric Company for 
the Crawford Ave. Station in Chicago. 

b. An 80,000-kw. Westinghouse turbine for 
the Hudson Ave. Station in Brooklyn. 

c. A 160,000-kw. Brown Boveri turbine for 
the Hell Gate Station of the United Electric 
Light and Power Company of New York. 

This trend towards the use of still larger units is 
further indicated by the projected use of turbo generator 
units of 200,000-kw. capacity in the New State Line 
Station near Chicago. It is to be remembered that the 
largest machine which we had to report upon twelve 
months ago was of 60,000-kw. capacity. 

7. The first large furnace of the Fuller Well type 
designed for pulverized fuel firing with turbulent mixing 
of coal and air has been placed in operation under a 
11,400-sq. ft. boiler in the River Station of the Buffalo 
General Electric Company. Three more boiler and 
furnace units of the same design are now being installed 
in the River Station. 

8. The Combustion Engineering Corporation is 
advocating the use of an entirely new type of boiler 
which will completely surround a furnace built for 
pulverized fuel firing. It is proposed to transfer to an 
air preheater an extraordinarily large percentage of the 
work usually performed by the last passes of the boiler 
in scrubbing heat from the flue gases. This will result 
in the boiler itself being of relatively small area. 
Brickwork with its troublesome problem of mainte- 
nance is to be almost entirely eliminated. 

It is reported in the technical press that the Com- 
bustion Engineering Corporation has contracted to 
install a total of 15 of these new boiler and furnace units 
in the stations of eight different companies. Each unit 
will be capable of evaporating approximately 100,000 
lb. of steam per hour. 

9. As indicative of the trend towards the use of very 
large boiler units we have the operation of one of the 
26,470-sq. ft. Ladd boilers in the River Rouge Plant 
of the Ford Motor Company. The furnace for this 
boiler was rebuilt during the last year, water-cooled 
walls were installed, the pulverized coal feeders and 
burners were revamped, and the boiler was equipped 
with air heaters and induced draft fans of ample pro- 
portions. Since being rebuilt, this boiler unit has 
evaporated a total of 480,000 lb. of water per hr. which 
would correspond in a well designed steam generating 
station to a gross generation of 45,000 kw. in the turbine 
_ room. 

10. The Milwaukee Electric Railway and Light 
Company has built a plant for the processing of coal, 
prior to its use in the boiler plant of the Lakeside 
Station. Coal in pulverized form while falling through 
two vertical retorts will mingle with rising currents of 
hot air and gas which will drive off a considerable 
amount of gas including the valuable by-products of 
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the eoal. The coke residue still in pulverized form, 
after being cooled in the hopper at the bottom of the 
lower retort, will be pumped to the pulverized fuel 
bunkers in the boiler house and burned in the furnaces. 
Equipment has been provided for removal of tar and 
benzol from the gas. 

Experimental work extending over almost a year’s 
time has indicated that no major difficulties will be 
encountered in operation. This installation in Mil- 
waukee is well beyond the laboratory stage and pro- 
vision is made for the expansion of this processing plant 
so as to take care of all the coal burned in the station. 

This installation is of interest, as the successfulness 
of its operation will indicate the advantages which will 
accrue from the joint operation of our steam stations 
and low-temperature carbonization plants by means of 
which coal may be processed before being burned. 


TRENDS IN STEAM GENERATING STATION DESIGN 


Aside from the individual achievements referred to 
above there are certain definite trends in power station 
design and operation which should be noted: 

1. The heating of the feed water to a temperature 
of from 350 to 400 deg. fahr. by means of steam bled 
from three or more stages of the turbine. 

2. The removal of the heat in the flue gases after 
they leave the boiler by means of an air heater which 
returns this heat to the furnace. . 

3. The elimination of the economizer. 

4. The wide-spread use of steaming surface for 
furnace walls and the elimination of a considerable 
part of the furnace brickwork. 

5. The use of automatic control in the boiler house 
with consequent improvement in day-in and day-out 
operating efficiencies. . 

6. The use of separate ventilating fans in connec- 
tion with very large generators of 62,500 kv-a. and 
higher capacities. 

7. The use of relatively smaller surface condensers 
made possible by more careful design of the condensers 
themselves and by a better understanding of the rela- 
tion of turbine performance to condenser performance. 


DEVELOPMENTS IMMEDIATELY AHEAD 


The present combination of boilers and water-cooled 
furnaces which are,.as one engineer expressed it, 
“fearful and wonderful jobs of plumbing,” probably 
forecast certain changes in boiler and furnace design 
which will result in simplification and decreased in- 
vestment, while at the same time maintaining what 
appears to be the most logical development of the boiler 
surrounding the furnace. 

We are probably on the verge of being forced into 
the use of higher voltages in connection with the very 
large generators now contemplated. 


AUXILIARY POWER SUPPLY 


Two phases of the auxiliary power supply problem 
are worthy of study by the members of the Institute: 
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1. Is the use of 2300 volts for distribution to the 
station auxiliaries the best choice, involving as it does 
the use of expensive oil-immersed switching equipment 
occupying expensive space? The alternative is a volt- 
age of the order of 440 and the substitution of carbon 
circuit breakers and contactors for oil switches. This 
alternative offers distinct advantages from the stand- 
point of reduced investment in equipment and in build- 
ing, and in greater ease of inspection and maintenance. 

2. What is the best solution for variable speed drive 
of the forced and induced draft fans in our new stations? 
The difficult nature of the problem is exemplified by an 
installation in one of the new stations now being built: 
Two 200-h. p. motors drive the forced draft fans of each 
boiler and two 550-h. p. motors drive the induced draft 
fans for each boiler. The speed of the fans must be 
varied by 50 steps through a range from seven to one 
and the total h. p. input to the four fans varies from 
1500 to 15. In this case the motors for the fans in 
connection with one boiler cost approximately $12,000 
and the electrical control equipment for these motors 
cost approximately $20,000 and occupied a considerable 
amount of rather expensive space. If electrical engi- 
neers can not work out a simpler and less costly solu- 
tion for this admittedly difficult problem, power station 
designers may have to return to the use of steam tur- 
bine drive for these fans, much as they may wish to 
avoid this solution, with its attendant use of reduction 
gears. 

USE OF STEAM AT HIGHER TEMPERATURES 

The use of higher steam temperatures of the order 
of 800 deg. fahr. and perhaps as high as 900 deg. fahr. is 
being forecasted by scattered operating experience, most 
of it unpremeditated. Due in the main to errors in 
superheater design the steam temperatures have been 
higher than anticipated in connection with some of the 
new stations. Some of these stations have operated 
for appreciable periods of time with steam tempera- 
tures in excess of 775 deg. fahr. . One turbine operated 
for a time with steam at a temperature of approximately 
1000 deg. fahr. There have been no serious indications 
of distress as a result of operation at these high tempera- 
tures. It has recently been reported in the technical 
press that a 40,000-kw. turbine in the Gennevilliers 
Station in France operated for 185 hr. during the 
months of October, November and December of last 
year with steam at temperatures ranging from 775 to 
914 deg. fahr. An inspection made December 25th 
showed no indications of deterioration of the parts in 
contact with high-temperature steam. The turbine 
was returned to service and has continued to operate 
satisfactorily with steam at temperatures varying all 
the way from 700 deg. to 900 deg. fahr. 

These experiences together with the experience 
gained in the operation of oil stills tend to show that we 
can avail ourselves of the attractive possibilities inci- 
dent to the use of steam temperatures considerably in 
excess of the present accepted limit of 750 deg. fahr. 
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JOINT USE OF STEAM STATIONS AND WATER-POWER 
PLANTS 


Worthy of attention are three examples of the broad 
general solution of power supply by the combined use 
of steam generating stations and water-power plants in: 

1. The construction of the 350,000-h. p. hydro- 
electric plant at Conowingo for joint use with 520,000 
kw. of capacity in steam stations of the Philadelphia 
Electric Company. 

2. The construction of a new 70,000-kw. steam 
generating station by the Southern Power Company. 

3. The completion of a 128,000-kw. addition to the 
Long Beach Steam Station of the Southern California 
Edison Company and the starting of work by this same 
company on a new station of at least 600,000-kw. 
ultimate capacity with an initial development of 
94,000 kw. The Southern California Edison Com- 
pany has approximately 350,000 kw. installed in water- 
power plants. 


OPERATING RELIABILITY AND MARGIN OF SPARE 
CAPACITY 


The results of studies made jointly by a number of 
the operating companies of this country having for 
their purpose the determination of the operating relia- 
bility of our large generating units, are of considerable 
interest. 

An analysis of the operating records covering the 
calendar year of 1925 for 191 steam turbines aggregat- 
ing 5,627,000-kw. capacity showed that on an average 
these machines were in service 65.1 per cent of total 
hours in the year and that they generated 44 per cent 
of the maximum possible number of kw-hr. 

These machines were idle because not needed 21.25 
per cent of the hours in the year. For 18.68 per cent 
of the hours in the year, however, they were out of 
service for overhauling, inspection, maintenance work 
and cleaning, these outages being allocated as shown 
below: 


7.29 per cent 
1.85 per cent 


Turbine outage........... 
Generator outage.......... 
Surface condenser outage...— 3.51 per cent 
Othemrasesen ys ae aes — 0.98 per cent 

otal oularesian) «ans: — 13.63 per cent 


Comparing the foregoing results with the results of 
similar analyses made during previous years covering 
operation for the period from 1914 to 1923 inclusive, 
three things stand out in striking fashion: 

1. There is little if any evidence to indicate the 
decrease which we would like to see from year to year 
in turbine outages. 

2. Prior to 1923 the generator outage averaged 2.8 
per cent of the hours in the year. For 1923 and 1925 
the generator outage has averaged 1.8 per cent. These 
statistics are concrete evidence as to what the generally 
adopted closed system of ventilation has accomplished. 

3. The surface condenser outage has increased from 


846 


1.2 per cent to 3.51 per cent of the total hours in the 
year. This increase serves perhaps as an index of 
pollution of the water in our rivers and harbors. 

A study of the fact referred to above, that the out- 
ages due to causes other than the turbine, the generator 
and the surface condenser, aggregated only 0.98 per 
cent of the total hours in the year and that this item is 
of only seven per cent of the relative importance of the 
outages due to other causes, is cause for reflection. It 
is not recorded that Oliver Wendell Holmes was an 
outstanding engineer but any one of us would have 
been proud to have been the designer of as perfectly 
proportioned a piece of equipment as his “One Horse 
Shay.” On an average the investment in the turbine 
room with its equipment is only 40 per cent of the total 
investment in the station, yet 93 per cent of the outages 
of station capacity are chargeable to the turbine room. 
Perhaps we have been failing to strike the proper 
balance between installed capacities, with their corre- 
sponding investments in the turbine room and in the 
boiler house with its related coal handling equipment. 

Turning to a consideration of water-wheel driven 
generators, an analysis made by the Hydraulic Power 
Committee of the National Electric Light Association 
shows that the total outage time on these units is 
appreciably less than on steam turbines. The analyses 
covered the operating records for 1924 on 56 water- 
wheels aggregating 950,000 h. p. 

These machines were in operation 77 per cent of the 
hours in the year and generated 48.1 per cent of the 
maximum possible number of kw-hrs. They were 
idle because not needed for service 17.62 per cent of 
the total hours in the year and were out of service for 
5.4 per cent of the total hours in the year for reasons 
‘indicated below: 


General hydraulic causes.........-- — 0.64 per cent 
Water-wheels and auxiliaries....... —3.01 per cent 
Generators and appurtenances..... —1.55 per cent 
Electrical causes beyond the genera- 

tor, related to switching equip- 

ment and outside transmission...—0.2 per cent 


Lea hae, 


Total outages..............—5.40 per cent 


Outage time is related directly to the need for spare 
capacity and the fixed charges on spare capacity con- 
stitute perhaps as much as 10 per cent of the total 
annual cost of power generation in steam generating 
stations. It behooves us to find ways of reducing this 
item of cost. A major responsibility in this connection 
lies with the equipment manufacturer. He must 
build equipment that will be capable of operation for 
all except a very few hours per year. Particularly must 
the manufacturer guard against any inherent weakness 
which will cause trouble involving unexpected shut- 
downs even though these outages be of short duration. 
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Much can be accomplished by the engineer who designs 
the power station in foreseeing and eliminating certain 
features which may constitute the cause of an outage. 
The operating engineer can do much to control the 
necessary margin of spare capacity by the choice of the 
best operating methods, the careful training of personnel 
and by the careful scheduling of inspection, preventive 
maintenance and cleaning. With careful planning, a 
large percentage of outage time can be made to occur 
when the capacity is not needed for service. 


PROBABLE USEFUL LIFE OF STEAM STATIONS NOW 
BEING BUILT 


One of the most troublesome problems facing the 
executives of our large electric light and power com- 
panies today is “‘what to do with the old steam gener- 
ating stations.’ Many of our large companies have 
sizeable blocks of capacity in steam generating stations 
in connection with which the coal consumption per 
kw-hr. generated is two pounds or higher. The costs of 
labor and maintenance are high. Viewed from the 
standpoint of operating costs (not including fixed 
charges), it seems nothing short of a crime to generate 
power in these stations, bearing in mind that the 
modern stations being operated by these same compa- 
nies will generate power at a fuel consumption slightly 
in excess of one pound of coal and with much lower costs 
for operating labor and maintenance. 

There is, of course, the possibility in some cases of 
rebuilding in part, at least, in order to improve the 
station performance. Notable examples of such pro- 
grams of rebuilding are exemplified by the substitutions 
of unit coal pulverizers for the obsolete stoker equip- 
ment in the Brunots Island Station in Pittsburgh and 
in the Ashley Street Station in St. Louis. Some execu- 
tives raise the objection, however, that such a procedure 
would, in connection with their stations, be sending 
good money after bad. 

It is not our purpose to discuss this question of 
“What shall we do today with our old stations?’’ but 
rather to ask ‘“What of the stations being built today in » 
relation to our operating problems of 20 and 30 years 
from now?” 


Assume, for example, that a company which had a 
system load of 400,000 kw. in December 1925 places in 
operation this year the initial 50,000-kw. unit of a new 
300,000-kw. steam generating station. We will as- 
sume that the average annual load growth is nine per 
cent, that the yearly load factor is 56 per cent, and that 
the shape of the load duration curve is typical of load 
conditions in almost any one of our large cities on the 
Atlantic seaboard. An additional 50,000-kw. turbine 
must be installed each year until 1931 when the sta- 
tion will be completed. Since the station will be half 
completed in 1929, we may take the beginning of its 
useful life from that date. If we follow conventional 
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lines of thought, we will consider the useful life of this 
station to extend from 1929 to 1949. What shall we 
do with this station in 1949? Conceivably the new 
stations being built in 1949 may generate power for 
9000 B.t.u. per kw-hr., whereas the very best our 
hypothetical station, started in 1926, can do, even on 
the basis of a good load factor, is 14,000 B. t. u. per 
kw-hr. 

The system load has grown, however, from 400,000 
kw. in 1925 to 3,185,000 kw. in 1949. As the result of 
the inevitable law which pushes the old station a little 
higher each year into the peak of the load duration 
curve, we find that our 300,000-kw. station will generate 
in 1949 only 300,000,000 kw-hr. corresponding to an 
annual use factor of 11.4 percent. Astheresult of thelow 
load factor, the B.t.u. per kw-hr. has been pushed 
up to 17,000. The annual coal consumption is 190,000 
tons and the annual fuel cost is, let us say, $1,300,000. 
By scrapping this station and substituting in its place a 
modern station of the 1949 vintage, we can reduce the 
annual fuel cost in connection with the 300,000,000 
kw-hrs. of generation carried by this station from 
$1,300,000 to $800,000, with an annual fuel saving of 
$500,000. Few of us would dare to predict that this 
300,000 kw. of new capacity built in 1949 will cost less 
than $18,000,000, or that the investment bankers of 
that day will be willing to finance new construction 
work at rates which would permit the increase in fixed 
charges incident to the construction of the new station 
to be less than $2,200,000. 

The major increase on load on most of our large 
systems comes about as a result of increase in load 
density. Consider therefore the strategic position 
which the station built in 1926 will probably occupy 
with respect to the load as of 1949 or 1959. 

It would appear that the engineers and executives 
of 1949 are going to have a very difficult time justify- 
ing the scrapping of our 300,000-kw. station of 1926 
vintage. Such a step will be even more difficult to 
justify in 1959, for by that time the annual fuel-cost in 
connection with this station will have dropped from 
$1,300,000 as of 1949 to approximately $125,000 per 
year corresponding to an annual station use factor of 
one per cent. The function of this station will have 
changed from that of generating kilowatt-hours to one 
of supplying kilowatts of capacity. . It is to be under- 
stood that the foregoing analysis is based not on this 
station being held merely in reserve but on its carrying 
its proportionate share of the system peak load. 

This analysis rather places the burden of proof on us 
to show good reasons why we should not design our 
stations on the basic assumption that they will be used 
and useful not merely for a period of 20 years but for 
100 years, 200 years, or until such a time as the use of 
electrical energy as related to the life of our large cities 
and our nation has become no longer necessary. 

This statement is not to be construed as an argument 
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for the doing away with renewal reserves. Sound 
business principles indicate the advisability of accumu- 
lating ample renewal reserves. 

It is intended to make the engineer who lays down the 


design of a new generating station ask himself certain 
questions: 


1. Is the equipment well adapted to the load con- 
ditions which will obtain in connection with this station 
after it has become 20 or 30 years old? These load 
conditions will involve starting and stopping all tur- 
bines in the station twice each day, and the picking up 
of large blocks of load at a rapid rate. The boilers 
must be banked frequently and they must be able to 
pick up load quickly. 

2. Is the design of the station such that the 
costs of operating labor and maintenance will be 
reasonable? 

In the example outlined above, after 1955, the costs 
of operating labor and maintenance will exceed the 
cost of coal and in 1959 will be at least five times the 
cost of the fuel. 

During its first 100 years of life, our hypothetical 
station will probably burn $90,000,000 worth of coal 
and require the expenditure of $80,000,000 for operating 
labor and maintenance. 

Consider the tremendous advantage in connection 
with this type of operation which a station of consistent 
design with duplicate units of interchangeable parts, 
would have. 

3. Will it be necessary, solely from a standpoint of 
being able to install more kw. of station capacity on 
the available ground area, to do a costly job of rebuild- 
ing in the future? Perhaps the very policy now being 
pursued by some companies in building stations in 
which extra space is provided in the initial section of the 
station, so that later units installed may be increased 
in size, is laying the ground work for an expensive 
rebuilding job 20 or 80 years from now. 

4, With changed conditions which will exist fifty 
or one hundred years from now, and with the city press- 
ing in onour station from all sides, will we still be able to 
live peaceably with our next-door neighbors? 

5. Is the station design such as to form the proper 
economic balance between fixed changes and operating 
costs on the basis of one hundred or even two hundred 
years’ life? : 

These and a host of other questions press for answers 
the moment you admit the possibility that the fore- 
going analysis may be correct. Perhaps those of us who 
are power station engineers and the executives making 
decisions bearing on power station design, had better 
try to find the answers to some of these questions. If 
we don’t, we will probably be damned cordially by the 
men of the coming generation who will carry on our 
work. 
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Electrical Review, “‘The Relationship between Cost and Out- 
put,”’ Vol. 90, February 5, 1926, pp. 204-205. 

A comparison of some electricity supply undertakings. 

Electrical Review, ‘A Scottish Colliery Power Station,” Vol. 97, 
September 4, 1925, pp. 379-382. 

The Fife Coal Company’s electricity generating plant. 

Electrical Review, “The Southampton Electricity Under- 
taking,’ Vol. 97, September 4, 1925, pp. 391-392. 

Part of the British Association article. 

Electrical World, “American Power Stations,” Vol. 86, July 4, 
1925, pp. 5-9. 

Abstract of annual report of Committee on Power Generation 
(V. E. Alden, Chairman) presented at A. I. E. E. convention at 
Saratoga Springs, N. Y., June 22, 1925. 

Electrical World, ‘Characteristics of New Long Beach Plant,” 
Vol. 85, June 27, 1925, pp. 1385-1387. 

A description of the plant features. 

Electrical World, ‘‘Philadelphia’s New Station,” 
May 23, 1925, pp. 1074-1077. 

Arrangement and design features of Richmond Station. 

Electrical World, Table I—‘‘Data on Output and Peak Load of 
Largest Generating and Distributing Companies in the United 
States and Canada during 1924. (Output over 100,000,000 Kw- 
hr.)’”’, Table 2—‘‘Detailed Data on Generator Rating, Output, 
and Distribution of Energy of all Companies having an Output 
Over 100,000,000 Kw-hr. during 1923 and 1924.”’ Vol. 85, Sup- 
plement April 25, 1925. ; 

Electrical World, ‘Unusual Electrical Features Found in 
Trenton Channel Station,” Vol. 85, January 31,” 1925, pp. 
247-252. i 

The Electrician, ‘‘Agecroft Power Station,” Vol. 95, October 2, 
1925, pp. 383-386. 

Description of the plant (formal opening). 

The Electrician, “Barking Inaugurated,” Vol. 94, May 22, 
1925, p. 597. 

London’s new Capital Station. : 

The Electrician, ‘‘Bradford’s Electrical Development,”’ Vol. 95, 
November 20, 1925, pp. 584-586. 

From 5000 to 59,000 kw. on the same site. 

The Electrician, ‘Electrical Developments at Hastings,” 
Vol. 94, May 29, 1925, pp. 626-627. 

New station opened at Boongrove. 

The Electrician, ‘““Pulverized Fuel at St. Paneras,’” Vol. 94, 
March 6, 1925, pp. 270-276, 

Technical details of the plant. 

“The Barton Power Station of the Manchester 
Corporation,’ Vol. 121, January 1, 1926, pp. 2-4, description; 
Vol. 121, January 15, 1926, pp. 66-69, boiler tests; Vol. ia 
February 12, 1926, pp. 190-193, turbines; Vol. 121, February 26, 
1926, pp. 255-259, building costs; Vol. 121, March 19, 1926, 


Commission 


Vol. 85, 


Engineering, 
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pp. 354-357, operating statistics for November and December, 
1925. 

Engineering, ‘‘The Cost of Electrical Energy,” Vol. 121, 
February 5, 1926, pp. 167-168. 

Costs are enumerated into six classes. 

Engineering, ‘“‘The Electrification of the Irish Free State,” 
Vol. 119, May 29, 1925, pp. 662-663; also Vol. 119, June 5, 1925, 
pp. 694-695; and Vol. 119, June 12, 1925, pp. 725-727. 

A description of the plan and plant, electrical features. 

Engineering, “The Hastings Electric Power Station,” Vol. 119, 
May 29, 1925, pp. 667-670. 

Layout of the plant and operating results. 

Engineering, ‘‘The Loffler System of High-Pressure Steam 
Generation,” Vol. 119, April 17, 1925, pp. 473-474. 

A discussion of this novel high-pressure system and what has 
already been done on it. 

Engineering, “Progress in Power Station Practise,” Vol. 121, 
February 19, 1926, pp. 237-238. 

Editorial. 

Engineering,. “The Ribble Power Station of Preston Corpora- 
tion,”’ Vol. 120, July 17, 1925, pp. 73-76. 

A discussion and description of the plant. 

Engineering, “Tests of Standby Steam Plant of Winnipeg 
Hydroelectric System,’’ Vol. 120, July 10, 1925, p. 54. 

Data with notes. 

Engineering, ‘‘“High-Pressure Steam Plants,’ Vol. 121, March 
26, 1926, pp. 401-402. 

Engineering, ‘The Thornhill Power Station,” 
July 10, 1925, pp. 56-57. 

A discussion and description of the plant. 

FarrFIELD, Joun G., ‘Ratios in Power Plant Design,” Power, 
Vol. 61, June 30, 1925, pp. 1028-1031. 

A study with charts. 

Fremine, G. A. and Stavurracuer, E. R., ‘‘Electrical Features 
of the New Long Beach Steam Plant,” Journal of Electricity, Vol. 
54, March 15, 1925, pp. 199-204. 

Gipert, E. M., “Design and Test of Susquehanna Station,” 
Mechanical Engineering, Vol. 48, April 1926, pp. 362-368. 

Description with operating results. 

Goopine, R. F., “Piney Plant on Clarion River (Pais) 
Electrical World, Vol. 85, January 10, 1925, pp. 91-96. 

Features of design outlined and details of plans for 110,000- 
volt transmission system. 

Harrinaton, E. D., “Generator Voltage Control for the 
High-Speed Coal Towers at the Brooklyn Edison Company’s 
Hudson Avenue Station,” G. E. Review, Vol. 28, February, 1925, 
pp. 80-85. 

Hrrsurexp, C. F., The Trenton Channel Plant of the ‘Detroit 
Edison Company, Journau of A. I. E. E., Vol. 44, July 1925, 
pp. 708-718. 

A plant description, and why pulverized coal is being used. 

“Hirsurexp, C. F., “Analysis of Steam Station Design,” 
Electrical World, Vol. 86, September 26, 1925, pp. 609-613. 

High capacity factor and long, useful life necessary to justify 
high efficiencies. Size of units, powdered fuel, furnace con- 
struction, pressures, bleeding, and reheating discussed. 

Houurns; G. G., “Low Operating Costs and Fixed Charges at 
Pine Grove Station,’ Power Plant Engineering, Vol. 29, February 
15, 1925, pp. 222-227. 

Plant description. 

Houiins, G. G. and Samvuers, M. M., “Plant of Manila 
Electric Company, P. I.,”’ Electrical World, Vol. 87, January 23, 
1926, pp. 192-195. 

Improvements made in entire plant from coal handling to 
distribution. 

Irwin, K. M., ‘Features of the New Sioux City Station,” 
Electrical World, Vol. 86, October 3, 1925, pp. 685-689. 

Designed to operate at 17,000 B. t. u. /kw-hr. with minimum 
investment. 
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JourRNAL or THE A. I. E. E., Discussion on Power Plant 
Design and on the paper Trenton Channel Station, by C. F. 
Hirshfeld. Vol. 44, August 1925, pp. 886-895. 

JouRNAL or THE A. IJ. E. E., Latest Design and Practise in 
Power Plants. Report of Committee on Power Generation. 
Vol. 44, November 1925, pp. 1178-1188. 

Presented at Saratoga Springs, N. Y. June 23, 1925. 

Journal of Electricity, “Latest Development in Pacific Coast 
Steam Plant Practise,’ Vol. 54, June 1, 1925, pp. 501-511. 

Report of Prime Movers Bureau—Technical Section. 

Journal of Electricity, “Valmont Steam Plant of the Public 
Service Company of Colorado,” Vol. 55, September 1, 1925, 
pp. 161-166. 

JUNKERSFELD, P., ‘‘Power Station Design Continues to Pro- 
egress,” Power Plant Engineering, Vol. 29, December 15, 1925, 
pp. 1248-1250. 

A discussion. 

Katss, W. A., “Automatic Heat Balance Control,” Electrical 
World, Vol. 85, May 16, 1925, pp. 1025-1026. 

Practise at the Saxton Station. 

Kennan, Watter M., ‘Some Tendencies in Modern Power 
Plant Design,” Power Plant Engineering, Vol. 29, April 15, 1925, 
pp. 429-431. 

From a paper presented before the Rochester Section of the 
A.S. M. E. 

KaursHaw, JouN B. C., ““T'wo French Super-Power Stations,” 
World Power, Vol. 4, September 1925, pp. 120-126. 

The description of Comines and Genneyilliers. 

Kersuaw, Joun B. C., ‘“An American Super-Power Station,” 
World Power, Vol. 4, November 1925, pp. 245-249. 

The Hell Gate station at New York. 

Kuiincensere, G. (Dr.), “Station Design in Germany,” 
Electrical World, Vol. 86, September 26, 1925, pp. 652-655. 

All of the major design items discussed. 

Kuineensere, G. (Dr.), “A New German Central Station,” 
Power, Vol. 62, December 1, 1925, pp. 857-858. 

Rummelsburg Station near Berlin. 

Maturnson, A. B., ‘‘JSustifiable Small Power Plant,’’ Electrical 
Review, Vol. 46, February 20, 1925, pp. 314-315. 

Abstract of paper read before North Western Center of the 
I. of E. E. at Manchester. 

Marss, Lionzt §., ‘‘Heat-Cycle Efficiencies,’ Power, Vol. 61, 
January 20, 1925, pp. 100-102. 

Cycles discussed. 

McCann, W. R.., ‘‘Old Station Grows to Large Proportions,’ 
Power Plant Engineering, Vol. 29, May 15, 1925, pp. 546-548. 
Description of Bennings Station, Washington. 

McDermet, J. R., “Feed Water Deaeration Increases Plant 
Eeonomy,” Power Plant Engineering, Vol. 29, December 15, 
1925, pp. 1268-1270. 

Deaerators are insurance against corrosion. 

Mechanical Engineering, ‘‘Progress in Steam Power Engineer- 
ing,” Vol. 47, December 1925, pp. 1123-1124. 

Contributed by the Power Division American Society Mechani- 
cal Engineers, with Frank S. Clark, Chairman. 

Mechanical Engineering, ‘‘Recent Developments at Colfax 
Station,” Vol. 48, June 1925, pp. 571-573. 

Minetz, J. G., “Draft of Chimney,’ (Article I). Power, Vol. 
63, February 16, 1926, pp. 247-248; also Vol. 63, February 23, 
1926, pp. 288-289; and Vol. 63, March 2, 1926, pp. 332-333. 

Discussion of the fundamental draft equation. 

Monroz, Wituiam §., “Electric Power Development in 
Chicago District,’ Power, Vol. 63, February 23, 1926, pp. 
294-296. 

A comprehensive review. 


Morrow, L. W. W., ‘Power Factor in Practise,’ Electrical 
World, Vol, 86, August 1, 1925, pp. 213-217. 


Experience in the Pittsburgh district, details of installations. 
Movtrrop, I. E., “Weymouth Power Station of the Edison 
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Electric Illuminating Company of Boston,’ Power, Vol. 61, 
April 14, 1925, pp. 560-567. 

A deseription of the plant, and some of the design difficulties. 

Norris, E. W., Lowrenpera, M. J. and Prenarp, T. E., 
“Pioneer Engineering at Weymouth Station,” Electrical World, 
Vol. 85, April 18, 1925, pp. 809-815. 

A deseription of the quirement and some of the design reasons. 


Norris, E. W., ‘Mechanical Design of Weymouth Power 
Station,” Mechanical Engineering, Vol. 47, September 1925, 


pp. 719-723. 

Packxarp, P. A., “A Modern Tropical Central Station,” 
Power, Vol. 61, February 10, 1925, pp. 220-222 

Power plant improvements of the Calcutta Electric Supply 
Company. 

Parsons, R. H., ‘“‘The Thermal Efficiency of Power Stations,” 
Engineering, Vol. 119, January 23, 1925, pp. 93-94; also Engineer- 
ing, Vol. 119, February 6, 1925, pp. 153-154; and Engineering, 
Vol. 204, February 13, 1925, p. 204. 

Determining a basis for comparing the operating results of 
steam power plants; letters to the editor. 

Parsons, R. H., ‘‘The Variation of Power Station Efficiency 
with Output,” Engineering, Vol. 120, July 10, 1925, pp. 33-35. 

A study including ten curves. 

Pevriroy, J. L., ‘Wabash River Station Employs Holly 
Loop,” Power Plant Engineering, Vol. 29, November 1, 1925, 
pp. 1097-1098. 

Plant of Indiana Electric Corporation reports satisfactory 
and economical use of system for direct return of condensate 
to boilers. 

Powe tt, JAmess A., ‘‘Design of Steam Power Plants,” 
Plant Engineering, Vol 29, June 15, 1925, pp. 630-632. 

Power, “American Institute of Electrical Engineers Holds 
Power Plant Session at Annual Convention, St. Louis, Mo., 
April 13th to 17th,” Vol. 61, April 21, 1925, pp. 629-631. 

Trenton Channel, Weymouth, and Cahokia Stations included 
in the discussion. 

Power, ‘“‘Coal Preparation and Operating Results at the Sus- 
quehanna Station (Middletown),’’ Vol. 62, December 29, 1925, 
pp. 1000-1005. 

Power, ‘“‘Comparative Performance of Stations,”’ 
May 19, 1925, p. 806. 

Operating results at Colfax, Lakeside, Cahokia, and Philo 
stations. 

Power, “Crawford Avenue Station of the Commonwealth 
Edison Company,” Vol. 61, June 16, 1925, pp. 936-944. 

A plant description with equipment performance listed. 

Power, “Higher Steam Pressures and Temperatures,” Vol. 62, 
October 27, 1925, pp. 662-663. 

A discussion citing American practise. 

Power, “Latest Design and Practise in Power Plants,” Vol. 
62, July 28, 1925, pp. 126-128. 

Part of American Institute of Electrical Hngineers’ Convention 
Report, p. 1045, June 30, 1925. 

Power, “The Morwell-Yallourn Power Project,” Vol. 63, 
March 9, 1926, pp. 373-374. 

New 62,500-kw. steam plant located at the Australian Coal 
Fields. 

Power, “‘New England Textile Plant Operates on Powdered. 
Fuel,” Vol. 61, March 31, 1925, pp. 482-484. 

Description of plant. 

Power, “‘New Plant of Pittsburgh Plate Glass Company at 
Milwaukee,” Vol. 61, May 19, 1925, pp. 760-764. 

Description of a non-condensing stoker-fired plant, including 
equipment data. 

Power, “Operating Results at Philo,” Vol. 61, May 12, 1925, 
pp. 720-723. 

Operating results and methods. 


Power, ‘Philadelphia Electric Company’s Richmond Station,” 
Vol. 63, May 13, 1926, pp. 740-747. 


Power 


Vol. 61, 


June 1926 


Power, ‘“‘Power Station Heat Balance,’ Vol. 62, September 
15, 1925, pp. 426-427. 

Prime Movers Committee Report (N. E. L. A.) 

Power, “Riverside Station of the United Light & Power 
Company,” Vol. 61, January 18, 1925, pp. 46-51. 

Description with some performance curves. 

Power, ‘‘Seal Beach Station of the Los Angeles Gas & Electric 
Corporation,” Vol. 61, June 2, 1925, pp. 856-861. 

A descriptive outline of the station features. 

Power, “Submerged Storage and Coal Handling Equipment 
at Philo,” Vol. 61, June 23, 1925, pp. 976-979. 

Description of the arrangement. 

Power, ‘‘The 1200-Lb. Boiler and Turbine at Weymouth,” 
Vol. 62, September 15, 1925, pp. 394-398. 

Gives details of boiler and turbine, and explains the method 
of operation. 

Power Plant Engineering, ‘Additional Power for Tri-Cities,” 
Vol. 29, May 15, 1925, pp. 516-522. 

A description of the features of the installed equipment. 

Power Plant Engineering, ‘‘Boiler Room Upkeep,” Vol. 30, 
January 1, 1925, pp. 65-70. 

Upkeep and maintenance of boilers, furnaces, superheaters, 
and pumps. 

Power Plant Engineering, ‘‘Columbia Power Station Begins 
Operation November 12, 1925,” Vol. 29, November 1, 1928, 
pp. 1120-1122. 

Tandem compound turbines, stage feed heating, and reheat 
boilers included in the installation. 

Power Plant Engineering, ‘‘Columbia Power Station Service 
Southwestern Ohio,” Vol. 30, February 1, 1926, pp. 190-199. 

Description. 

Power Plant Engineering, ‘‘Construction Work Progresses at 
Avon Station,”’ Vol. 30, March 15, 1926, pp. 380-381. 

Description of new plant of Cleveland Electric Illuminating 
Company. 

Power Plant Engineering, ‘East River Plant to Have Nine 
60,000-Kw. Units,” Vol. 29, July 1, 1925, pp. 718-719. 

Power Plant Engineering, ‘‘Electrical Features of the Somerset 
Station,” Vol. 29, July 15, 1925, pp. 750-754. 

Power Plant Engineering, “Engineering Features of Crawford 
Avenue Station,” Vol. 29, July 1, 1925, pp. 676-688. 

Description of latest additions. 

Power Plant Engineering, ‘‘Features of the Middletown Power 
Station,” Voi. 29, July 15, 1925, pp. 724-734. 

Description of the features with operating results. 

Power Plant Engineering, ‘‘Harbor Point Station Will Operate 
First Unit in 1926,” Vol. 29, July 15, 1925, p. 757. , 

Power Plant Engineering, ‘Iron Mt. Plant Makes Power From 
Wood Waste,” Vol. 29, December 1, 1925, pp. 1186-1194. 

Description of installation. 

Power Plant Engineering, “Lumber Company Plant Burns 
Refuse with Coal,’”’ Vol. 29, March 15, 1925, pp. 318-322. 

World’s largest sawmill cutting mahogany veneers as a power 
plant presents many features of interest. 

Power Plant Engineering, ‘“Marion Station Adds New Units,” 
Vol. 29, April 15, 1925, pp. 416-422. 

Description. 

Power Plant Engineering, ‘“Neosho Plant Burns Kansas Coal 
Economically,’’ Vol. 29, November 15, 1925, pp. 1130-1136. 

Description of plant. 


Power Plant Engineering, ““New Addition to Joliet Plant 


Completed,” Vol. 29, February 15, 1925, pp. 249-254. 

New boilers and turbine unit installed. : 

Power Plant Engineering, ‘Philo Station Establishes Record 
of Economy,” Vol. 29, May 15, 1925, pp. 570-581. 

Description of installation with operating results. 

Power Plant Engineering, ‘“Roof Construction for the Power 
Plant,” Vol. 29, January 15, 1925, pp. 151-153. 
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Indifference in the selection of roof types and materials often 
results in large expense charges for maintenance. 

Power Plant Engineering, ‘‘Seal Beach Power Station,” Vol. 
29, June 15, 1925, pp. 618-630. 

A description of the initial installation. 

Power Plant Engineering, ‘Sioux City Gas and Electric 
Company’s New Plant,’’ Vol. 29, October 15, 1925, pp. 1034- 
1041. 

Deseription of Big Sioux Station. 

Power Plant Engineering, ‘‘ ‘Somerset,’ Another Step toward 
Superpower,” Vol. 29, April 1, 1925, pp. 368-376. 

Description of the plant features and equipment. 

Power Plant Engineering, ‘‘Twin Branch Carries Base Load,” 
Vol. 30, January 15, 1925, pp. 118-128. 

Description. 

Ratston, Faruey G., Predicting Central Station Demand and 
Output, Journat of A. I. E. E., Vol. 44, January 1925, pp. 38-44. 

For presentation at the Midwinter Convention of A. I. HE. E., 
New York, February 9-12, 1925. 

Reapy, Lester S., “Factors Entering into the Cost of Electri- 
cal Energy,” Journal of Electricity, Vol. 55, July 15, 1925, pp. 
52-57. 

Ricu, THEoporn, “The Comines Power Station,” Electrical 
Review, Vol. 98, January 8, 1926, pp. 59-63; also Vol. 98, January 
15, 1926, pp. 86-88; and Vol. 9 , January 22, 1926, pp. 125-127. 

A French central station using pulverized fuel. 

Rotiow, J. G. and Crarxe, C. W. E., “Seal Beach Power 
Station,” The Electric Journal, Vol. 22, June 1925, pp. 281-285. 

An interesting description with a per cent cost diagram. 

Rotiow, J. G., and Gatusna, D. L., ‘Seal Beach Plant 
Operating,’ Electrical World, Vol. 85, May 30, 1925, pp. 1123- 
1127. 

A description, and some of the design features. 

Rotiow, J. G., and Gauusna, D. L., “‘The Seal Beach Power 
Station,” Journal of Electricity, Vol. 54, June 15, 1925, pp. 
576-580. 

Ross, T. B., “The World’s Largest Engineering Project,” 
Electrical Review, Vol. 46, February 13, 1926, pp. 271-272; also 
Electrical Review, Vol. 46, February 20, 1925, pp. 299-300; and 
Electrical Review, Vol. 46, February 27, 1925, pp. 351-353. 

The undertaking of the Southern California Edison Company. 

Ryan, Wrturam F., ‘The Value of Higher Steam Pressures 
in the Industrial Plant.” 

Paper presented at the annual meeting, A. S. M. E., Novem- 
ber 30, 1925. 

Ryan, Wiuu1aM F., “The Value of Higher Steam Pressures in 
the Industrial Plant,” Power, Vol. 62, December 29, 1925, pp. 
1010-1012. 

Abstract of A. 8. M. E. paper presented December 1925. 

Ryan, Wriu1aM F., “Higher Steam Pressures in the Industrial 
Plant,” Mechanical Engineering, Vol. 48, January 1926, pp. 43-47. 

Rycrort, Percy E., ‘Modern Steam Raising,’ The Electrician, 
Vol. 96, January 18, 1926, p. 65. 

Higher pressures and temperatures, pre-heated air. 

SrnpeBanp, M. L. and Sporn, L., ‘Philo Station Sets Record— 
General Conditions and Mechanical Features,” Electrical World, 
Vol. 86, August 22, 1925, pp. 355-359; also “‘Blectrical Features 
and Controls,” Electrical World, Vol. 86, August 29, 1925, pp. 
403-408. 

Smiro, A. R., ‘A Modern Industrial Power Plant,” G. EH. - 
Review, Vol. 28, May 1925, pp. 312-315. 

A discussion of design and trends. 

Sraut, E. C. M., ‘Engineering Analysis Characterizes Hudson 
Avenue Operation,”’ Power, Vol. 61, May 26, 1925, pp. 827-830. 

The Station operating schedules and special charts used for 
computing flue loss and boiler efficiency. 

Taytor, J. T., “Steam Accumulators,’’ Combustion, Vol. 31, 
November 1925, pp. 275-277. 

Their principle and importance. 
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The Engineer, ‘‘The Barking Power Station (Steam) (En- 
gland),” Vol. 139, May 22, 1925, pp. 568-569. 

Description of the plant. 

The Engineer, ‘The Bow Power Station (Steam) (England),” 
Vol. 139, May 15, 1925, pp. 542-543. 

Plan of the site and general description of apparatus. 

The Engineer, ““The Osborne (Adelaide) Power Station and 
Transmission System,” Vol. 140, August 7, 1925, pp. 133-138; 
also Vol. 140, August 14, 1925, pp. 158-160. 

A plant description. 

The Engineer, ‘The Ribble Power Station (Steam) (England),” 
Vol. 140, July 24, 1925, p. 96. 

Description of the plant. 

The Engineer, ‘“Super Power Stations in America,’’ Vol. 139, 
March 6, 1925, p. 264. 

A discussion of the important points of American design, 
including Weymouth, Trenton Channel, Cahokia, Hell Gate, 
Lake Shore, and Hudson Avenue Stations. 

The Engineer, *‘The Thornhill Power Station (Steam) (En- 
gland),’”’ Vol. 140, July 10, 1925, pp. 32-33. 

Description of plant. 

The Engineer, ‘‘The Use of High-Pressure Steam,” Vol. 140, 
December 25, 1925, pp. 697-698. 

A discussion of temperatures and pressures used in the modern 
plant. 

Tuiptscu, Kurt, ‘Intermediate Superheating,’ The Hlectri- 
cian, Vol. 95, November 6, 1925, pp. 524-526. 

Temperature and pressure limits, possible methods. 

Tuorne, R. R., ‘Valmont Station Now in Service,’’ Power 
Plant Engineering, Vol. 29, September 15, 1925, pp. 932-940. 

Plant description. 

Tuorne, R. F. and Harpaway, W. D., “Features of Valmont 
Station,” Electrical Wo ld, Vol. 85, June 13, 1925, pp. 1257-1262. 

Mechanical and electrical design details. 

Tower, C. O., “Steam Regeneration: Its Possibilities,”’ 
The Engineer, Vol. 139, May 29, 1925, pp. 592-593. 

A theoretical discussion. 

Veutina, H. M. and Crawrorp, H. S., ‘Increasing Financial 
Efficiency by Simplification of Plant Design,’ Power, Vol. 61, 
May 19, 1925, pp. 765-768. 

An attack on the problem of boiler room design and suggestions 
of similar studies for the entire plant. 

Veuuine, H. M. and Crawrorp, H. S., ‘Improving Financial 
Efficiency by Increasing Heat Absorbing Capacity of the Steam 
Generating Unit,’’ Power, Vol. 62, July 21, 1925, pp. 92-93. 

Discussion of the total cost of kw-hr. in preference to economy. 

Vivian, Cuauncery H., ‘Utilization of Electricity in the Salt 
Creek Oil Fields,” Journal of Electricity, Vol. 54, May 15, 1925, 
pp. 359-360. 

A deseription of the new 25,000-kw. plant. 

Wetts, J. H., “‘Toronto Station Designed for Base Load,” 
Electrical World, Vol. 87, February 13, 1926, pp. 354-355. 

Description of the plant. 

Waeapon, F. W. H., “New Australian Central Power House,”’ 
Electrical World, Vol. 86, November 28, 1925, pp. 1097-1101. 

Original construction features of Osborne Station. 


Wuirr, P. T., “The Shannon Power Scheme,” 
Review, Vol. 46, June 19, 1925, pp. 991-992. 


Electrical 


Wicks, Z. W., “Generating Units of U.S. Helium{Gas Power | 


Plant,’’ Power, Vol. 62, July 7, 1925, pp. 9-11. 
Plant description. 
Wotr, Juuius, ‘‘The Crawford Avenue Power Station of the 


Commonwealth Edison Company,” Combustion, Vol. 13, 
November 1925, pp. 269-274. 

Wooprow, H. R., “Fourth Unit Extension for the Hudson 
Avenue Generating Station,’ The Electric Journal, Vol. 22, 
July 1925, pp. 355-356. 


A study and discussion ineluding load duration curves. 
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World Power, ‘Closed Feed Systems and Heat Balance for 
Central Power Stations,” Vol. 3, March 1925, pp. 179-180. 

World Power, ‘“‘Power Station Efficiency in Britain,” Vol. 3, 
January 1925, pp. 43-48. 

Part 1—Stepney Station. 

Part 2—Hackney Station. 

World Power, “Power Station Efficiency in Britain,” Violeea; 
February 1925, pp. 100-104. 

Part 3—Grove Road Station and Central Electricity Supply 
Co., Ltd. 

World Power, ‘Power Station Efficiency in Britain,” Vol. 3, 
March 1925, pp. 162-167. 

Part 4—Bolton Back o’ the Bank Station. 

World Power, ‘Power Station Efficiency in Britain,” Vol. 3, 
April 1925, pp. 223-226. 

Part 5—Wallasey. 

World Power, ‘Power Station Efficiency in Britain,” Vol. 3, 
May 1925, pp. 280-282. 

Part 6—The Brompton and Kensington Electricity Supply 
Co:, Lid: 

World Power, “Power Station Efficiency in Britain,” Vol. 3, 
June 1925, pp. 340-343. 

World Power, ‘Power Station Efficiency in Britain,’ (VII— 
Neasden Power Station of the Metropolitan Railway) Vol. 4, 
August 1925, pp. 98-100. 

World Power, ‘“Power Station Efficiency in Britain,’ (VIII— 
Blackburn Corporation Electricity in Great Britain) Vol. 4, 
July 1925, pp. 41-44. 

World Power, ‘“Power Station Efficiency in Britain,’ (IX— 
Stockport Corporation Electricity Supply) Vol. 4, August 1925, 
pp. 98-100. 

World Power, ‘“Power Station Efficiency in Britain,’ (X— 
City of Sheffield Electric Supply Department) Vol. 4, September 
1925, pp. 155-158. 

World Power, ‘‘Power Station Efficiency in Britain,’ (XI— , 
The Clyde Valley Electrical Power Company). Vol. 4, October 
1925, pp. 218-221. 

Wvyupe, W. O., ‘‘Cheaper Power,” Electrical Review, Vol. 97, 
August 21, 1925, pp. 287-288. 

Suggested combination of gas and electricity production. 

Wyman, W. B., ‘Motors and Control for Pulverized Fuel 
Plants,” Electric Journal, Vol. 23, May 1926, pp. 236-243. 

ZEUTHEN, Ernst, “Modern Coal Handling Equipment,” 
Electrical World, Vol. 87, January 9, 1926, pp. 87-89. 

Designed to cut labor cost for power stations and insure con- 
tinuous coal supply. 

ZRUTHEN, Ernst, ‘“‘Power Station Control Boards,” The 
Electric Journal, Vol. 23, January 1926, pp. 4-8. 

Advanees in design for the Toronto Power Station and Board- 
man Substation of the Ohio River Edison Company. 


STEAM TURBINES, GENERATORS, AND AUXILIARY 
EQUIPMENT 

AnppRSON, JoHN W., “Control for Dual-Driven Centrifugal 
Pumps,” Electrical World, Vol. 86, November 14, 1925, pp. 
1006-1007. 
. Delaware Station—Detailed control system described. 

Annis, Russexy K., “Operating Centrifugal Pumps in Com- 
bination,”’ Power, Vol. 61, March 3rd, 1925, pp. 331-333. 

Bru, G. G., “Central Station Auxiliaries,” Electrical World, 
Vol. 86, September 26, 1925, pp. 655-656. 

Reliability feature and the general trend in the future 
discussed. 

Bett, G. G., “Requirements to Auxiliaries to Furnish Reliable 
Service,” Power, Vol. 61, March 3, 1925, p. 356. 

Excerpts from paper read before the Chicago Section of the 
A.8. M. E., January 15, 1925. 

Bett, G. G., “Sources of Alternating-Current Auxiliary 
Power,” Power, Vol. 61, April 14, 1925, pp. 589-590. 

Diagrams of proposed systems and discussion. Excerpts from 


June 1926 


paper read before the Chicago Section of the American Society 
of Mechanical Engineers, January 15, 1925. 

Beit, G. G., “Turbine and Boiler Room Auxiliaries,”’ 
Mechanical Engineering, Vol. 47, March 1925, pp. 188-191. 

Requirements for reliability, variable speed drive types of 
motors, ete. 

Betz, J. G., ‘Testing Surface Condensers Equipped with 
Steam Jet Air Pumps,’ Power, Vol. 61, April 28, 1925, pp. 
669-672. 

A few of the places wherein mistakes are made and how un- 
necessary work and calculations may be reduced to a minimum 
are pointed out. The method of test, principles employed, pre- 
cautions and ealeulation are also given. 

Bencouas, G. D. and May, R., ‘‘Notes on the Corrosion and 
Protection of Condenser Tubes,’ Power, Vol. 62, October 138, 
1925, pp. 584-585. 

Bennett, F. S., “Indirect Cooling of Turbo Alternator,” 
Power, Vol. 63, March 16, 1926, pp. 400-403. 

Discussion of air-coolers using cardensate and raw water, 
and those using only raw water. 

Bittuimer, F. M., “Automatic Control of Auxiliaries,” 
Electrical World, Vol. 85, March 14, 1925, pp. 551-554. 

Methods adopted in modern stations to keep motors in opera- 
tion under adverse conditions. 

Buakey, J. H., “Power Equipment Developments in Europe,” 
Power Plant Engineering, Vol. 29, December 15, 1925, pp. 1281- 
1282. 

Boozr, R. W., ‘“‘Advantages of Feed Water Heating by Stage 
Bleeding,’”’ Power, Vol. 62, August 11, 1925, pp. 211-212. 

Brooks, A. A., “Practical Points in Testing Steam Turbines,” 
Power, Vol. 61, June 23, 1925, pp. 984-986. 

Cameron, ALEXANDER, ‘‘The Manufacture of Condenser and 
Locomotive Tubes,” The Engineer, Vol. 140, September 4, 1925, 
pao) 

Abstract from paper published in the proceedings of the In- 
stitution of Engineers (India) April 1925. 

CAMPBELL, Wi~rreD and Heckman, W. C., ‘Tangential 
Vibration of Steam Turbine Buckets.” 

Paper presented at the annual meeting American Society of 
Mechanical Engineers, November 30, 1925. 

Carterton, H. E., “Selecting the Right Size of Air Pump,” 
Power Plant Engineering, Vol. 29, August 1, 1925, pp. 791-792. 

Currstiz, A. G., ‘The Evaporator In a Small Power Plant,” 
Power, Vol. 61, March 24, 1925, pp. 458-459. 

Coacrsuat, C. S., “Adapting the Steam Turbine to the 
Industrial Power and Heating Load,’”’ Power, Vol. 63, March 2, 
1926, pp. 329-332. . : 

Corzorn, Cuarzes E., ‘Checking the Performance of Surface 
Condensers and Cleaning for Maximum Efficiency,’ Power, 
Vol. 62, September 15, 1925, pp. 405-406. 

Operating methods, systematic checking methods and data. 

Dantstranp, J. Y., ‘Figuring Steam Requirements for 
Combined Bleeder-Mixed Pressure Turbine,” Power, Vol. 62, 
July 14, 1925, pp. 42-45. 

A practical application of theory. 

Drewry, M. K., ‘‘Reducing the Governing Loss to Improve 
Turbine Economy,” Power, Vol. 62, September 15, 1925, pp. 
402-403. 

Electrical Review, ‘‘The Bradford Electricity Undertaking,” 
Vol. 97, November 27, 1925, pp. 861-863; also Vol. 97, December 
4, 1925, pp. 888-890. : 

The inauguration of an interesting 20,000-kw. generating set. 

Electrical Review, “Combating Electrical Fires,” Vol. 98, 
February 26, 1926, pp. 356-357. 

The “Lux” liquid CO? system for power stations. 

Electrical Review, ‘High Pressure Steam Turbine Develop- 
ment,” Vol. 97, August 21, 1925, pp. 314-315. 

Some Swiss opinions and achievements. 
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Electrical World, ‘Generator Rating Totals 21,932,996 Ky-a.,”’ 
Vol. 85, May 9, 1925, pp. 968-969. 

A study with a table. 

Electrical World, ‘‘Joilet Plant Enlarged,” Vol. 85, February 14, 
1925, pp. 348-344. 

A 30,000-kw. unit installed. 

Electrical World, ‘“Rating of Motors in Central Stations Totals 
1,275,566 h. p.,” Vol. 87, January 2, 1926, p. 17. 

A study with a table. 

Engineering, ‘‘Air Cooler for Turbo Generators,” Vol. 121, 
January 1, 1926, pp. 28-29. 

Different apparatus. 

Engineering, ‘‘The Drayton Steam Meter,” Vol. 119, June 19, 
1925. 

A description of the mechanism and purpose. 

Engineering, ‘“The Efficiency of Reaction Blading,’”’ Vol. 120, 
October 2, 1925, pp. 427-429. 

Curves, calculations and discussions. 

Engineering, ‘The Efficiency of Reaction Blading,” Vol. 120, 
December 18, 1925, pp. 775-776. 

Analysis of tests. 

Engineering, ‘Fourth Report of the Steam Nozzles Research 
Committee,” Vol. 119, May 15, 1925, pp. 617-619; also Vol. 119, 
May 22, 1925, pp. 651-654. 

Presented at a meeting of the Institution of Mechanical 
Engineers, on May 8, 1925. 

Engineering, ‘‘The Internal Combustion Turbine,” Vol. 119, 
May 1, 1925, pp. 547-548. 

Ed‘ torial. 

Engineering, “Steam Turbine for Mill Driving,” Vol. 120, 
July 31, 1925, pp. 127-130. 

A complete description of construction and operation. 

Engineering, ‘50,000-Kw. Parsons Turbo Alternator for 
Chicago,” Vol. 121, March 5, 1926, pp. 283-299. 

Details with cuts and explanation. 

Frconueimer, C. J.and Penney, G. W., Abridgment of Paper on 
Concluding Study of Ventilation of Turbo Alternators Multiple 
Path Radial System, Journau A. I. E. E., Vol. 45, April 1926, 
pp. 347-354. 

Frecuuemer, C. J., “Accomplishments in the Study of Cooling 
Electric Machines,” Power, Vol. 61, April 14, 1925, pp. 574-575. 

A discussion of a system experimented on by Westinghouse 
Electric and Manufacturing Company. 

Fianpers, WarrEN B., ‘‘Some Problems in Connection with 
the Design of Large Turbines,” Electrical Journal, Vol. 23, 
May 1926, pp. 213-221. 

General Electric Review, ‘A 60,000-Kw. Turbine Casting,” 
Vol. 28, May 1925, p. 328. 

Grirrin, C. M., ‘Condenser Cleaning,” Power Plant Engi- 
neering, Vol. 29, November 1, 1925, pp. 1098-1099. 

Horart, J. C., ‘‘Push Self-Starting Motors,” Electrical World, 
Vol. 85, March 14, 1925, pp. 554-555. 

Why central stations should be interested. Torque and power 
factor characteristics. 

HopGkKINson, Francis, ‘Factors Bearing on the Design of 
Large Turbines,”’ Power, Vol. 61, April 7, 1925, pp. 550-551. 

Abstract of paper on ‘‘Large Steam Turbines,” presented at the 
Chicago Section ot the American Society of Mechanical Engi- 
neers, January 14, 1925. 

Hopaxinson, Francis, “Large Steam Turbines,” Mechanical 
Engineering, Vol. 47, March 1925, pp. 186-188. 

Hussarp, Cuarues L., “Heating Feed Water by Stages,” 
Power, Vol. 62, November 10, 1925, pp. 721-724. 

Why stage heating of feed water results in increased economy. 


Ippius, ALFrep, ‘Power and Heating Load Supplied by 
Non-Condensing and Condensing Turbines,” Power, Vol. 62, 
September 1, 1925, pp. 314-317. 


Industrial Plant. 
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Jnynes, Paut H., ‘Surface Condenser Operation,” Power, ment,’ Mechanical Engineering, Vol. 47, October 1925, pp. 
Vol. 62, October 6, 1925, pp. 514-517. 800-804. 


Jonzs, L. G., “Exhaust Steam Condensed in Open Feed Water 
Heaters,” Power, Vol. 61, June 16, 1926, p. 951. 

JUNGGREN, O. F., ‘“‘Large Curtis Turbines, 
February 24, 1925, pp. 290-295. 

Discussion of F. Hodgkinson’s paper, ‘Steam Turbine and 
Condensing Equipment,’ presented at the World Power Con- 
ference, July, 1924. 

Ketuiy, Ratru, ‘The Floating Type of House Turbine,” 
Electric en Vol. 22, June 1925, pp. 299-301. 

Its place and its operation. 

Knizsn, H. G., ‘Initial Units at Peoria Rated at 40,000 kw.,” 
Power Plant Engineering, Vol. 29, August 1, 1925, pp. 820-822 

Know.tov, E., Ricr, C. W., Frersurenouss, H. H., Hydrogen 
as a Cooling Medium for Electrical Machinery, JounNAw of 
A. I. E. E., Vol. 44, July 1925, pp. 724-734; also JourNnaL of 
A.I. EB. E.. Vol. 45, March 1926, pp. 281-284. 

The results of theory and some test results. 

Koenie, M., ‘“‘Gas Turbines,” Electrician, Vol. 95, August 21, 
1925, pp. 210-211. 

Various types, theoretical considerations and some practical 
difficulties. 

Konie, M.., 


” Power, Vol. 61, 


The 


“Gas Turbines,” Electrical Review, Vol. 46, May 
8, 1926, pp. 755-756, also Electrical Review, Vol. 46, May 22, 1926. 

A review of current theory and practise. Abstract of paper 
read before the North East Coast Institution of Engineers and 
Shipbuilders. 

Konia, M., “Gas Turbines,” Institution Mechanical Engineers, 
Vol. 119, June 12, 1925, pp. 747-751. 

Classification, cycles, the gas turbine relative to other prime 
movers, Holzwarth turbines, field of application. 

Koruny, G. L., ‘“New Developments in High Vacuum Ap- 
paratus,”’ Power Plant Engineering, Vol. 30, pp. 206-209. 

A discussion of recent developments and design. 

Koruny, G. L., ‘““New Developments in High Vacuum Ap- 
paratus,” Engineering, Vol. 120, December 25, 1925, pp. 813-815. 

Design, application, performance results. 

Krart, EH. A., ‘‘The Erste Brunner’ Steam Turbine,” Electric, 
Vol. 95, July 17, 1925, p. 65. 

Economy and its effects on design—steam velocity funda- 
mentalimportance. The use of multi-casings. 

Lamp, N. A., “Steam Hjectors in Condensers for High Vacua,”’ 
World Power, Vol. 4, October 1925, pp. 200-205. 

Principles of operation. 

Lez, Everett S., The Measurement of Electrical Output of 
Large A-C. Turbo Generators During Water Rate Tests, 
Journatof A.J. E. E., Vol. 44, August 1925, pp. 847-854. 

Two-wattmeter and three-wattmeter methods. 


Lun, E.S., ‘The Measurement of Electrical Output of Large 
A-C. Turbine Generators During Water Rate Tests,’ G. E. 
Review, Vol. 28, November 1925. 


Levit, L. J., ‘““Determining the Vacuum Correction Curves 
For Turbine Units,’ Power, Vol. 62, August 11, 1925, pp. 
200-203. 

Lewis, R. R., “A New Line of Small Turbines,’ Power, 
Vol. 63, February 2, 1926, pp. 178-180. 

Description of a series of small units recently developed by the 
General Electric Company to meet a demand for small units of 
refined design. 

Long, L., “Adjusting Westinghouse Valve Gears in the Field,” 
Power, Vol. 61, February 3, 1925, pp. 179-182. “ 

A discussion of the method of operation of the gear, of over- 
hauling the gear, of putting the main valves in good shape, and 
adjusting speed and governor regulation. 

Marks, Lionet S. & Danttov, M., “Gas Turbines,’”’ Mechani- 
cal Engineering, Vol. 47, June 1925, pp. 462-468. 


Dautstranp, Hans, ‘‘A Review of Steam Turbine Develop- 


Mechanical Engineering, ‘Test Code for Steam Turbine,” 
Vol. 47, September 1925, pp. 759-768. 

Penniman, A. L. Jr. & Quarues, F. W., “Auxiliaries and 
Auxiliary Drives for Steam Electric Generating Stations,” 
Power, Vol. 62, October 20, 1925, p. 628. 

Abstract of paper presented at the 20th annual convention of 
the Association of Iron and Steel Electrical Engineers, Phila., 
September 14, 1925. ; 

Power, “Atmospheric Relief Valves Eliminated at Toronto 
Station,” Vol. 62, September 22, 1925, pp. 442-444. 

Description of vacuum tripper-rupture diaphragm used. 

Power, “Bid Schedules on Mechanical Auxiliaries in Detroit 
Municipal Plant,” Vol. 62, July 21, 1926, pp. 97-100. 

Boiler feed pumps, mechanical draft equipment, bridge cranes, 
condenser tubes and ferrule stock. 

Power, ‘‘Caleulating Expansion and Aligning Steam Pipes to 
Large Turbines,’’ Vol. 62, October 20, 1925, pp. 594-597. 

Instructions of Westinghouse Electric and Manufacturing 
Company. 

Power, ‘Designing Turbines for Maximum Steam Pressures,” 
Vol. 61, March 3, 1925, p. 355. 

Power, ‘Five Hundred Thousand Horsepower in Ford Turbines 
for River Rouge Plant,’’ Vol. 61, January 20, 1925, pp. 88-94. 

Power, ‘“‘Governing a Large Reheating Turbine,” Vol. 63, 
January 12, 1926, pp. 54-55. 

Westinghouse turbine at Crawford Avenue. 

Power, ‘‘Hard Steel Turbine Blades Resist Corrosion,”’ Vol. 61, 
March 31, 1925, p. 511. 

Results of tests performed. 

Power, ‘‘High Back Pressure Turbine,” Vol. 61, May 26, 1925, 
pp. 825-826. 

A discussion of a turbine that operates at 100 lb. per sq. in. 
back pressure. 

Power, ‘“‘Refinements in Turbine Building,” 
6, 1925, pp. 12-15. 

Methods of factory adjustment safeguard large turbines 
against vibration record breaking units manufactured—new 
designs of industrial turbines for process steam. 


Vol. 61, January 


Power, “Steam Turbine Growth Study,” Vol. 63, January 
5, 1926, pp. 12-15. 
Power, ‘“‘Supersaturated Steam in Turbine Nozzles,’ Vol. 62, 


September 22, 1925, pp. 445-446. 

Power, “Tests of Vibration in Turbine Disks,” Vol. 61, Febru- 
ary 3, 1925, pp. 193-195. 

The results of static and dynamic tests are plotted and 
discussed. 

Power, “The Vacuum Tube Condenser,” Vol. 62, September 
1, 1925, p. 318. 

A Wheeler Condenser and Engineering design. 

Power Plant Engineering, ‘“‘Care and Upkeep of Surface Con- 
densers,”’ Vol. 29, December 1, 1925, pp. 1203-1205. 

Abstracted from Wheeler News. 


Power Plant Engineering, ‘“‘Causes of Condenser Tube Fail- 
ures,’ Vol. 29, November 15, 1925, pp. 1148-1144. 


Mechanical and chemical actions on the tubes. 


Power Plant Engineering, ““Feed Water Systems,” Vol. 30, 
January 1, 1926, pp. 45-49. 


Evaporation, deaeration, recirculation and filtering discussed. 


Power. Plant Engineering, ‘Methods of Heating the Feed 
Water,” Vol. 30, January 1, 1926, pp. 49-51. 


Heating with live steam, stage eres by bleeding, use of new 
Venturi heater. 


Power Plant Engineering, ‘“Notes on Steam Turbine Develop- 
ment,’ Vol. 29, December 1, 1925, pp. 1200-1201. 


From a serial report of the Prime Movers Committee (1924- 
1925) of the National Electric Light Association. 
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Power Plant Engineering, ““Uperation of Boiler Feeding Equip- 
ment,” Vol. 30, January 1, 1926, pp. 52-59. 

Arrangement of piping and valves and operation of the 
equipment. 

Power Plant Engineering, ‘‘Overhauling the Main Turbines 
at Connors Creek,” Vol. 30, January 15, 1926, pp. 135-136. 

Power Plant Engineering, ‘““Pumps Need Constant Watching,” 
Vol. 30, January 1, 1926, pp. 74-75. 

Valves, packings and bearings discussed. 

RAnEtn, H. M., “‘Exciter Practise in Electric Power Stations,” 
Power Plant Engineering, Vol. 29, June 15, 1925, pp. 645-649. 

General trend of development. 

Rots, E., Three-Phase, 60,000-Kv-a. Turbo Alternators For 
Gennevilliers, JouRNAL of A. I. B. E., Vol. 44, September 1925, 
pp. 927-937; also JourNAL of A. I. E. E., Vol. 45, March 1926, 
pp. 284-290. 

RumBo.», W. G., “The Electro-Osmotie Softening of Water,” 
Electrical Review, Vol. 97, November 27, 1925, pp. 848-849. 

A method of purification much cheaper than distillation. 

SANFORD, STERLING S., ‘‘Effect of Use Upon the Steam Rate 
of Turbine Generators,’’ Power, Vol. 63, March 23, 1926, pp. 
436-437. 

Based on the observed data over a long period of years. 

SrrTingER, Cart J., ‘““Motor Control for Valves,” Electrical 
World, Vol. 87, January 23, 1926, pp. 201-202. 

System at Somerset Station. 

Smitru, L. W. and Prumer, W. C., “Automatic Control for 
Boiler Feed Pumps,” Power Plant Engineering, Vol. 29, June 1, 
1925, pp. 598-599. 

Installation at the new Peoria Station. 

Smitn, J. H., “The Steam-Jet Condensing Type Vacuum 
Pump,” The Electric Journal, Vol. 22, January 1925, pp. 17-23. 

A study discussing its advantages and disadvantages, its per- 
formance, and the effect of cooling water temperature on ejector 
capacity. 

Spear, Rosert D., “Fitting Evaporators to the Heat Bal- 
ance,” Power Plant Engineering, Vol. 29, May 1, 1925, pp. 
480-481. 

A discussion with several layouts. 

Spraaug, B. C., “Method for Determining the Leaving Loss 
of a Steam Turbine,’ Power, Vol. 61, March 17, 1925, pp. 
419-420. 

The practical calculation of leaving loss and limiting vacuum 
(Refer to Power Vol. 60, December 16, 1924). 

Sropota, A., “Steam-Consumption Tests on a Back Pressure 
Turbine Built by Brown, Boveri Company, Ltd., Baden, Switzer- 
land,” Mechanical Engineering, Vol. 47, November 1925, pp. 
915-916. : 

Tayuor, A. J. J..and Werrsrem, F. A., “The Ruths Steam 
Accumulator,” Mechanical Engineer, Vol. 47, August, 1925, 
pp. 619-623. 

The Engineer, ‘Improved Steam Turbines,” Vol. 141, January 
22, 1926, pp. 104-107. 

Data included with conclusions. 

The Engineer, ‘“The Lloyd Sabando Liner Conte Biancamano,” 
Vol. 140, November 20, 1925, pp. 542-545. 

Part of this article deals with the main turbines and gearing of 
the ship. 

The Engineer, “A New 20,000-Kw. Turbo Generator for 
Bradford (England),’’ Vol. 140, November 20, 1925, p. 547. 

An outline of the turbine features. 

The Engineer, ‘A New Oil Cooler,” Vol. 141, February 5, 1926, 
p. 162. 

A description with test results. 

The Engineer, * Steam Nozzles Research,” Vol. 139, May 15, 
1925, pp. 536-538; also Vol. 139, May 22, 1925, pp. 565-566. 

Description of apparatus, method and results. 

TurHoimeE, C. H. &., “Deterioration of Turbine Blading in 
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Service,’ Power Plant Engineering, Vol. 29, April 1, 1925, pp. 


387-388. 

Discussion of causes and prevention by British Engineers. 

TupHoimeE, C. H. S., ‘““Modern Condensing Practise in Great 
Britain,’ Power Plant Engineering, Vol. 29, August 15, 1925, 
pp. 841-842. 

Von FREUDENREICH, J., ‘Vibration of Steam Turbine Disks,” 
Engineering, Vol. 119, January 2, 1925, pp. 2-4; also Engineering, 
Vol. 119, January 9, 1925, pp. 31-34. 

Types of vibration considered with the disk at rest and rotating. 

Includes method of calculation and comparison between 
theory and test results. 

Warren, G. B. and Kernan, J. H., “A Machine for Testing 
Steam-Turbine Nozzles by the Reaction Method,” Power, 
Vol. 63, February 16, 1925, pp. 271-273. 

Abstract of paper presented at the Midwest Power Conference 
of the American Society of Mechanical Engineers, January 
26th to 29th, 1926. 

Warren, G. B. and Kennan, G. B., “A Machine for Testing 
Steam-Turbine Nozzles by the Reaction Method,’ Mechanical 
Engineering, Vol. 48, March 1926, pp. 227-232. 

A description of the apparatus with results. 

Wess, Cuarwes J., “Swiss Developments in High Pressure 
Turbines,” Power Plant Engineering, Vol. 29, September 1, 1925, 
pp. 894-895. 

Wesrsrook, F. A., ‘“Mixed-Pressure Turbine an Important 
Link in Improving Ice Plant,’’ Power, Vol. 62, September 8, 1925, 
pp. 354-356. 

Installation of steam electric drive. 

Wesrsroox, F. A., “Installing Non-Condensing Turbine 
Lowers Factory Power Costs,” Power, Vol. 61, June 9, 1925, 
pp. 896-898. 

A discussion backed up with cost figures. 

Woorwett, J. E., “Efficiency Test of a 15,000-Kw. Turbo 
Generator,” Power, Vol. 61, January 27, 1925, pp. 128-131. 

Test Results. 

Woop, Wit11aM P., ‘Bolts for Use in Power Plant Construc- 
tion,” Mechanical Engineering, Vol. 47, Mid-November 1925, 
pp. 1034-1038. 

Different metals considered. 

ZIMMERMAN, C. D., ‘‘Stage Bleeding and Turbine Per- 
formance.” Paper presented at the annual meeting American 
Society of Mechanical Engineers, November 30, 1925. 

ZIMMERMAN, C. D., “Steam Bleeding and Turbine Perform- 
ance,’ Mechanical Engineering, Vol. 47, December 1925, 
pp. 1144-1148. 


BOILER PLANT DESIGN AND OPERATION 

Azsn, Vrotor J., ‘Industrial Furnace Efficiency,’’ Mechanical 
Engineering, Vol. 47, Mid-November 1925, pp. 1061-1064. 

A discussion of losses and design. 

Bato, A. A., “Flue Gas Computations,’ M echanical Engineer- 
ing, Vol. 48, April 1926, pp. 330-336. 

Abbreviated methods. 

Bruroay, A. §S., “Boiler Feed Water Purification,’ Mechanical 
Engineering, Vol. 47, November 1925, pp. 909-910. 

Booru, C. A., ‘Development of Meehanical Draft Equip- 
ment,”> Power Plant Engineering, Vol. 29, January 15, 1925, 


' pp. 133-136. 


Modern practise and development. a 

Brorwo, B. N., ‘‘Superheat and Reheat,” Power, Vol. 63, 
May 18, 1926, pp. 757-768. 

A discussion of design problems and methods. 

Broo, B. N., ‘Radiation in Boiler Furnaces,’’ Mechanical 
Engineering, Vol. 48, February 1925, pp. 133-138. 

A discussion of the trend. 

Browo, B. N., ‘‘Radiation in Boiler Furnaces.” Paper 
presented at the annual meeting, American Society of Mechani- 
cal Engineers, November 30, 1925. 
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Brooks, H. W., ‘Refractory Classification and Characteris- 
tics,’ Power, Vol. 61, March 24, 1925, p. 475. 

Bruce, Joun, “Boiler Room Practise, ’’ Electrical Review, Vol. 
98, February 12, 1926, pp. 249-251; also Electrical Review, 
Vol. 98, February 19, 1926, pp. 284-285; and Electrical Review, Vol. 
98, February 26, 1926, pp. 324-326. 

Coal flow, air flow, and steam flow. 

Burton, W. H., ‘Loss of Boiler Tubes at High Ratings,” 
Power, Vol. 62, September 15, 1925, pp. 419-420. 

Curistiz, A. G., “Boiler Furnaces for Pulverized Coal,” 
Mechanical Engineering, Vol. 47, August 1925, pp. 632-636. 

Cuarxkn, C. W. E., ‘‘Air Preheaters,”’ Mechanical Engineering, 
Vol. 47, March 1925, pp. 175-183. 

Historical development. 

Ciarke, C. W. E., ‘‘Recent Developments at Colfax Station,”’ 
Mechanical Engineering, Vol. 48, January 1926, pp. 39-43. 

Results of tests. 

Courant, J. G., ° Boiler Furnace Design for Pulverized Fuel,” 
Combustion, Vol. 13, November 1925, pp. 278-279. 

Courant, J. G., ‘Slag Formation on Tubes of Powdered Coal 
Fired Boilers,’ Power, Vol. 61, June 23, 1925, pp. 987-988. 

Courant, J. G., ‘‘Temperatures throughout Boilers Burning 
Pulverized Coal,’”’ Power, Vol. 62, October 13, 1925, pp. 579-580. 

Drewry, M. K., ‘Comparison of Actual Performance and 
Theoretical Possibilities of the Lakeside Station,” Mechanical 
Engineering, Vol. 47, October 1925, pp. 811-814. 

Electrical Review, ‘‘The Automatic Disposal of Boiler House 
Ash,” Vol. 97, August 28, 1925, pp. 354-356. 

Electrical World, “Status of Mercury 
September 26, 1925, pp. 607-608. 

The new design in operation and survey of possibilities. 


Boilers,’ Vol. 86, 


Engineering, “Water Lined Furnace Walls for Power Station . 


Boilers,’’ Vol. 119, January 16, 1925, pp. 71-74. 
A description of American practise with cuts of Hell Gate and 
Sherman Creek Stations. 
Engineering, ‘‘Recuperator for Balanced Draught Furnaces,” 
Vol. 119, February 20, p. 226. 
An air heater developed by Riley Stoker Company. 
Engineering, ‘‘The Crosby Boiler Feed Regulator,’ Vol. 120, 
August 7, 1925, p. 164. 
Description of a 500-Ib. regulator. 
Engineering, ‘“Explosion of a Power Station Superheater,”’ 
Vol. 120, August 21, 1925, p. 225. 
A story of the accident. 
Engineering, ‘The Atmos High Pressure Boiler,” Vol. 120, 
October 30, 1925, pp. 538-540. 
Deseription. 
Engineering, ‘‘“Radiant Heat Furnaces,” Vol. 121, January 22, 
1926, pp. 106-107. 
Description, performance, data, and cuts. 
Messrs. Stein & Atkinson, Ltd. 

Erirn, Caarues, “Preheated Air in EMcder Boiler Plant,”’ 
Electrical Review, Vol. 46, January 30, 1925, pp. 164-166. 
Frrzstmmons, 8. D., ‘‘Industrial Boiler Efficiencies,”’ 

cal Engineering, Vol. 48, May 1926, pp. 412-414. 
Frank, D. 8., “Fuel Measurement for Boiler Tests,” 

Plant Engineering, Vol. 30, February 1, 1926, pp. 200-201. 
Funk, N. E., ‘‘Comparative Performance of Air Preheaters.”’ 


Constructed by 


Mechani- 


Power 


presented at American Society of Mechanical Engineers, 


Providence, R. I. meeting, May 3, 1926. 


Funk, N. E., ““Comparative Performance of Air Preheaters,”’ 
Mechanical Engineers, Vol. 48, June 1925, pp. 562-566. 


Garpner, D. A., “Eliminating Boiler Seale by the Agfil 
Process,’ Power, February 16, 1926, pp. 261-262. 


Garuanp, C. M., “Suggestions on Boiler Furnace Design,” 
Power, Vol. 61, February 3, 1925, pp. 176-178. 


Applied to stoker installations. 


GasterR, Grorce E., ‘Balancing Combustible in Ash Against 
Excess Air, ” Power, Tol: 61, May 12, 1925, pp. 724-725. 
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This article discusses tests made to determine what percentage 
of excess air gives the highest over-all efficiency. 

Gray, L. R., “Illumination of Gage Glasses,’” Power Plant 
Engineering, Vol. 29, October 15, 1925, pp. 1045-1047. 

Principles of lighting gage glasses developed by experiment. 

Hatt, R. E., ‘‘Essentials of Correct Boiler Water Condition- 
ing,”’ Power Plans Engineering, Vol. 30, March 1, 1926, pp. 
327-330. 

Standard must be developed for conditions inside of boiler. 

Haut, R. E., “Boiler Water Conditioning With Special 
Reference to High Operating Pressure and Corrosion,” Power, 
Vol. 62, February 3, 1926, pp. 194-196. 

Abstract of paper presented at Midwest Power Conference, 
Chicago, Ill., January 27, 1926. 

Hatt, R. E., ‘Boiler Water Conditioning with Special Refer- 
ence to High Operating Pressure and Corrosion,” Mechanical 
Engineering, Vol. 48, April 1926, pp. 317-327. 

Hammonp, H. M., “Automatic Control of Fuel and Air to 
Blowers,” Power Plant Engineering, Vol. 29, December 15, 1925, 
pp. 1259-1261. 

HEeRBECK, CHARLES J., 
Efficiency in the Same Floor Space, 
1925, pp. 646-647. 

A description of the addition to the boiler. 

Homes, W. C., ““Combustion Control at the Hudson Avenue 
Station,” Electrical World, Vol. 86, September 26, 1925, pp. 
628-632. 

Details of system and operating methods; results obtained. 

Hoots, Paut F., ‘‘Three Pounds of Soda Ash Daily Saves 
Boiler Tubes in New Orleans Plant,’’ Power, Vol. 61, June 9, 
1925, pp. 899-902. 

This article analyzes the ups and downs of operation relating 
the troubles encountered with burned out tubes, the remedies, 
and the results obtained. 

Husparp, Cuarues L., ‘Feed Water Regulation,’ Power, 
Vol. 61, March 24, 1925, pp. 456-458. 

Typical modern regulators. — 


“Tnereasing Boiler Capacity and 
” Power, Vol. 61, April 28, 


Jacost, W. H., ‘Boiler Performance Based on Heat Content 
of Combustion Gases,’ Power, Vol. 62, August 25, 1925, pp. 
290-291. 

Joos, C. E., “Factors Affecting Priming of Steam Boilers,” 


Power Plant Engineering, Vol. 29, April 1, 1925, pp. 377-882. 

Results of an investigation to determine proper operating 
conditions in a specific boiler plant. 

Keenan, W. F., Jr., ‘General Types of Fuel Economizers,”’ 
Power Plant Engineering, Vol. 30, January 1, 1926, pp. 60-62. 

Kurrsuaw, Joun B. C., ““New Boiler Equipment at the Hell 
Gate Power Station, New York,” The Engineer, Vol. 140, Decem- 
ber 18, pp. 674-675. 

Test results when operating the new boilers, and a discussion 
of these results. 

Lanes, H. T., “Automatic Control at Cahokia,’ Power Plant 
Engineering, Vol. 30, January 15, 1926, pp. 128-130. 

Learnarp, G. H., “Efficiency in Coal Utilization,” 
World, Vol. 87, February 27, 1926, pp. 453-454. 

Lerrcu, H. W., “Boiler and Stoker Performance at Hell Gate 
Power Station of the United Electrie Light and Power Com- 
pany.”’ Presented at American Society of Mechanical Engineers, 
Providence, R. I. Meeting. May 3, 1926. 

Murray, Tomas E., ‘Future Trend of Boiler Design,’’ 
Electrical World, Vol. 86, September 26, 1925, pp. 649-651. 

Orrok, Grorge A., “Radiation in Boiler Furnaces,” Mechani- 
cal Engineering, Vol. 48, March 1926, pp. 218-220. 

Development of a simple formula to be used for predicting 
results fairly accurately. 

Parsons, R. H., “The Characteristics of Steam Boilers,’’ 
Mechanical Engineering, Vol. 119, March 27, 1925, pp. 379-381. 

A diseussion of operating curves. 

Preesies, T. A., “Combustion Control,’ Power, Voli 61; 
February 24, 1925, pp. 314-315. 


Electrical 


June 1926 


Abstract of paper read before Chicago Section of the American 
Society of Mechanical Engineers, January 14, 1925. 

Prnsues, T. A., “Combustion Control,’ Mechanical Engi- 
neering, Vol. 47, March, 1925, pp. 193-196. 

Advantages and enumeration of different kinds of control. 

Puumer, W. C., ‘“‘Automatie Control for Forced Draft Fans 
at Wabash River Station,’ Power, Vol. 61, May 19, 1925, pp. 
782-783. 

Description of the set-up. 

Power, ‘‘Boilers and Boiler Auxiliaries,” Vol. 61, January 6, 
1925, pp. 3-8. 

Developments in boilers, high pressures, status of economizers 
and air preheaters, superheaters, stage bleeding, and heat 
balance. 

Power, ‘Bids on Boiler Auxiliary Equipment of Detroit 
Municipal Plant,’’ Vol. 61, April 21, 1925, pp. 605-607. 

Deals with the new Morrell Street plant. 

Power, ‘‘The Construction of Jointless Steel Smokestacks,” 
Vol. 61, May 5, 1925, p. 712. 

Construction difficulties and method of erection. 

Power, ‘‘The Stream-Line Stack,’ Vol. 61, May 19, 1925, pp. 
788-792. 

This article gives its genesis, correct popular misapprehensions 
as to its principles, and shows some of the forms through which 
it has passed in the process of development. ; 

Power, ‘‘Boiler Plant of the Ludlum Steel Company,” Vol. 62, 
August 4, 1925, pp. 168-170. 

Power, ““New Boiler Plant of By-Products Coke Corporation,” 
Vol. 62, August 11, 1925, pp. 196-199. 

Four boiler units equipped with forced draft chain grates and 
special furnaces for the burning of coke braize, with front and 
rear arches and side wall cooling. 

Power, “High Pressure Steam Testing Laboratory at Bridge- 
port,”’ Vol. 62, November 24, 1925, pp. 804-806. 

For testing valves and apparatus; high pressure research and 
development work. 

Power, ‘‘Fireless Boiler Generates Steam at 1500-Lb. Pres- 
sure,” Vol. 62, December 29, 1925, pp. 1007-1009. 

Description of experimental plant at Vienna, Austria. 

Power, ‘‘Boilers and Boiler Auxiliaries,” Vol. 63, January 5, 
1926, pp. 4-8. 

Power, “Boiler and Auxiliary Patents of 1925,” Vol. 63, 
January 5, 1926, pp. 26-29. 

Power, ‘“‘Sidelights on Scale and Corrosion,” Vol. 63, March 9, 
1926, pp. 362-364. . 

Power, ‘““New Boiler Equipment Shows Advance in Boiler 
Room Practise,” Vol. 63, March 23, 1926, pp. 450-452. a 

Power Plant Engineering, ‘“New Boiler Plant for Chester Gas 
Works,” Vol. 29, January 15, 1925, pp. 147-150. 

Replacing a hand fired plant with stokers. 

Power Plant Engineering, “Evaporative Tests at River Rouge,” 
Vol. 29, March 1, 1925, pp. 275-278. 

Results of five tests, using pulverized coal for sustained boiler 
loads up to 285 per cent of normal rating. 

Power Plant Engineering, ‘““Ash Conyeyor Operates under 
Water,” Vol. 29, July 1, 1925, pp. 691-692. 

A description of the arrangement. 

Power Plant Engineering, ‘“‘Conditions Affecting the Use of 
Preheated Air,” Vol. 29, July 15, 1925, pp. 734-735. 

Greater pressure is required to give same weight as with cold 
air. 
Power Plant Engineering, “Air Preheaters in the Power Plant,” 
Vol. 29, September 15, 1925, pp. 940-943. 

Description of types and ‘summary of results. 

Power Plant Engineering, “Eeonomizer Operation and Main- 
tenance,” Vol. 30, January 1, 1925, pp. 62-64. 

Power Plant Engineering, “‘Refractory Maintenance in Boiler 
Furnaces,” Vol. 30, January 1, 1925, pp. 70-73. 


Air and water cooled walls. 
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Power Plant Engineering, ‘Operation of Ash Handling Machin- 
ery,’ Vol. 30, January 1, 1926, pp. 76-77. 

Power Plant Engineering, “Steam Control and Measurement,” 
Vol. 30, January 1, 1926, pp. 78-79. 

REYNOLDS, H. B., Taccaart, J. M., and Lans, R. 8., “New 
Boiler Equipment at the Interborough Rapid Transit Company’s 
Fifty-Ninth Street Power Station,’ Mechanical Engineering, 
Vol. 48, pp. 246-250. 

A deseription with operating results. 

Ritey, R. Sanrorp, ‘‘Good Firing Requires Intelligent Appre- 
ciation of Functions of Stokers,’”’ Power Plant Engineering, 
Vol. 30, January 1, 1926, pp. 2-5. 

A discussion of adequate records and attention to fuel bed, 
air supply, and ash pit conditions. 

Rosson, Puture Warwick, ‘The Large Water Tube Boiler,” 
Engineering, Vol. 119, March 20, 1925. p. 360. 

A geneval discussion. 

Savaan, H. D., ‘‘Water-Cooled Furnace Walls Prove Success- 
ful,” Power Plant Engineering, Vol. 29, February 15, 1925, 
pp. 227-229. 

A discussion with reference to several modern plants. 

Savaan, H. D., ‘“Water-Cooled Furnace Walls,” The Engineer, 
Vol. 140, July 31, 1925, pp. 121-123. 

A discussion with reference to American design in several 
stations having abnormal combustion conditions (Cahokia, 
Hell Gate Stations). 

Savaen, H. D., ‘‘Water-Cooled Furnaces,” 
Engineering, Vol. 47, March 1925, pp. 197-200. 

A description of several installations telling their advantages. 

SuerMAN, Heuser, Brooks, Bots, “Preliminary Findings 
in Refractory Investigations,” Power, Vol. 62, August 18, 1925, 
p. 234; also Vol. 62, August 25, 1925, pp. 277-280. 

Progress report on an investigation of the conditions governing 
the proper application of refractories in boiler furnaces. 

SuerMAN, Ratpu A., ‘‘Refractories Service Conditions in 
Boiler Furnaces,”’ Power, Vol. 63, January 19, 1926, pp. 113-115. 

Abstract of paper presented at meeting of American Refrac- 
tories Institute, New York City, October 29, 1925. 

SHoupy, W. A., and Denny, R. C., ‘‘Recent Developments 
in the Burning of Anthracite,’ Mechanical Engineering, Vol. 47, 
July 1925, pp. 573-579. 

Srromeyrmr, C. E., “Experiments on Strains in Boilers,” 
Engineer, Vol. 140, December 11, 1925, pp. 649-650. 

Test results and conclusions. 

Tunney, KE. H., “Furnace Changed for Powdered Coal Is a 
Success,” Power Plant Engineering, Vol. 30, March 15, 1926, 
pp. 362-364. 

Details of alterations at Ashley Street Station, St. Louis. 

Terry, H. W., “The Use of Zeolites to Soften Water by 
Filtration,” Power, Vol. 62, November 17, 1925, pp. 766-768. 

Kinds of zeolites, amount required, filtration rates, and charts 
that simplify calculations. 

The Engineer, “The Future of the Economizer,” Vol. 141, 
January 15, 1926, p. 74. 

Editorial. 

The Engineer, “The Credibility of Boiler Tests,’ Vol. 141, 
February 5, 1926, p. 156. 

Editorial. 

The Engineer, ‘‘Oil Fired Yarrow Land Type Boiler,” Vol. 141, 
March 5, 1926, pp. 274-275. 

Test results. 

The Engineer, ‘The Design of Air Heaters,’ Vol. 141, March 
12, 1926, p. 300. 

Editorial. 

Tompson, Pavut W., “Operating Experiences in Pulverized 
Fuel,’’ Mechanical Engineering, Vol. 47, April 1925, pp. 271-272. 

THorNTON, B. M., “Beonomizer Corrosion and Dew Point 
of Flue Gases,”’ Power, Vol. 61, March 24, 1925, p. 460. 


Mechanical 


85 
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Trinks, W., ‘Industrial Furnaces,’ Mechanical Engineering, 
Vol. 47, Mid-November 1925, pp. 1065-1071. 

A discussion of types. 

Tupnoume, C. H. §., ‘Reducing Costs in the Boiler House,” 
World Power, Vol. 3, Noa 1925, pp. 214-217. 

Fixed, operating, ane repair costs enumerated. 
’ Weicurman, Huau E., ‘Furnace Ash as a Refractory Mate- 
rial,’ Power, October 13, 1925, pp. 557-560. 

Brief summary of refractories: specific mention is made of ash 
as arefractory for patching; its preparation and test results. 

Weicurman, Huau E., ‘Use of Plastic Refractories in Boiler 
Furnaces,” Power, Vol. 63, January 19, 1926, pp. 90-93. 


WoHLENBERG, WALTER J., and Morrow, DoNALpD G., *‘Ra- 


diation in the Pulverized Fuel Furnace,’ Power Plant Engi- 
neering, Vol. 29, June 1, 1925, pp. 583-585. 
Woutensera, W. J., and Morrow, Donatp G., ‘‘Radiation 


in the Pulverized Fuel Furnace,’ Mechanical Engineering, 
Vol. 47, August 1925, pp. 627-632. 

World Power, ‘‘The Manufacture of Boilers,” Vol. 4, November 
1925, pp. 285-286. 

Messrs. Babcock and Wilcox, Ltd. 


PULVERIZED COAL, STOKERS, FUEL AND 
COMBUSTION STUDIES 

Anprews, L. V., ““A Microscopie Study of Pulverized Ceal,” 
Mechanical Engineering, Vol. 47, May (Section 2) 1925, pp 
429-432. 

Barnuourst, H. G., ‘Preparation of Pulverized Coal,’ Power 
Plant Engineering, Vol. 29, April 1, 1925, pp. 382-383. 

Abstracted from paper presented at a joint meeting of the 
Cleveland Engineering Society. 

Barnuurst, H. G., ‘The Preparation of Pulverized Coal,” 
Mechanical Engineering, Vol. 47, February 1925, pp. 87-88. 

A deseription, with costs. 

Beegrs, R. L., ‘‘Mechanical Stokers in Small Plants,’ Power 
Plant Engineering, Vol. 29, December 15, 1925, pp. 1256-1258. 

Brooks, H. W., “The By-Product Processing of Coal,” 
Mechanical Engineering, Vol. 46, March 1926, pp. 233-239. 

A description of methods. 

Brooks, H. W., ‘‘Drying of Coal for Pulverizing, 
Plant Engineering, Vol. 29, April 15, 1925, pp. 422-423. 

Points to be considered when deciding whether or not to use 
driers. 

Brooks, H. W., ‘Boiler Furnaces for Pulverized, Coal,” 
Power Plant Engineering, Vol. 29, June 15, 1925, pp. 655-657. 

A discussion presented at the Pulverized Fuel Session of the 
spring meeting of the American Society of Mechanical Engineers. 


Brooks, H. W., “Low Temperature Carbonization in Amer- 
ica,” Power Piant Engineering, Vol. 29, November 1, 1925, pp. 
1087-1091. 

Future lies in extraction and separate sale of by-products and 
combustion of coke in pulverized form. 


Brooks, H. W., ‘‘Well-Type Burner for Pulverized Coal,” 
Power, Vol. 61, June 9, 1925, pp. 926-927. 


From a discussion of paper at the spring meeting of the Ameri- 
can. Society of Mechanical Engineers, at Milwaukee, May 18-21, 
1925. 


Brooks, H. W., ‘‘The Case for Low Temperature Carboniza- 
tion in: America Today,” Power, Vol. 62, October 27, 1925, 
pp. 634-638. 


Brooks, H. W., ‘‘The Case for Low ghee Carboniza- 
tion in America Today,’’ Power, Vol. 62, November 3, 1925, 
pp. 680-684. 

The first part of this article (October 27, 1925) "reviewed 
European practise and suggested application to American con- 
ditions. The second part takes up the difficulties, discusses the 
economic features, and cost calculations. 


Brooxs, H. W., “The Development of Pulverized Coal as a 
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Boiler Fuel,’ Mechanical Knginering, Vol. 47, February 1925, 
pp. 89-93. 

A historical outline. 

Brownusz, Davi, “‘Pulverized Fuel,” Electric Review, Vol. 97, 
August 7, 1925, pp. 237-238. 

Abstract of paper read before the Manchester Geological 
and Mining Society. 

Curistiz, A. G., ‘Some Problems in the Use of Pulverized 
Coal,”’ Power, Vol. 63, May 18, 1926, pp. 748-750. 

Coxsy, H. S., ‘“‘Economies of Pulverized Fuel and Stokers,”’ 
Power Plant Engineering, Vol. 30, February 1, 1926, pp. 202- 206. 

In which all factors are considered in the terms of dollars. 

Co.sy, H. S., ‘Furnace Design for Traveling Grate Stokers,”’ 
Power Plant Engineering, Vol. 30, 1926, pp. 313-316; also Power 
Plant Engineering, Vol. 30, March 15, 1926, pp. 365-366. 

A discussion of arches and the increasing demand for higher 
ratings. 

Coxsy, H. S8., ‘‘Economie Comparison of Stoker and Pulver- 
ized Coal Plants,” Electrical World, December 26, 1925, pp. 
1301-1304. 

Performance of plants of varying capacities used for basis. 

Courant, J. G., “Good Efficiency and High Rating with Unit- 
Type Pulverizers,” Power, Vol. 61, January 13, 1925, pp. 60-61. 

Courant, J. G., “The Unit Coal Pulverizing Plant and Its 
Operation,” Mechanical Engineering, Vol. 47, March 1925, 
pp. 183-185. 

Descriptions of installations. 

DeWeese, Frep C., “An Amazing Example of Fuel Waste,” 
Power Plant Engineering, Vol. 29, November 15, 1925, pp. 
1152-1154. 

A study with curves showing loss of $17,000. 

Epwarp, W., ‘‘The Application of Pulverized Fuel at the 
Industrial Plant,’’ Power, Vol. 61, May 19, 1925, pp. 784-787. 

An endeavor to outline certain of the basic considerations 
surrounding the art of burning pulverized fuel, together with the 
correct procedure in making the installation proposal that will 
supply an impartial basis for judgment of its merits. 

Electrical Review, ‘“‘The Carbonization of Pulverized Fuel,” 


The McEwen Runge Low Temperature Process. Vol. 97, 
September 11, 1925, pp. 412-413. 
The Electrician, ‘“Power Generation Problems,’ Vol. 96, 


February 26, 1926, pp. 229-231. 

Low temperature carbonization discussed. 

Engineering, ““The Lea Cubi-Meter for Pulverized Fuel,’ 
Vol. 120, August 28, 1925, pp. 258-259. 

Deseription of apparatus. 

Engineering, ‘‘Prevention of Coal Dust Explosions,’”’ Vol. 120, 
November 27, 1925, p. 680. 


Editorial. 

Engineering, ‘“The Coal Carbonization Plant of the Midland 
Coal Products, Limited,’ Vol. 120, December 18, 1925, pp. 
757-758. 

Description. 


Engineering, ‘Effect of Pressure Release on the Development 
of Coal-Dust Explosions,” Vol. 120, December 18, 1925, pp. 
766-767. 

Engineering, “‘Coal Ash and Clean Coal,’’ Vol. 120, December 
18, 1925, pp. 774-775. 

Editorial. 

Engineering, “The Economies of Pulverized-Fuel Firing,” 
Vol. 121, February 5, 1926, p. 166. 

Enumerates capital charges, operating costs, fuel costs. 

Engineering, ‘The Coal Situation,” Vol. 121, March 19, 1926 
Dots 


Editorial. 


Hecxerotn, W. C., “Unit System of Pulverizing and Burning 
Coal,’ Power Plant Engineering, Vol. 29, October 1, 1925, 
pp. 993-995. 


Discussion of types and installation. 


June 1926 


Hecxerotu, W. C., “Unit Systems for Powdered Coal are 
Successful,’”? Power Plant Engineering, Vol. 29, December 15, 
1925, pp. 1254-1255. 

The Institution of Electrical Engineers, Discussion on “‘Pulverized 
Fuel and Efficient Steam Generation,’ Vol. 63, April 1925, pp. 
386-387. : 

Western Center, at Bristol, February 4, 1925. 

Joners, Henry B., “Application of the Unit System of Pulver- 
ized Coal to Boilers,’ Power, Vol. 61, May 5, 1925, p. 709. 

Extract of paper read before Metropolitan Section of the 
American Society of Mechanical Engineers, March 31, 1925. 

Kersuaw, Joun B. C., “The Combustion of Pulverized, 
Liquid, and Gaseous Fuels,” World Power, Vol. 3, February 1925, 
pp. 78-85. 

Martin, S. C., ‘Chemistry of Combustion of Pulverized 
Coal,’ Power Plant Engineering, Vol. 29, November 1, 1925, 
pp. 1091-1092. 

High velocities of air and fuel discussed. 

Mechanical Engineering, ‘‘Safety in the Operation of Pulver- 
ized-Fuel Systems,”’ Vol. 47, February 1925, pp. 115-117. 

M echanical Engineering, ‘“‘Testing the Fineness of Pulverized 
Coal,”’ Vol. 47, October 1925, pp. 822-824. 

Mechanical Engineering, ‘“‘Development of a Unit Coal 
Pulverizer,”’ Vol. 48, May 1926, pp. 462-464. 

Information brought out in the discussion of an American 
Society of Mechanical Engineers’ annual meeting paper. 

Newe.t, H. E. and Pautm, Rosert, “The Hazards of Pul- 
verized Fuel Systems,” Engineering, Vol. 119, January 2, 1925, 
pp. 25-26. 

A discussion of some of the different systems and equipment. 

Orrox, Georce A., ‘“Low Temperature Distillation and the 
Central Station,” Electrical World, Vol. 86, September 26, 1925, 
pp. 620-622. 

Survey of processes and accomplishments; fields of application 
outlined. 

Parsons, R. H., ‘The Power Required for Pulverizing Coal,” 
Electrical Review, Vol. 46, May 1, 1925, pp. 684-685. 

Power, “Coal Pulverizing Systems Outlined before Cleveland 
Engineers,” Vol. 61, January 27, 1925, pp. 158-159. 

Types of equipment and some operating results of American 
stations presented. 

Power, ‘“‘Fuels and Combustion,” Vol. 61, January 6, 1925, 
pp. 9-12. 

Coal, oil, and other fuels; the advance in furnace design. 
Development in the stoker field and in powdered fuel, and the 
improvement in combustion control. 

Power, ‘Fuels and Combustion,” Vol. 63, January 5, 1926, 
pp. 8-12. Z 

Power, ‘“‘Pulverized. Coal in the Industrial Plant,’ Vol. 62, 


-December 1, 1925, pp: 842-843. 


Power, ‘‘Recent Underfeed Stoker Developments,” Vol. 63, 
May 18, 1926, pp. 751-753. 

Power, ‘“‘Underfeed Stoker Performance at the Memphis 
Power and Light Company,” Vol. 63, January 19, 1926, pp. 


110-111. 
Power Plant Engineering, ‘Burning Pulverized Petroleum 


Coke,” Vol. 29, August 15, 1925, pp. 834-836. 


Changing from pulverized coal to pulverized coke. 

Power Plant Engineering, ‘Factors Governing the Storage of 
Coal,” Vol. 29, May 15, 1925, pp. 523-525. 

Power Plant Engineering, ‘Operating Pulverized Fuel Burning 
Equipment,” Vol. 30, January 1, 1926, pp. 15-22. _ 

Suggestions as to how to operate the equipment and control. 

Power Plant Engineering, “Producing and Controlling Com- 
bustion Air,” Vol. 30, January 1, 1926, p. 41. 

Damper regulators and combustion control systems. 
Power Plant Engineering, “Pylverized Fuel Discussed at 


- Cleveland,” Vol. 29, February 1, 1925, pp. 216-217. 


7 


_ Midwest conference, January 13, 1925. 


— 
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Power Plant Engineering, ‘‘Pulverized Coal to Replace Hand 
Firing,” Vol. 29, December 15, 1925, pp. 1279-1280. 

Plant of Lambert Tire and Rubber Company, Akron, Ohio. 

Power Plant Engineering, ‘‘Stoker Operation by Modern 
Methods,”’ Vol. 30, January 1, 1926, pp. 6-13. 

Travelling grate: underfeed and overfeed types present dif- 
ferent problems in handling. 

Power Plant Engineering, ‘‘Use of Liquid and Gaseous Fuels,”’ 
Vol. 29, April 1, 1925, pp. 384-386. 

Ventilated furnace construction reduces brickwork failures. 

Ritey, R. Sanrorp, and Craia, Ouuison, ‘‘The Development 
of a Unit Pulverizer,’” Mechanical Engineering, Vol. 47, Mid- 
November 1925, pp. 1047-1052. 

Rosin, Dr. Ina, “Thermodynamic and Practical Features of 
Pulverized Coal Firing,’’ Power, Vol. 62, November 10, 1925, 
pp. 739-740. 

High ash coals considered, also flame length in relation to 
furnace deterioration. 

Savaan, H. B., ‘‘Requirements for Burning Pulverized Fuel,” 
Power Plant Engineering, Vol. 30, January 1, 1926, pp. 14-15. 

Economic results and changes in design. 

ScHEFFLER, Frepprick A., “‘Pulverized Coal Systems of 
1925,” Power Plant Engineering, Vol. 29, December 15, 1925, 
pp. 1251-1254. 

Tenney, E. H., ‘Unit Powdered Coal Installation Gives 
Efficiency of 85.4 Per Cent,” Power, Vol. 61, June 30, 1925, pp. 
1033-1034. 

Ashley Street Station results. 

Tunney, E. H., ‘Powdered Coal at Ashley Street Station,” 
Power, Vol. 63, March 16, 1926, pp. 404-407. 

A unit pulverizer installation. 

The Engineer, ‘‘McEwen-Runge Low-Temperature Coal 
Carbonization System, Vol. 140, September 4, 1925, pp. 249. 

The Engineer, ‘Low Temperature Carbonization and Power 
Generation,” Vol. 141, February 26, 1926, p. 236. 

The Engineer, ‘“Powdered Coal Plant at Dover,’ Vol. 141, 
March 19, pp. 319-320. 

A general description of the system and equipment with 
guarantee and test results. 

Tupnormgp, C. H. S., ‘‘Recovering Fuel from Ash and Clinker,”’ 
Electrical Review, Vol. 97, November 20, 1925, pp. 804-806. 

Some modern methods of separation. 

TurnHoimg, C. H. S., ‘‘Pulverized Fuel in Huropean Plants,” 
Power Plant Engineering, Vol. 29, June 15, 1925, pp. 635-636. 

Tupnoime, C. H. S., ‘ Fuel Conveyors for Power Plants,” 
World Power, Vol. 4, July 1925, pp. 30-33. 

The mechanical handling of coal and ash. 

Tupnoimn, C. H. S., ‘Coal Storage for Power Plants,” W orld 
Power, Vol. 5, February 1925, pp. 90-92. 

Warren, Guorae B., ‘The Economic Use of North Dakota 
Lignite for Steam Generation,” Mechanical Engineering, Vol. 48, 
June 1925, pp. 583-585. 

Wutson, Davin, ‘‘Pulverized Fuel and its Relation to Modern 
Power Plant Design,” Engineering, Vol. 120, July 31, 1925, pp. 
147-149. : 

An enumeration of advantages and disadvantages and a dis- 
cussion of some of the equipment. 

Worker, Joseru G., ‘Progress in Mechanical Stoker Prac- 
tise,’ Power Plant Engineering, Vol. 29, July 15, 1925, pp. 
736-737. 

From a paper read before the Engineers Society of Western 
Pennsylvania. 

Wvoestner, Herman H., “Coal Deposits and How They Were - 
Formed,” Power, Vol. 61, April 7, 1925, pp. 526-528. 

A story on the origin of coal and what influences were at work 
during the formative periods to affect its quality. 
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HYDROELECTRIC STATION DESIGN, OPERATION, Electrical Review, ‘“Hydro-Electric Progress in Switzerland,” 


AND COSTS 

Bauvarp, R. H., ‘Battling with a Power Shortage,” 
World, Vol. 85, January 10, 1925, pp. 87-89. 

A discussion of how the Southern California Edison Company 
gave service to the customers during an unprecedentedly dry 
year. 

Barnes, J. 8., 
Scheme,” Electrical Review, Vol. 97, August 28, 1925 

A great electrical Teas in southern Italy. 

Benson, Rozsert E., ‘Developing a 14,000-H. P. Water 
Power 9000 Feet Above Sea Level,” Power, Vol. 61, February 24, 
1925, pp. 288-289. 

Construction difficulties encountered at the Leevining Creek 
developments. 

Brockner, GroreGs, ‘Continental Hydro-Electric Activity,’ 
Electrician, Vol. 95, i eee 28, 1925, p. 240. 

Developments in Norway, Sweden, Switzerland. 

Buck, M. E., ‘“‘A Rocky Mountain Hydro-Electric Plant,” 
Electrical World, Vol. 87, February 6, 1926, pp. 289-290. 

Mystic Lake development. 

Butter, H. G., ‘‘California Power Shortage of 1924,” Electrical 
World, Vol. 85, January 24, 1925, pp. 193-197. 

How service was rendered in spite of the draught. 

Carpenter, E. E., ‘The Stave Falls Development,” 
of Electricity, Vol. 56, pp. 173-178. 

Carson, A.G.and Lizsa, E. G., ‘‘Automatie Control of Hydro- 
Hlectric Plants on the Peshtigo River,” Electrical Journal, 
Vol. 28, April 1926, pp. 168-172. 

Cotpwett, O. B., ‘‘Hydro-Electric Power in the Pacific 
Northwest,” Journal of Electricity, Vol. 56, January 1, 1926, 
pp. 8-9. 

Crawrorp, P. O., ‘Construction Details of Copeo No. 2,” 
Electrical World, Vol. 86, October 31, 1925, pp. 889-891. 

Description of California Oregon Power Company’s new plant. 
Typical of medium-sized, low-head developments in Pacific Coast. 

CrawrorpD, P. O., ‘“‘Recent Hydro-Electric Development in 
Southern Oregon and Northern California,” The Electric Journal, 
Vol. 22, June 1925, pp. 278-280. 

Daur, F. A., “Dix River Hydro-Hlectric Development,” 
Electrical World, Vol. 86, November 7, 1925, pp. 939-942. 

Plant designed for variation of head from 165 ft. to 235 ft. 

Dow, E. A., ‘““Mechanical Features Affecting the Reliable and 
Economie Operation of Hydro-Hlectric Plants,’ Mechanical 
Engineering, Vol. 47, October 1925, pp. 825-831. 

Dreyer, WALTER and HEenninGER, G. Ross, “Pit River Hy- 
draulic Development Involves Novel Features,” Journal of 
Electricity, Vol. 55, August 15, 1925, pp. 119-137. 

Duranp, Wm. F., “‘The Problem of the Colorado River,” 
Mechanical Engineering, Vol. 47, February 1925, pp. 79-81. 

An engineering project to furnish water for municipal and 
engineering purposes, also hydroelectric power development. 

Electrical Review, ‘‘Hydro-Electric Development in Alberta,” 
Vol. 46, January 16, 1925, p. 102. 

Electrical Review, ‘The Ringwood Hydro-Electric Station,” 
Vol. 46, February 20, 1925, pp. 284-285. 

The utilization of a low-head waterfall on the Avon. 


Electrical Review, ‘“‘Hydro-Electrie Development in Quebec,’ 
Vol. 46, April 24, 1925, pp. 676-677. 


Electrical Review, ‘Water Power in New Zealand,” Vol. 47, 
August 21, 1925, pp. 284-285. 


The government hydroelectric scheme at Mangahao. 


Electrical Review, “The Hydro-Hlectrie Power Commission 
of Ontario,” Vol 97, August 21, 1925, pp. 315-316. 


Seventeenth annual report. 

Electrical Review, “‘Hydro-Hlectrie Possibil'ties 
America,” Vol. 97, September 25, 1925, pp. 491-492. 

Opportunities in Brazil and Bolivia. 


Electrical 


“The Sila Hydro-Hlectrie Development 
, pp. 824-326. 


Journal 


in South 


Vol. 97, October 9, 1925, pp. 581-582. 

Some details of the Amsteg (Uri) power station. 

Electrical Review, ‘“‘A Fifeshire Hydro-Electrie Undertaking,”’ 
Vol. 97, November 6, 1925, pp. 741-743. 

The Balgonic come Company’s installations. 

Electrical Review, ““A Large Hydro-Electric Development,”’ 
Vol. 98, January 15, 1926, pp. 102-103. 

le new generating station at Isle Maligne, Quebec. 

Electrical World, ‘‘Baker River Development of the Puget 
Sound Company,” Vol. 85, May 9, 1925, p. 977. 

Electrical World, ‘“‘Interconnection Saves South,” Vol. 
January 9, 1925, pp. 91-94. 

Details of operations and future plans. 
was met last year. 

Electrical World, ‘*Water Shortage in the Carolinas,” Vol. 87, 
January 16, 1926, pp. 137-138. 

Unprecedented conditions were encountered, yet service was 
almost normal. 

Electrical World, ‘‘Proposed Shannon River Development,” 
Vol. 87, February 20, 1926, pp. 405-406. 

Deseription. 

The Electrician, ‘Vertical Water Wheel Alternator,” Vol. 94, 
May 29, 1925, p. 629. 

A New Zealand machine. 

The Electrician, “Water Power Development, 
26, 1925, p. 731. 

Some conclusions based on Indian experience. 

Engineering, ‘‘Water Power Plant Fors-Huvudforsen, 
Sweden,” Vol. 119, January 2, 1925, pp. 6-10; also Vol. 119, 
January 23, 1925, pp. 95-97; also Vol. 119, February 6, 1925, pp. 
155-158; and Vol. 119, February 20, 1925, pp. 217-221. 

A discussion giving the interesting features of design and 
construction. 

Engineering, ‘““Twenty-One-F't. 
Valves: Niagara Falls Power Company,” 
1925, pp. 320-321. 

A description of the valve operation and how these valves have 
acted in service. 

Engineering, ‘Division Tunnel Gates for the Arapuni Hydro- 
Electric Power Supply (New Zealand),’’ Vol. 119, June 19, 1925, 
pp. 764-765. 

Its location, purpose and operation. 

Engineering, ‘“The International Hydro-Electrie Congress at 
Grenoble,”’ Vol. 120, August 21, 1925, pp. 240-242; also Vol. 120, 
August 28, 1925, pp. 275-276. 

Large permanent dams, conduits, and singe tanks; solids con- 
tained in flowing water; losses of head in bends and branches; 
river water power installations. The development of the water 
turbine, laws of comparison, improvements in turbine accessories, 
the potentialities of hydraulic power schemes, testing hydro- 
electric plants. The linking up of generating stations, tidal and 
wave power utilization. 

Engineering, “The Stave Falls Developments—British Colum- 
bia,” Vol. 120, September 4, 1925, pp. 279-282; also Vol. 120, 
September 18, 1925, pp. 348-351. 

Description of resources and plant. 

Frampton, W. R., “Utility Uses Testing Laboratory,” Elec- 
trical World, Vol. 86, August 15, 1925, pp. 305-308. 

Alhambra Plant of the Southern California Edison Company. 

Garrert, P. B., ‘‘Automatie Hydro-Electric Plant of the San 
Gorgonio Power Company,” The Electric Journal, Vol. 22, June 
1925, pp. 286-289. : 

A deseription. 


Hurcuinson, Eny C., “Present Trends in Western Hydro- 
Electric Practise,” Silecirscus World, Vol. 86, spt: 26, 
1925, pp. 615-618. 


Discussion of the important features of design. 
Hutcuinson, Huy C., ‘The Oak Grove High Head Turbine 


87, 


How a water shortage 


” Vol. 94, June 


Larner-Johnson Penstoek 
Vol. 119, March 13, 


June 1926 


Development of the Portland Electric Power Company,” 
Mechanical Engineering, Vol. 47, June 1925, pp. 449-454. 

InsuLut, Samuen, ‘Power Developments in the Mississippi 
Valley,” Power Plant Engineering, Vol. 30, February 15, 1926, 
pp. 250-253. 

JOHNSTONE, TAYLOR E., ‘‘Recent Huropean Hydraulic Machin- 
ery Design,’ Power Plant Engineering, Vol. 29, July 15, 1925, 
pp. 742-745. 

Features of latest practise. 

JOLLYMAN, J. P., ‘““Hydro-EHlectrie System of Pacific Gas and 
Electrie Company,” The Electric Journal, Vol. 22, June 1925, 
pp. 274-277. 

A discussion of geography, topography, water supply, and 
some of the projects and installations. 

JORDAN, J. Cuarues, “Pit Number 3, Hydro Plant Com- 
pleted,’’ Power Plant Engineering, Vol. 29, August 15, 1925, pp. 
868-869. 

Journal of Electricity, “America’s Highest Head Hydro-Plant 
to be Built on Kings River,”’ Vol. 54, April 1, 1925, pp. 241-242. 

Journal of Electricity, ‘‘Construction of Thirteen-Mile Florence 
Lake Tunnel Sets Many Records,” Vol. 54, March 1, 1925, pp. 
161-165. ; 

Journal of Electricity, “‘Klamath River Plant Completed by 
the California Oregon Power Company,” Vol. 55, November 15, 
1926, pp. 365-371. 

Journal of Electricity, ‘Rocky Mountain Lake Tapped Be- 
neath Surface in Power Development,’ Vol. 56, January 15, 
1926, pp. 48-49. 

Mystic Lake Development. 

Leacu, Frank A., Jr., “Water Power Makes California,” 
Electrical World, Vol. 85, June 6, 1925, pp. 1171-1174. 

Utilization of natural resources. Accomplishments of the 
electrical industry. 

Ler, Louis R., “Great Falls Plant Provides Peak Load 
Capacity,” Power Plant Engineering, Vol. 29, November 15, 
1925, pp. 1150-1151. 

A plant to tie in with the steam plants. 

Martin, Percy F., ‘“Hydro-Electric Power in Argentina,” 
Electrical Review, Vol. 98, January 22, 1926, p. 128. 

Development of the Iquazu Falls. 

Meares, J. W., “Water Power Resources of the World,” 
World Power, Vol. 3, January 1925, pp. 18-19. 

Estimate compiled from the papers presented at the First 
World Power Conference, London, 1924. 

Murpuy, J., ‘The Bandon Hydro-Electric Undertaking,” 
Electrical Review, Vol. 46, January 9, 1925, pp. 77-78. . 

Practical water-power development in Ireland. Abstract of 
paper read before the Institution of Civil Engineers of Treland. 

O’SHaucunessy, M. M., ‘“‘The Hetch Hetchy Power Develop- 
ment,” Electrical World, Vol. 86, August 1, 1925, pp. 207-211. 

- Electrical and hydraulic features are described. ’ 

Ost, P. J., ‘““Heteh Hetchy Hydroelectric Development of the 
City of San Francisco,” Journal of Electricity, Vol. 55, July 1, 
1925, pp. 25-30. 

Description of plant. 

Puace, C. W., “Automatic Hydro-Electrie Stations,’ G. EL. 
‘Review, Vol. 28, June 1925, pp. 364-368. 

Power, “Hydro-Electric Plant Has 452,500 H. P. Installed 
Nominal Capacity,’’ Vol. 61, March 3, 1925, pp. 324-330. 

A description of the installation. 

Power, ‘‘Philadelphia Engineers Club Holds Third Hydro- 
Electric Conference,” Vol. 61, March 17, 1925, pp. 433-434. 

Design problems, operation problems, and recent develop- 
ments are discussed. 

Power, “Largest Seven Foot Head Hydro-Electric Plant,” 
Vol. 62, July 7, 1925, pp. 2-5. 

Plant at Dixon, Illinois on Rock River. | 

Power, “Dix River Hydro-Electri¢ Plant,” Vol. 62, September 
29, 1925, pp. 481-483. 

Description of plant. 
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Power Plant Engineering, “Recent Hydro-Electric Develop- 
ments in Japan,”’ Vol. 29, June 1, 1925, pp. 601-603. 

Power Plant Engineering, ‘“Mechanical Features of Hydro- 
Electric Plants,’ by E. A. Dow, Vol. 29, August 15, 1925, pp. 
843-845. 

Obtained from paper presented at Spring Meeting, American 
Society of Mechanical Engineers. 

Power Plant Engineering, ‘Saguenay River Furnishes 540,000 
H. P.,” Vol. 29, September 15, 1925, pp. 967-968. 

Description of Isle Maligne Hydro Plant which will operate 
January 1926. 

Power Plant Engineering, ‘“Dix River Dam and Power House 
Completed,” Vol. 29, October 15, 1925, pp. 1061-1062. 

Deseription of Kentucky Hydro-Electrie Company’s project. 

Power Plant Engineering, “Developed and Potential Water 
Power in United States,” Vol. 29, November 15, 1925, p. 1177. 

A study with tables. 

Reaaan, M. E., “Methods of Automatically Synchronizing 
Water Wheel Generators,” Electrical Journal, Vol. 23, April 
1926, pp. 172-179. 

Rosinson, L. M., “The Baker River Development,” Journal 
of Electricity, Vol. 55, December 15, 1925, pp. 446-451. 

Electrical features. 

Ross, J. D., “Skagit River Development of the City of 
Seattle,’ Journal of Electricity, Vol. 55, August 1, 1925, pp. 81-83. 

SHANNON, W. D., ‘“‘The Baker River Development,” Journal 
of Electricity, Vol. 55, December 15, 1925, pp. 441-445. 

A discussion of the hydraulic features. 

SHannon, W. D., “Baker River Dam Presents Difficult 
Problems,” Journal of Electricity, Vol. 55, September 1, 1925, 
pp. 174-175. 

Suaw, W. D., “Hydro-Electrie Construction and Progress to 
Meet Growing Power Demand,” Journal of Electricity, June 15, 


. 1925, pp. 544-562. 


A discussion with sixteen illustrations. 

SxrnnER, Frank W., ‘Construction Methods on a 720,000- 
H. P. Generating Station,’ Engineering, Vol. 120, October 9, 
1925, pp. 435-436; also Vol. 120, October 23, 1925, pp. 501-504; 
and Vol. 120, November 6, 1925, pp. 563-566. 

Discussion. 

Sraptey, T. C., ‘Hydraulic Maintenance at Holtwood,”’ 
Mechanical Engineering, Vol. 48, April 1926, pp. 341-349. 

Srrwart, A. D., and Buck, M. E., “Montana Power Com- 
pany Completes Mystic Lake Plant,’ Power Plant Engineering, 
Vol. 30, March 1, 1926, pp. 332-334. 

Construction difficulties. 

Switzer, F. G., ‘“‘Lock 18 Development in Alabama,’’ Elec- 
trical World, Vol. 86, October 17, 1925, pp. 795-796. 

Details of installation and plans for construction; open roof 
type power house. 

The Engineer, ‘The Mangahao Hydro-Electric Scheme,” 
Vol. 139, March 6, 1925, pp. 266-268. 

General description of the New Zealand island resources and 
plant. 

The Engineer, “The Chaney-Pougny Hydro-Electric Power 
Station,” Vol. 139, March 20, 1925, pp. 321-324. 

Complete description of resources and the plant located on the 
Rhone just below Geneva. 

The Engineer, ““The Upper Reno Power Project (Hydro),”’ 
Vol. 139, May 29, 1925, pp. 608-609. 

A description of the resources near Bologna and Florence. 

The Engineer, ‘‘Hydro-Electric Development at Muscle 
Shoals, Alabama,” Vol. 140, July 3, 1925, pp. 9-10; also Vol. 140, 
July 10, 1925, pp. 29-32; also Vol. 140, July 17, 1925, pp. 68-70; 
and Vol. 140, July 24, 1925, pp. 82-84. 

General description of the project. 

The Engineer, “Hydro-Electric Installation for 
Colliery,’’ Vol. 140, November 6, 1925, pp. 497. 


A general plant description. 


a Scottish 


The Engineer, “The Lake Truzzo Hydro-Eleetrie Works 
(Alpine Lake),’”’ Vol. 140, August 21, 1925, p. 181. 

A discussion of the resources. 

Tyer, M. C., ‘Wilson Dam—Its Cost and Value,”’ Electrical 
World, Vol. 86, October 10, 1925, pp. 739-7435. 

Accurate data on power development and a study of costs and 
markets. 

Waurrr, Witt1am Monrosz, ‘Mechanical Problems of Hy- 
draulic Turbine Design,’ Mechanical Engineering, Vol. 47, June 
1925, pp. 469-473. 

Deseription of 70,000-h. p. unit recently put into operation 
at Niagara. 

Wvrer, Samurt S., Power Possibilities at Muscle Shoals, 
Alabama, Vol. 44, Journau or A. I. E. H., June 1925, pp. 
571-578. 

What is Muscle Shoals, what has been done and what can be 
done? 


HYDRAULIC TURBINES, GENERATORS AND 
AUXILIARY EQUIPMENT 


Carpenter, Joun S., ‘Regulation of High Speed Hydraulic 
Turbines,’ Power, Vol. 63, May 18, 1926, pp. 783-784. 

Operating characteristics and speed regulation discussed. 

Cumnton, DreWirr, “‘Penstock Manifold for Pit 3 is of Unique 
Design,” Journal of Electricity, Vol. 56, February 15, 1926, 
pp. 144-145. 

Cretiin, E. A., ‘Largest Turbines in the World Designed for 
Pit No. 3,” Journal of Electricity, Vol. 54, March 1, 1925, pp. 
174-176. 

Durovur, Henri, “Automatic Eliminators for Alluvial Matter 
in Water Turbine Supplies,’”’ Hngineering, Vol. 120, August 28, 
1925, pp. 247-249, also Vol. 120, September 11, 1925, pp. 313-316; 
and Vol. 120, September 25, 1925, pp. 379-381. 

A study including curves showing new conditions and worn 
conditions in several plants. 

Dunn, C. P., “Worlds Record High Head Reaction Type 
Hydraulic Turbine,” Power, Vol. 61, June 2, 1925, pp. 868-872. 

General design of some of the major elements of the entire 
project of Oak Grove Station, Portland, Oregon. 

Ecx, Bruno., Dr. Ine., ‘The Hydrodynamic Theory of 
Turbines and Centrifugal Pumps,’ Hngineering, Vol. 121, 
January 22, 1926, pp. 98-101; also Vol. 121, January 29, 1926, 
pp. 125-127; and Vol. 121, March 12, 1926, pp. 331-332. 

Mathematically treated with vector. 

Electrical Review, ‘‘The Wynau Power Station,’ Vol. 97, 
September 4, 1925, pp. 364-365. 

Some particulars of a new propeller-type turbine. 

Engineering, “Screw Propeller Turbines at Wynau, Switzer- 
land,’ Vol. 119, February 13, 1925, pp. 194-195. 

Test results of the hydro-turbines. 

Engineering, ‘Small Hydro-Electric Units,” Vol. 119, March 
6, 1925, pp. 279-281; Vol. 119, March 20, 1925, pp. 339-340; 
Vol. 119, April 3, 1925, pp. 407-409; and Vol. 119, April 24, 1925, 
pp. 502-504. 

The Francis turbine and units of moderate head; pressure 
regulators and the governing of turbines for very low falls; 
vertical turbines; the Banki turbine; the Kaplan turbine; 
Pelton wheels and buckets; the Turgo turbine; governing of 
Pelton wheels. 

Engineering, ‘Flow Meters for Hydraulic Plant,’ Vol. 120, 
December 25, 1925, p. 799. 

Engineering, ‘High Speed Turbines for the Berne. Hydro- 
Electric Power Station,” Vol. 121, January 15, 1926, pp. 74-76. 

Description. 

_ Engineering, “The Kaplan Turbine,’ Vol. 121, January 29, 
1926, pp. 152-154. 

Construction features with efficiency curves (10,000 H. P.). 

Jessop, Guorae A., ‘‘Comparison of Medium-Speed and High- 
Speed Hydraulic Turbines,” Power, Vol. 61, March 24, 1925, 
pp. 473-474. 
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Transactions A. I. E. E. 


Plant efficiencies compared; unit efficiences compared with 
varying heads. 

Kerr, S. Logan, “Hydraulic Turbine Governing General 
Principles,’ Power, Vol. 62, December 22, 1925, pp. 976-979. 

Kerr, 8. Loaan, “Hydraulic Turbine Governing Commercial 
Practise,’ Power, Vol. 63, February 16, 1926, pp. 255-257. 

Krusz, Paut K., “Changing 10,000-H. P. Turbine Setting for 
Installing 16,000-H. P. Unit,’ Power, Vol. 63, March 9, 1926, 
pp. 358-361. 

Features and description of design. 

Mechanical Engineering, ‘“‘High Specific Speed Hydraulic 
Turbines,” Vol. 47, April 1925, pp. 285-287. 

Orrox, Easert, Moony, Nacier, Hoean, ‘Hydraulic 
Turbines for Low Head Plants,’ Power, Vol. 61, February 17, 
1925, pp. 276-278. 

Abstracts of papers presented at the annual meeting of the 
American Society of Civil Engineers. 

Power, ‘Water Power Development Affected by many Re- 
tarding Influences,” Vol. 61, January 6, 1925, pp. 15-19. 

Large amount of construction work completed. New orders 
have not kept pace with projects completed. Record made for 
size and head for both impulse and reaction wheels. 

Power, ‘“‘World’s Largest Hydraulic Turbines,” Vol. 61, 
May 26, 1925, p. 816. 

Discussion of the Niagara installation. 

Power, ‘‘Three 65,000-Kv-a. Generators at Niagara Falls,” 
Vol. 62, July 21, 1925, pp. 88-91. 

Power Plant Engineering, “‘Recent Hydraulic Turbines for 
High Heads,” Vol. 29, June 15, 1925, pp. 638-641. 

Rea, N. L., “Erecting Vertical Waterwheel Generators,” 
Power, Vol. 62, October 13, 1925, pp. 561-564. 

How to avoid erection difficulties and how to check position 
after erection. 

Taytor, H. Brrconarp, ‘‘Engineering Considerations in 
70,000-H. P. Hydraulic Turbine Design,’’ Power, Vol. 61, May 
26, 1925, pp. 816-819. 

Discussion on design and construction. 

The Engineer, “A New Type of Hydraulic Turbine,” Vol. 139, 
February 20, 1925, pp. 220-221. 

A general description with some of the characteristic curves. 

The Engineer, ‘Hydraulic Turbines for New Zealand,” Vol. 
140, August 28, 1925, pp. 223-224. 

The turbines at the Christmas Creek Plant. 

Turner, Rosurtr K., ‘‘Tests made on Largest Hydraulic 
Turbine at Holtwood,” Power, Vol. 62, October 20, 1925, pp. 
608-610. 

Waits, Wriir1aM M., ‘‘Development of High Head Hydraulic 
Turbines,” Power Plant Engineering, Vol. 29, December 15, 1925, 
pp. 1267-1268. 

Changes are largely in bearings, details of construction and 
methods of speed control. 


Warrn, Wituiam M., ‘Structural Features of Turbine for 
Unit No. 21,” Power, Vol. 61, May 26, 1925, pp. 819-821. 

‘Wiutramson, R. B., “Design of 65,000-Kv-a. Generator,’ 
Electrical World, Vol. 85, February 7, 1925, pp. 289-293. 


The considerations leading up to the purchase of the Niagara 
Falls unit. Results of overspeed and performance tests. 


MISCELLANEOUS 


ALLEN, F. C. Jr., ‘““Pneumatic Sweeping Systems in Power 
Plants,” Power Plaut Engineering, Vol. 30, January 15, 1926, 
pp. 147-148. 


Autner, F. A.. ‘The Parallel Operation of Hydro and Steam 
Plants,’ Mechanical Engineering, Vol. 47, September 1925, 
pp. 728-731. 

AnpERSON, R. C., “National Electric Power,” Electrical 
Review, Vol. 46, April 24, 1925, pp. 644-645; also Electrical 


Review, Vol. 46, May 1, 1925, pp. 686-688; and Electrical Review, 
Vol. 46, May 8, 1925, pp. 749-750. 


June 1926 


Berry, C. Haronp, ‘The Specific Total Heat of Low Pressure 
Steam,” Power, Vol. 61, March 17, 1925, pp. 410-411. 

A calculation shows a simple and accurate method for finding 
the total heat. The origin and accuracy is discussed. 

Bovucuaynmr, “The Regulation of the Import and Export of 
Electrical Hnergy,” Engineering, Vol. 120, August 14, 1925, 
pp. 209-213. 

Paper read at the. third Water Power Congress held at Grenoble 
from July 4-8, 1925. 

Boycn, Frank G., Some Interconnected System Operating 
Problems, JouRNAL of A. I. EK. E., Vol. 45, May 1926, pp. 462-466. 

Bucui, Aurrep, ‘‘Diesel Engines and Hydro-Electric Power 
Stations,” The Engineer, Vol. 140, July 31, 1925, pp. 120-121; 
also Vol. 140, August 7, 1925, pp. 146-148. 


A study considering the operation of diesel engines in con- ’ 


junction with a hydro-electric power plant. 

Bucxiey, M., ‘“‘Eeconomy Should Govern Power Source, 
Power Plant Engineering, Vol. 29, November 15, 1925, 

CaLuenpDasR, H. L., ‘‘The Total Heat of Superheated Steam 
at High Pressures,’ World Power, Vol. 3, June 1925, pp. 302-312. 

A new method of measurement including the latent heat. 

Carson, A. G. and Liza, E. D., ‘‘Automatie Plants Added 
After Experience,” Electrical World, Vol. 87, February 27, 1926, 
pp. 445-448. 

Cowan, Davi, ‘‘A Review of the Development of the Hlectric 
Light and Power Industry, 1920-1930,” Electrical World, Vol. 85, 
June 27, 1925, pp. 1391-1400. 

Winner of Bonbright and Company’s prize ($5000). 

Davis, R. M., ‘‘Industzial Load of the United States,” -Elec- 
trical World, Vol. 87, January 2, 1926, pp 44-49. 

A study with tables. 

Dovaeias, Eapurtr. ‘The Economics of Interconnection of 
Large Steam Power Systems,” Power, Vol. 61, January 13, 1925, 
pp. 52-53. 

Eart, Guy C., ‘‘Some Economic Aspects of the Great Western 
San Joaquin Merger,” Journal of Electricity, Vol. 54, January 
1, 1925, pp. 5-7. 

A discussion of some of the economic effects of consolidation. 

Electrical Review, “Breakdowns and Failures of Electrical 
Plant and Equipment,” Vol. 97, August 21, 1925, pp. 312-314. 

Electrical World, ‘‘One Billion for New Construction,” Vol. 85, 
January 3, 1925, pp. 15-21. 

A discussion of steam and hydroelectric development under 
way during 1924. 

Electrical World, ‘Report of American Institute of Electrical 
Engineers Spring Convention,” Vol. 85, April 25, 1925, pp. 
861-862. 

Report of Committee on Power Generation, V. fi. Alden, 
Chairman. 

Electrical World, “Status of the Central Station in Japan,” 
Vol. 85, May 16, 1925, pp. 1018-1019. 

A study with a map and tables. 

Electrical World, ‘‘Good Performance of American Central 
Stations,” Vol. 85, June 6, 1925, pp. 1203- Oe 

A study with tables. 

Electrical World, ‘“March Output 8 Per Cent Over Last Year,” 
Vol. 85, June 13, 1925, p. 1256. 

A study with tables. 

Electrical World, ‘Central Stations Eliminating Steam En- 
gine,’ Vol. 86, August 15, 1925, pp. 314-315. 

A study including a large table. 

Electrical World, ‘“Nine-Five Systems or More than 50,000- 
kv-a. Generator Rating,” Vol. 86, August 8, 1925, pp. 262-263. 

A study including a large table. 

Electrical World, “Energy Requirements 8.4 Per Heat Over 
Last Year,’ Vol. 86, September 5, 1925, pp. 461-463. 

A study with tables. 

Electrical World, ‘Industrial Load of ‘Middle Atlantic States,” 
Vol. 86, October 10, 1925, pp. 744-745. 
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A study with tables. 
Electrical World, ‘““Hlectric Power in the Northwest,’ Vol. 86, 
December 12, 1925, pp. 1195-1199. 


A review of recent construction, with comments on future 


developments, interconnection, load building and market 
possibilities. 
Electrical World, ‘1925, A Record Year,’ Vol. 87, January 


2, 1926, pp. 7-10. 

A study with tables (loads and revenue). 

Electrical World, ‘$734,350,000 for Construction in 1926,” 
Vol. 87, January 2, 1926, pp. 19-20. 

A study with tables. 

Electrical World, ‘‘World Status of Central Station Industry,” 
Vol. 87, January 9, 1925, pp. 98-100. 

A study with a table. 

Electrical World, ‘‘Midwinter Convention of the American 
Institute of Electrical Kngineers, February 8-11,” Vol. 87, 
February 20, 1926, pp. 393-398. 

The following items are included: 

1. Report of technical sessions. 2. Dielectrics and insulation. 
3. Protection and control. 4. Machine losses and ventilation. 
5. Developments in communication. 6. Machine heating and 
characteristics. 7. Laws of electromagnetism. 8. Measure- 
ments and new devices. 

Electrical World, ‘‘“New Record in December,” 
ary 27, 1926, pp. 457-458. 

A study with tables. 

Engineering, ‘“Power Supply for the Chilean State Railway 
Blectrification,’’ Vol. 119, April 24, 1925, pp. 517-518. 

Two hydroelectric plants and one steam generating plant. 

Engineering, ‘‘High Temperature Insulation,” Vol. 120, 
November 13, 1925, p. 605. 

Engineering, ‘Electric Light and Power,” Vol. 120, December 
4, 1925, pp. 711-712. 

Editorial. 

Engineering, ‘Italian Electric Generating Stations,” Vol. 121, 
February 26, 1926, pp. 258-260. 

Developments in Italy. 

Engineering, ‘‘Some Deductions from Nozzle Experiments,” 
Vol. 121, March 5, 1926, pp. 303-304. 

Editorial. 

Frampron, W. R., ‘Electrical Standardizing Laboratory,” 
Electrical World, Vol. 86, August 29, 1925, pp. 411-413. 

Further discussion about the Alhambra Plant—Flexibility is 
the important feature of laboratory tests. 

Garrett, Paut WituarD, “Utility Financing During 1924,” 
Electrical World, Vol. 85, January 3, 1925, pp. 11-13. 

Hanza, L. F., “Suggestions Regarding Hydraulic Plant Opera- 
tion,’ Power Plant Engineering, Vol. 30, February 15, 1926, 
pp. 268-270. 

Pavallel operation with steam plants. 

Heron, W. R., ‘Growth of Steam Pressure and Heonomies,”’ 
Power Plant Engineering, Vol. 29, November 15, 1925, pp. 
1137-1138. 

History of reducing the B. t. u. per kw-hr. generated. 

Jonus, Purp Cuarin, “Cost and Prevention of Low Power 
Factor,” Electrical World, Vol. 86, August 15, 1925, pp. 316-317. 

World wide epidemic of underloaded motors. 

Journal of Electricity, “Power Company Construction Pro- 
grams Set New Records for 1924-1925,’ Vol. 54, February 1, 
1925, pp. 81-90. 

A study with tables. 

Journal of Electricity, “The Industrial Load of the West,” 
Vol. 56, February 1, 1926, pp. 90-99. 

A study with tables. 

Journal of Bier “West Leads United States in Power 
Development,” Vol. 56, February 1, 1926, pp. 88-89. 


A study with tables. 


Vol. 87, Febru- 
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Keenan, J. H., “Progress Report on the Development of 
Steam Charts and Tables from the Harvard Throttling Experi- 
ments,” Mechanical Engineering, Vol. 48, February 1926, pp. 
144-151-160. 

Kinpra, T. P., “Central Station Commercial Progress,” 
Electrical World, Vol. 85, January 3, 1925, pp. 47-52. 

A discussion of present market possibilities, the load factor, 
and the service to be rendered in the future. 

Knicut, A. S., “Peak Responsibility as a Basis for Allocating 
Fixed Costs,” Electrical World, March 6, 1926, pp. 495-496. 

A plausible but unsound method. 

Liston, Joun, ‘Some Developments in the Electrical Industry 
During 1924,” G. E. Review, Vol. 28, January 1925, as follows: 
Turbines, pp. 5-6; automatic station, pp. 14-17; waterwheel 
generators, pp. 17-18; industrial motors, pp. 20-22; industrial 
motor control, pp. 22-24; transformers, pp. 30-32; electrically 
operated flow meters, pp. 40-41. 

Liston, Joun, ‘Some Developments in the Electrical Industry 
During 1925,” G. HE. Review, Vol. 29, January 1926, as follows: 
Turbines, pp. 13-15; industrial motors, pp. 26-27; industrial 
motor control, pp. 28-30; hydro-electric stations, pp. 49-53. 

Liversipas, H. P., “The Engineer in Central Station Develop- 
ment,” Electrical World, Vol. 85, June 6, 1925, pp. 1199-1203. 

Liversipas, H. P., ‘Budgeting Central Station Operation,” 
Electrical World, Vol. 87, January 23, 1926, pp. 189-191. 

Outline of how the budget balances engineering, financing, 
and commercial activities. 

Liversipaen, H. P., ‘‘Records for Central Station Budgets,” 
Electrical World, Vol. 87, January 30, 1926, pp. 243-246. 

Details of system used by Philadelphia Electric Company. 

Lorws, A. F., ‘‘Unusual Phases of Power House Lighting,” 
Power Plant Engineering, Vol. 29, May 1, 1925, pp. 487-491. 

Modern methods of lighting turbine and boiler room. 


Marxwaat, A. H., ‘Aspects of Steam Power in Relation to a 
Hydro-Supply,” Mechanical Engineering, Vol. 48, June 1925, 
pp. 558-561. 


Mechanical Engineering, ‘‘Progress in Steam Research,”’ Vol. 
47, February 1925, pp. 103-108. 


Mechanical Engineering, “Bolts for Use in Power Plant Con- 
struction,’ Vol. 48, May 1926, pp. 500-504. 

Points for and against wrought iron. 

Minoru, Fuxupa, “Super Power in Japan,” G. H. Review, 
Vol. 28, August 1925, pp. 542-549. 

Monropn, Wi114m S., ‘Electric Power Development in Chi- 
cago District,’ Power Plant Engineering, Vol. 30, March 1, 1926, 
pp. 305-310. 

Historical sketch of the earlier central stations. 

Moreueapd, F. H., ‘“X-Ray Investigation of Steel Castings for 
Advanced Steam Conditions,’ Power, Vol. 61, April 17, 1925, 
pp. 520-522. 

Methods and some of the results. 

Mortrensen, N. L., ‘Industrial Control and Progress,” 
Electrical World, Vol. 87; January 2, 1926, pp. 65-67. 

A discussion of the work done recently in the industry. 

O’Bripn, Joun J., ‘Place of the Holding Company,” Electrical 
World, Vol. 85, January 3, 1925, pp. 27-30. 

The working of the holding company, including a study with 
tables of important mergers of central stations systems during 
1924. 

Pracne, Cuaruss S., “Heating and Ventilating of Hudson 
Avenue,” Power Plant Engineering, Vol. 29, December 1, 1925, 
pp. 1195-1200. 

Perry, Auten M., ‘“‘Operating a Fully Interconnected Sys- 
tem,” Electrical World, Vol. 86, September 26, 1925, pp. 657- 
662; also Electrical World, Vol. 86, October 3, 1925, pp. 692-696. 

Methods used by the load dispatcher. 

Powe, Ricwarp C., Steam Power and Its Relation to the 
Development of Water Power, Journat of A. I. H. E., Vol. 44, 
December 1925, pp. 1291-1295. 
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Presented at Seattle meeting September 15-19, 1925. Costs 
of the two systems compared. 

Powett, Ricuarp C., ‘Steam Power in Its Relation to Water 
Power,” Power Plant Engineering, Vol. 29, October 15, 1925, pp. 
1042-1045. 

Presented at the Pacific Coast Convention of the American 
Institute of Electrical Engineers, Seattle, Washington, September 
15-19, 1925 

Power, “Pipe Welding at Westport Station,” Vol. 61, June 9, 
1925, pp. 904-905. 

Power, ‘Fourth Annual Power Show Has 
Features,” Vol. 62, December 8, 1925, pp. 895-906. 

Equipment. 

Power Plant Engineering, ‘‘Methods of Controlling Speed of 
D-C. Motors,” Vol. 29, January 1, 1925, pp. 58-60. 

Power plant applications. 

Power Plant Engineering, ‘“Methods of Controlling Speed of 
A-C. Motors,” Vol. 29, January 1, 1925, pp. 62-65. 

Power plant applications. 

Power Plant Engineering, “‘Types of Motors for Different 
Uses,” Vol. 29, January 1, 1925, pp. 65-67. 


Power plant applications. 


Power Plant Engineering, “Storage Batteries in the Power 
Plant,” Vol. 29, January 1, 1925, pp. 93-94. 


Construction, maintenance, and application to the plant. 


Engineering, ‘Electric Power 
Vol. 29, April 15, 1925, pp. 432-435. 
Discussion. 


Many New 


Systems for Auxiliaries,” 


Power Plant Engineering, ‘‘Power House Heating and Ven- 
tilating,’’ Vol. 29, November 1, 1925, pp. 10935-1095. 


Comparison of practise of several large central stations shows 
general trends in design of systems. ‘ 

Power Plant Engineering, ‘‘High Steam Pressures and Tem- 
peratures,” Vol. 30, January 15, 1926, pp. 131-133. 

Abstracted from a recent report of the N. E. L. A. Prime 
Movers Committee. 

Power Plant Engineering, ‘‘Automatie Plants of the Detroit 
Edison Company,” Vol. 30, March 15, 1925, pp. 352-358. 

Power Plant Engineering, ‘‘Publie Utilities use Nearly 14% 
Tons of Coal a Second in 1925,”’ Vol. 30, March 1, 1926, p. 331. 

A study with tables. 

ProrsstTeEL, D. W., ‘‘“Measuring Water Flow in Conduits,” 
Electrical World, Vol. 85, April 4, 1925, pp. 711-712. 

Multiple pitot and piezometer tubes used. A description of 
the method. 

Reep, R. S., “Power Plant Instruments,’ Power, Vol. 61, 
May 19, 1925, pp. 769-774. 

Typical arrangement in the plant and suggestions for selection 
of and installation of instruments. 

Rosrnson, I. V., ‘Steam Research,” Power, Vol. 62, July 28, 
1925, pp. 184-136. 

An outline of Professor Callendar’s work in England. 

SEELYE, Howarp P., ‘‘Eeconomics of the Distribution System,” 
Electrical World, Vol. 86, July 18, 1925, pp. 107-110. 

Relative importance of distribution to central station invest- 
ment and operating expense. Some fundamentals of analyzing 
costs and planning for economy, efficiency, and future growth. 

Suoupy, W. A., ‘Factors Governing the Purchase or Genera- 
tion of Power,’ Power, Vol. 63, March 9, 1925, pp. 385-386. 

Abstracted from a paper before the Philadelphia Engineers 
Club, February 16, 1926. 

SrnpeBRANT, M. L., “The Economics of Interconnection,” 
Electrical World, Vol. 85, January 3, 1925, pp. 25-26. 

Some questions to be answered in order to ascertain whether 
interconnection is not better than isolated existence. 

Spring, L. W. and Kanrmr, J., “Accuracy in High Tempera- 
ture Testing of Materials,” Power, Vol. 62, September 1, 1925, 
pp. 325-329. 
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With the higher press and temperature now prevailing in 
steam generation, there is necessity for greater accuracy in the 
testing of materials. 

z Sraut, E. C. M., ‘Economie System Operation,” Electrical 

4 World, Vol. 86, July 25, 1925, pp. 165-167. 

How the Brooklyn Edison Company operates three stations 

; to make the yearly costs a minimum. Scheduling of units, 

| _ checks of operation, and handling of reserves outlined. 

: The Engineer, ‘Electrical Engineering in 1924,” Vol. 139, 
January 9, 1925, pp. 38-41. 

; Power station plant, colliery plant, automatic substations, 
4 rolling mill plant, hydroelectric plant, converting plant, electric 
traction, transformers, electric motors, switch gear. 

The Bure: “The Shipping, Engineering and Machinery 
Exhibition at Olympia,” Vol. 140, November 26, 1925, supple- 


ment; November 27, 1925, pp. 571-575, December 4, 1925, _ 


pp. 602-606; December 11, 1925, pp. 629-633, December 18, 1925, 
pp. 662-667. i 


est a 
eee —— 
a 
Wee! (tr s 7 yal : 
"Op Aan de ee ae 
aati eta, A Pons 
hatyerren. 


ya's Le aed anaes s3ic 8 
tras 3 DAF bhai 


POWER GENERATION 


th tagt tary be 


Aisi peipinne (eines Se Cy ais Re Oe 


865 


Instruments and equipment included in the supplement. 

The Engineer, ‘The Consistency of the Steam Tables,” Vol. 
141, March 5, 1926, pp. 272-273. 

Tuck, Davin H., ‘“‘Illumination Design for Turbine Rooms,” 
Power Plant aneincersiag, Vol. 30, March 1, 1926, PP. 325-327. 

Selection of type and location of lights. 


Tuck, Davis H., ‘‘Modern Lighting for Power Plants,” 
Electrical World, Vol. 87, January 16, 1926, pp. 143-146. 

Discussion of fixtures, intensities, and illumination require- 
ments. Reliability and maintenance accented. 

Waker, Wm. J., (Ph. D.), “The Properties of Steam in 
Relation to Nozzle and Orifice Flow,” Power, Vol. 62, August 4, 
1925, pp. 173-175. 

World ete “International Progress in Electrical Power 
Consumption,” Germany, France, Italy, and Britain. Vol. 3, 


January 1925, pp. 8-12; also Vol. 3, February 1925, pp. 72-77. 


A study with tables and a map. 
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Transmission and Distribution 


Annual Report Committee on Power Transmission and 
Distribution* 
PERCY H. THOMAS, Chairman 


To the Board of Directors: 


INTRODUCTORY 


The present report of the Committee on Power 
Transmission and Distribution has been prepared 
through the cooperative efforts of the members of the 
Committee and does not represent the views of any par- 
ticular member or group of members. Hach of the sev- 
eral topics found below has been considered by those 
particular committee members who are the best 
qualified to discuss that subject and the subject matter 
herein is substantially that prepared by such members. 

The purpose of the report is to cover the present state 
of the art of power transmission and distribution, or 
the progress during the year, in such a way as to 
present a clear view of what has been accomplished, 
this being intended for the consideration not only of 
transmission and distribution engineers but of other 
members of the Institute interested in different branches 
of the electric power field. 

Where appropriate, at the end of each section there is 
added for purposes of discussion a series of topics 
covering subject matter now being investigated or 
subject to controversy. 


TRANSMISSION LINE STRUCTURES 


The trend of the year in transmission structures is a 
continuation of the study to move large blocks of power 
over considerable distances. Attention has been given 
to the design of lighter, cheaper, and simpler structures 
by careful utilization of materials and by great atten- 
tion to prevention of corrosion or other forms of rapid 
depreciation. 

A number of new construction methods and ideas 
have arisen during the year for 220-kv. lines. In 
eastern Pennsylvania a single-circuit, 220-kv. tower line 
has just been completed, designed for a general condi- 
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tion of one-in. radial ice, with exposed sections at higher 
elevations designed for a loading of one and one-half in. 
radial ice. To limit the stress that can be thrown upon 
the tower by unbalanced conductor pull due to unequal 
loading or a broken conductor, a clamp has been de- 
signed to slip at a moderate value. By this means it is 
possible to secure economies in the weight of tower steel 
and a decrease in the strain on and consequently the 
cost of foundations and still assure the safety of the 
structure. 

The same line has brought forward a new structure 
for heavy angles and dead-ends. To avoid the heavy 
expense of the tower and footings of the conventional 
self-supporting structure, use has been made of a guyed 
mast. This structure is pivoted at the bottom and 
guyed at the top-so that all load upon the tower is 
vertical and all side pull from the conductors is carried 
to suitable anchorage through tension members. 

In connection with this job a new splice for the steel 
reinforced aluminum conductor has been developed. 
This splice combines the advantages of small diameter, 
ease of make-up in the field, and high efficiency. The 
usual twisted sleeve for the joining of the steel cores 
has been replaced by a soft iron compression sleeve. A 
single-piece aluminum sleeve is then compressed over 
the iron sleeve and the aluminum strands. 


In California an extension to the Pit River—Vaca 
Dixon, 220-kv. lines has brought out novel construction 
for the crossing of the Sacramento and San Joaquin 
Rivers and the interlying lowlands. The crossing has 
an over-all length of approximately 24,000 ft. and is 
accomplished by the use of twelve suspension structures 
and four anchor towers. The special suspension towers 
(the conductor resting in a saddle supported by sus- 
pension insulator strings) vary in height from 200 ft. 
to 460 ft., while the anchor towers and three suspension 
towers on the island are standard structures. The two 
river crossing spans are respectively 4185 and 3175 ft., 
but the adjacent structures bring the total distance 
between anchor towers for these sections to 8000 and 
8500 ft. Insulation and clearance to towers for the 
crossing sections have been materially increased above 
the general transmission design values to reduce hazard 
of electrical trouble at these points. The entire pro- 
ject is particularly novel because of the difficulties of 
obtaining suitable footings and because of the extreme 
height of the crossing towers. 


In the Philadelphia region there has been a novel 
development in double-circuit tower design for opera- 
tion at 1382 kv. Throughout this line the horizontal 
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offset of the middle conductor has been toward the cen- 
ter line of the tower rather than outward, as is customary. 
In other words, the top and bottom crossarms are 
longer than the middle one. This was done to provide 
greater clearance, the minimum for the top conductor 
being six in. greater than for the other two conductors, 
and the effect of the batter of the tower in reducing 
clearance for the bottom conductor being avoided. 
This line has been designed with special care to maintain 
clearance to tower equal to the length of the insulator 
string even under a condition of 30-deg. side swing. 

This matter of conductor spacing and clearance to 
tower members deserves special consideration at this 
time. Clearance and spacings for the vertical con- 
figurations now in common use for double-circuit 
towers have become somewhat standardized, but for 
the new types of towers using horizontal configura- 
tion a new problem arises. If the double-circuit tower 
with horizontal arrangement of conductors, such as 
is now in operation in New England, comes into general 
use, it would be handicapped should unnecessarily 
large spacing be adopted at the beginning. We have 
experience on steel-tower, long-span construction with 
horizontal configuration at 220 kv., 165 kv.,and150kv., 
and at lower voltages with wood pole construction. 


It seems desirable to give attention to this matter of 


horizontal spacing for long-span, moderate voltage, 
double-circuit lines and to determine the relationship 
of length of span and operating voltage to width of 
spacing necessary for reliable transmission. 


DISTRIBUTION 


A-C. Low Voltage Networks. 'The subject of a-c., 
low-voltage networks, particularly as applied to under- 
ground distribution in heavily loaded areas, has received 
fully as much attention during the current year as any 
other distribution problem. A number of installations 
has already been made and a number is being con- 
templated. The main features of the problem relate 
particularly to (a) the method of protection against 
failure of the transformers and primary feeders supply- 
ing the network, in order to insure proper continuity 
of service, and (b) the most selective isolation of any 
portion of the system which has developed fault. 

During the year there have been developed new types 
of network protectors consisting of low voltage circuit- 
breakers with relay and automatic reclosing features, 
and also submersion-proof, automatic oil circuit 
breakers for primary voltages up to 15,000 volts. 
These two types of equipment are used respectively 
with two general methods of supply for a-c. networks: 

1. Interlaced radial primary feeders with secondary 
network breakers and reverse power protection. 


2. Loop primary feeders sectionalized by circuit 


breakers and balanced pilot wire protection. 

Secondary Distribution Systems and Voltages. Second- 
ary a-c. systems and voltages have received extended 
attention. This has arisen primarily from network 
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situations and the desire to establish combined lighting 
and power secondaries. 

Owing to the square-root-of-three relation which 
exists between phase, voltage and normal neutral 
of a three-phase system, it is necessary either to sacrifice 
an entirely balanced loaded system, or else to deviate 
from either or both of the lighting or polyphase motor 
voltage standards, as the ratio between these voltages 
is two to one. This has resulted in some engineers 
advocating the modification of the present standard 
motor voltages, the development of special distribution 
equipment such as translators, ete. 

Often the problems of secondary distribution are 
greatly influenced by local conditions, principally by the 
type of system already in existence, when the inherent 
economies of the different systems do not differ widely. 
Also the costs of changeover may outweigh the potential 
savings. 

System Grounding Practise. There has been consid- 
erable discussion with reference to grounding practise 
on distribution systems, particularly on the 4000-volt, 
three-phase, grounded neutral primary systems with a 
common neutral for both the primary and secondary, 
and having distributed grounds. This type of system, 
which it is claimed offers very considerable economies 
and decreased operating hazards, is receiving increased 
attention on the part of central station engineers and 
has been the subject of papers before the Institute 
during the past year. 

High-Voltage Distribution. Using the term “high 
voltage’’ with reference to primary distribution voltages 
above the 4000- to 4800-volt class, the past year has 
seen more extensive use of the higher voltages and the 
improvement of methods of construction and protective 
devices for minimizing costs and operating hazards. 
There is an increased tendency toward the utilization 
of voltages of the magnitude of 13,200 volts, which 
often are the generated voltages, and even higher, for 
the supply of power for general distribution instead of 
only for large power consumers. The simplicity and 
economy of this method in territory having sufficiently 
great density of load are apparent from the saving 
in substation investment, the avoidance of one trans- 
formation, less complication, and decreased primary 
distribution copper, as compared with the lower 
voltages. The problems of voltage regulation, in- 
surance to service, and decreased operating hazards 
have been given such study that very favorable results 
have been reported. 

Street Lighting Distribution. The advantages of 
supplying the street lighting system from the general 
distribution system instead of from specialized equip- 
ment located in substations have become increasingly 
apparent. The past year has witnessed a greater 
application of decentralized supply for street lighting. 
The choice between multiple lighting with individual 
or group supply from secondary.mains, and series 
circuits supplied from pole or subway type constant- 
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current transformers, depends very largely upon local 
conditions such as the availability of lighting mains 
over the entire territory. The development of reliable 
outdoor control equipment for both multiple and series 
systems has made substantial progress. 

Power Factor. Power factor conditions on distribu- 
tion systems have received increased attention. This 
has led to the development of motors for industrial 
service which operate at higher power factors. In- 
creased attention has also been given to the possibility 
of power factor correction by means of synchronous or 
static condensers. The use of these latter devices in 
smaller sizes than heretofore considered feasible is 
now being advocated in many instances. There is a 
general tendency to raise the power factor on the in- 
dividual distribution feeder as resulting benefits will 
be broader than with correction at substations. 

Single- Vs. Multiple-Conductor Cable. Particular 
attention has been directed toward the possibility 
of using single rather than multiple-conductor cable for 
distribution purposes. Where local conditions warrant, 
the single-conductor cable has many advantages, among 
which may be noted its superiority as regards con- 
nection to apparatus, localization of faults, and pos- 
sibility of replacement of only a single phase of the 
circuit rather than the entire circuit. These points 
are particularly true in regard to distributing mains, 
secondary mains, and services. 

For primary feeders the tendency is still to favor the 
multiple-conductor cable, although in several instances, 
depending upon local conditions, it is probable that 
some saving in yearly operating costs could be made 
by using single-conductor. 

Continuity of Service. Continuity of service to cus- 
tomers has been improved by improved methods in 
fusing of distribution transformers and by the greater 
utilization of automatic reclosing feeder circuit breakers. 

As distinguished from the earlier practise of fusing 
transformers mainly to protect them against overloads, 
the practise now tends toward higher fusing, to clear 
the transformers only in case of short circuits and for 
the protection of the primary circuit. With proper 
coordination with the relaying of the feeder breakers 
in the substation, there is increased assurance that 
failure of a transformer will not trip the entire circuit 
and, with radial secondary mains, only the customers 
supplied from the faulty transformer are interrupted. 

Continued experience with automatic reclosing equip- 
ment on substation feeder circuit breakers has shown 
that the continuity of service to customers is greatly 
improved owing to the interruptions being usually 
momentary in the event of trouble on the circuit 


such as tree contacts, momentary heavy overloads, 


short circuits, ete. 

Group Feeder Voltage Regulation. The past year 
has shown a tendency to make use of group, rather than 
individual, regulation for distribution feeders. This 
results in a simplification of the apparatus necessary 
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in the substation and accordingly affords some econo- 
mies. Group regulation is made possible for those 
feeders having approximately the same per cent drop 
from the substation to the load center and which carry 
approximately the same magnitude and type of load, 
such as in an a-c. network. 


INTERCONNECTION OF POWER UTILITIES 


The practise of interconnecting adjacent utilities and 
of the transfer or exchange of power continues. This 
practise differs fundamentally from the interchange of 
power between power plants in a given system in that, 
in place of the unitary operation and one-man control 
of the single system, interconnection usually involves 
independent operation and independent control of the 
separate utilities. The result of actual operation in- 
dicates that unless attention is paid to the synchro- 
nizing characteristics of the interconnections and 
sufficiently close cooperation is secured in operation, 
each company must be prepared, at least on occasion, 
to care for its own load, since at times of disturbance 
it sometimes happens that synchronism between the 
utilities is lost and the systems separated. This diffi- 
culty is especially to be feared in territory subject to 
disturbance from lightning. 

While the benefits of continuity of operation may of 
course be obtained with interconnected utilities by the 
same technical methods used in the operation of single 
large systems, namely, by one-man control and the 
proper design of governor and other apparatus and 
connecting lines, such coordination has not so far been 
undertaken on any large scale. 


One of the most notable and extensive interconnec- 
tions exists in the southeastern states and recent 
experience in this district is important. There has 
existed for several years a connection at 110,000 volts 
between the Alabama Power Company system and the 
Georgia Railway & Power Company system, the con- 
nection being between Gadsden, Alabama and Lindale, 
Ga. In the late fall of 1924 interconnection was 
completed at 110,000 volts between the North Auburn 
Substation of the Alabama Power Company and the 
Columbus Electric and Power Company’s substation 
at West Point, Ga. An interconnection at 110,000 
volts was also completed in 1925 between Columbus 
Electric & Power Company’s Bartlett’s Ferry plant 
and the Central Georgia Power Company at Macon, 
Ga. During the dry season of 1925, these inter- 
connections were used to the limit of their capacity 
in order to transmit power from the steam plants in 
Alabama to supply the deficiency of the three above 
mentioned companies in Georgia and also to Augusta, 
Ga., to which point the Georgia Railway & Power Com- 
pany extended one of their 110,000-volt circuits. 

In 1925 no particularly new problems in operation 
came up and it was found feasible to interchange blocks 
of power as large as 40,000 kw. over tie lines which 
were originally constructed for capacity of 25,000 kw, 
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The principal features to be worked out in connection 
with the interchange of large blocks of power as far as 
we have seen in the south are the maintenance of proper 
frequency and the absolute necessity of the receiving 
system taking care of not only the wattless current of 
their own system, but also part of that for the sending 
system. The necessity of having synchronous condens- 
ers or other regulating equipment in order to maintain 
satisfactory voltage conditions at the receiving load 
centers if entirely satisfactory service was to be given 
was clearly demonstrated. Practically none of the 
interconnected systems in the south have sufficient 
condenser capacity for conditions such as existed during 
the drought of 1925. It was frequently necessary to 
operate large hydro generators as condensers in order 
to take care of wattless current and voltage regulation. 
Not being primarily designed for such work, these 
generators, of course, are not as satisfactory as syn- 
chronous condensers. 

It was demonstrated that many of the apparently 
difficult problems of coordination and of technical 
details as to handling of an individual company’s 
load in a group of interconnected but independently 
operated systems largely disappeared when it became 
a question of subordinating these things to the necessity 
of obtaining power to take care of one’s customers. 
The dry season of 1925 further showed the possibility 
of steam plants taking care of a serious shortage of 
hydro power. Power was actually relayed a distance of 
approximately 500 mi. at 110,000 volts. It was found 
necessary in some cases to revise relay set-ups of the 
interconnected companies from their normal set-up 
in order to take advantage of the maximum interchange. 
Necessity made many things possible which would not 
have been done under normal operating conditions. 
An Operating Committee has been functioning among 
the power companies of the southeast for some two 
years, exchanging data on load and generating con- 
ditions. This committee worked exceedingly well 
coordinating to make the maximum use of the power 
available. Through this committee, load dispatchers 
’ gained a better perspective of the interconnected 
systems, and while each system was operated inde- 
pendently, they were so coordinated that there was no 
difficulty in making the maximum use of the trans- 
mission lines and generating plants. . 

Speaking generally, it is felt to be proved with rea- 
sonable satisfaction that the interconnection of 
independent systems has been of material benefit in 
reducing the period of outage due to serious trouble 
on any one system. Without absolutely unified control 
of the operation, it is somewhat questionable just how 
far the interconnection of systems has operated to 
prevent momentary outages. Unquestionably, it has 
reduced the duration of outages, however. During 
the progress of interconnection, from experience in the 
southeast, the following seem to be the most important 
items to be considered: 


TRANSMISSION AND DISTRIBUTION 


869 


1. A more careful investigation of relay protective 
equipment of each individual system and their coor- 
dination with other systems so that the maximum 
benefit of interconnection may be made use of. 

2. The installation of more synchronous condenser 
capacity at most centers to take care of wattless 
current and for voltage regulation. 

3. A more thorough understanding on the part of 
load dispatchers and operating superintendents of 
each other’s system requirements so that shortages 
may be foreseen as far in advance as possible. 

4. A careful study of the value of booster trans- 
formers at the point of interconnection between 
systems, these transformers to be equipped with tap 
circuits so that the voltage may be changed as required 
to supply current in either direction without disturbing 
the balance of either of the two interconnected systems. 

The following additional topics for discussion are of 
general importance: 

5. What is the most feasible method of interconnect- 
ing large systems, whether under one-man control 
or not, so that continuity of supply may be assured 
to all from a base load plant? 

6. How should the interchange of power between 
particular systems and the power factor at various 
points be controlled where three or more independently 
operated systems are mutually interconnected by 
several links? 


UNDERGROUND CABLES 


The outstanding advance in the field of underground 
transmission during the past year has been the develop- 
ment of a radically new type of single-conductor cable 
for operation at 182 kv., three-phase. The New York 
Edison-United Companies and the Commonwealth 
Edison Company have placed orders for such cable 
for lines about 10 and 6 mi. long, respectively, for 
installation this year. The carrying capacity will 
be about 90,000 kv-a. per circuit. 

The cable will havea 600,000-cir. mil. hollow conductor 
insulated with 23 /32 in. of impregnated-paper insulation. 
This thickness is less than has been used on single- 
conductor cables recently installed on 66- and 75- kv., 
three-phase circuits in this country. The over-all 
diameter will be about 3.1in. The cable will be impreg- 
nated with a thin oil which will be under pressure during 
operation, in order to minimize the possibility of the 
formation of voids in the insulation. 

The lengths will be connected so that the hollow space 
will be continuous through the ordinary joints. The 
line will be divided into sections about one mi. long, 
each section ending in barrier joints, wherein the copper 
conductors will be connected, but the central hollow 
spaces of adjacent sections will be blocked from each 
other. Elevated reservoirs will be connected by pipe 
lines which connect through the barrier joints to the 
hollow space in the conductor and thereby maintain a 
hydrostatic pressure on the oil. When the cable be- 
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comes warm during operation, oil will flow from it 
into the reservoir and vice versa. 


An unusual feature of this cable is the large charging 
current which amounts to about 2400 kv-a. three- 
phase per mi. of line at a leading power factor of about 
one per cent. 


Several manufacturers are developing other types of 
132-kv. cable and making length for short experi- 
mental installations. 


There has been an increasing interest in three- 
conductor cable which has a metallic covering over the 
insulation of each conductor and no belt insulation. 
A number of commercial installations is at present 
being made in this country at 27 and 33 kv.; and it is 
reported that several installations of similar type 
cable have been made in Europe at various voltages 
including higher voltages. 


The data accumulated by the Electrical Testing 
Laboratories on their inspection and tests of several 
million feet of high-tension cable as reported by F. M. 
Farmer at the Madison meeting, A. I. E. E., May 6th 
and 7th, show a marked improvement in the quality 
of the cable made during the last few years. This is 
shown by the increase in the dielectric strength and 
reduction of damage to insulation due to bending test. 
The improvements in quality shown by such test data, 
combined with operating experience, have led to con- 
siderable reductions in the insulation thickness used 
by some operating companies, and the use of higher 
voltages for given thicknesses of insulation. 

Several American manufacturers are now using 
wood pulp paper for a portion or all of the insulation 
in the cable. In some cases the paper is entirely wood 
pulp, while in other cases the paper is a combination 
of wood pulp and manila hemp stock. Some manufac- 
turers report that this paper will lead to improved 
dielectric strength and decreased cost. 

It has been learned that one of the principal causes 
of the failures in high-voltage cable was the use of 
impregnating compounds that were unstable under 
the dielectric stresses and temperatures of normal 
operation. Some of the manufacturers and the Elec- 
trical Testing Laboratories have developed tests which 
will aid in the selection of compounds free from this 
difficulty. 

Some questions now under discussion are as follows: 

1. The use of wood-pulp paper insulation instead 
of paper made from manila hemp rope fiber. 

2. The use of three-conductor cable which has a 
metallic covering over the insulation of each conductor 
and no belt insulation for voltages above 33 kv.. 

3. The limiting voltage for three-conductor cables 
of standard construction. . 

4. Changes in the test requirements now included 


in specifications for high-tension cables so as to secure 


more satisfactory operation. 
5. Possibilities of increasing the maximum operating 
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voltage of underground cables by changing the type 
of construction. 


STABILITY AND LOAD Limit IN LONG TRANSMISSION 
LINES 


During the past three years, very considerable 
progress has been made in the subject of transmission 
stability and load limit, and it seems appropriate at 
this time to make a resumé of the present status of 
this problem. 

It is now generally recognized that stability consti- 
tutes an important problem in the transmission of power 
over long distances, or for large amounts per circuit. 
Furthermore, many of the interruptions to service on 
existing systems have been due to instability at times 
of transient disturbances, which situation has been 
recognized as a result of increased knowledge of system 
operations during and after an abnormal disturbance 
condition. The extensive investigations which have 
been made during the last few years have increased 
our technical knowledge of the stability problem, so 
that ‘at the present time, given the necessary basic 
data and machine performance circuit constants, etc., 
the performance of any system in regard to load limit 
or static or transient limits can be predicted with a 
sufficient degree of accuracy for the present purposes. 
It is believed that the various groups which have been 
working on the problem would give substantially 
the same results for identical assumptions as to the 
layout of the power system, and as to the rate of 
variation of prime mover governors, kind of voltage 
regulators, duration of disturbance, etc. The way in 
which the stability problem affects the design of layout 
is understood from the technical side, and a number 
of schemes has been proposed for increasing the sta- 
bility of systems. 


In the actual operation of power systems, the way 
in which stability studies will manifest themselves is 
by reducing the number or duration of interruptions 
to service or by permitting the increased amount of 
power to be handled without reducing the standard 
of service. At the present time, the principal problem 
is not one of determining how the system will act for 
a definite set of conditions, but to what extent it is 
desirable to modify the design of systems in order to 
improve them from this standpoint. In order to do 
this, it will be necessary to get the cooperation of the 
operating companies so as to interpret on an economic 
basis the costs of interruptions to service. When this 
has been done, it will be a relatively simple matter to 
determine the additional expense in remedial measures 
for improving stability which should be employed 
in any particular case. 

The practical value of means to increase the stability 
or load limit of any system may be evaluated on the 
basis of the amount of additional power that may be 
delivered over the system based on the conditions that 
the transient stability or load limit of the system will 
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be the same for a given fault condition as it would be 
for the system without the means with the lower quan- 
tity of power delivered. The determination of the 
actual load at which the systems will be run is a matter 
for the operating engineers themselves to decide, as 
this involves the income value of the good will obtained 
by increased reliability of service which is difficult 
to define and which will vary with different localities 
and at different times. In connection with the sta- 
bility problem, there are certain speculative factors 
which can be evaluated only by the statistical method. 
Such factors include the value of fault resistance, the 
average duration and character of various types of 
disturbance, ete. In this connection, it should be 
pointed out that the ordinary records obtained on 
systems are entirely unsuitable for interpreting the 
stability conditions, because such instruments are not 
adapted for recording the high-frequency electro- 
mechanical transients which take place at times of a 
disturbance. Of particular significance is the move 
taken by one or two power companies to install specially 
designed recording apparatus for obtaining adequate 
records on operating experience from the standpoint 
of stability. This will logically lead to increased in- 
formation as to the operation of existing systems, 
and will utimately result in the obtaining of sufficient 
statistical data from which one can predict the operation 
of future systems. 

During the past year, much progress has been made 
in increasing our technical knowledge of the subject 
of transmission stability and load limit. Probably 
the most important investigations are those of tests 
on an actual system. These tests included both 
switching operations and short-circuit tests, and are 
described in a paper presented at the Midwinter 
Convention by Mr. Roy Wilkins. At the Seattle 
Convention, two papers dealing with the general aspects 
of the stability problem were presented, one by Messrs. 
Doherty and Dewey and another by Mr. Fortescue. 
At the Midwinter Convention, Messrs. Nickle and 
Lawton presented: the results of recent laboratory 
and shop tests on stability. Miss Clarke presented a 
method for the determination of static stability limits. 
Mr. Wilkins presented the paper describing the stabil- 
ity tests on the system of the Pacific Gas & Electric 
Company. Messrs. Evans and Wagner presented a 
method for the determination of static stability limits 
and gave the results of calculations by this method 
with comparisons of the test results obtained on the 
P. G. & E. Company system. 

Certain power limits have been defined in these 
papers and it is recognized now that with absolutely 


fixed excitation for both sending and receiving systems 


there is a definite power limit under steady load con- 
ditions. This power limit depends in this case upon 
the synchronous impedance of the machines at the 
sending and receiving ends. If we take the value of 
excitation which gives the desired terminal voltage 


at the power limit, we have the static stability or load 
limit with “‘fixed excitation’’ or what is termed hand reg- 
ulation. It is also recognized that the load limit under 
transient conditions may be lower. It is not determined 
by the synchronous reactance solely, but is affected also 
by what is known as the transient reactance, and the 
“leakage reactance” of a machine in varying degrees 
depending upon conditions. It may be stated perhaps 
more consistently, however, that this action depends 
upon the actual field being maintained essentially 
constant for a short period due to internal currents 
induced in the damper and field windings. In the 
case of machines operated with automatic voltage 
regulators there is a theoretical possibility of further 
extending the limits of stable operation over those 
obtainable with hand operation. Full agreement 
on this point has not been reached. One group reports 
that considerable increase in the limits has been ob- 
tained experimentally and the other group reports 
inability to secure any increase in the limit over that 
obtained with ‘‘fixed excitation.” 

In view of the fact that the operation of power 
systems at times of transient disturbances is a relatively 
complicated phenomenon, it is quite natural that the 
extensive discussions which have taken place on this 
subject should have tended to emphasize the relatively 
minor points on which full agreement has not been 
secured, and has tended to obscure the major points 
which have been established. It has, therefore, seemed 
desirable to present at this time a statement of those 
underlying principles requisite for good stability 
conditions. They are as follows: 

1. Low series reactance. 

2. The supply of reactive kv-a. as close as practi- 
cable to the point at which the demand originates. 

3. The maintenance of internal voltages in machines 
by special excitation schemes, or by the use of special 
machine characteristics. 

4. Such a layout of the system as to reduce to a 
minimum the effect on stability of any abnormal 
condition. For example, the avoidance of a concen- 
tration of power in any particular piece of equipment 
such that a single fault could render a large part of the 
system ineffective. 

5. The rapid and selective isolation of faults. 

In line with the policy which has been laid down for 
the Annual Convention of presenting committee reports 
and inviting discussions, the following topics are sug- 
gested as worthy of further study and suitable for 
discussion at the Annual Convention: 

1. Further investigations of the stability problem 
require a more exact knowledge of the characteristics 
of machines under transient conditions, including 
among other factors the effect of damper windings. 

2. Further work will be required in connection with 
schemes of excitation designed for the purpose of 
maintaining internal voltages in machines constant 
during transient conditions. 
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3. Special designs of machines such as compensated 
machines will be subjects for further discussion and 
study. 


4. A number of measures for increasing stability 
has been investigated, but are of such great importance 
that actual operation experience will be required before 
their true value in improving stability can definitely 
be ascertained. In this category is included the inter- 
mediate condenser station, the special governor control, 
and the compensated machine. 


5. A somewhat different line of discussion would be 
advantageous to bring out the relation between the 
probability of outages and system loads. 


6. Also the determination of the safe operating 
angle between internal voltages of synchronous ma- 
chines, or the relation of this angle to the probability 
of outage. 


INSULATORS 


During the year there have been no outstanding 
changes in the design of line insulators either of the pin 
or suspension types, though the art appears to be de- 
veloping slowly but surely toward increased reliability 
in service. This improvement is largely in the mechan- 
ical sense and relates principally to suspension insulators. 
On the electrical side, there is a gradual crystallization 
of ideas on the means of safeguarding high-voltage 
insulator strings from flashover. 


Mechanical. Owing to the relatively severe require- 
ments of heavy high-voltage lines, it has been necessary 
for both manufacturers and prospective users to make 
extensive tests on the behavior of insulator units, 
particularly under long sustained mechanical loads. 
As a result, there are already in use insulator units of 
so-called high strength type which are capable of sup- 
porting for short periods loads of the order of 25,000 Ib. 
Units of this type, when subjected to a continuously 
applied load, will sustain 16,000 to 17,000 Ib. for periods 
of a year or more without undue failures. Types of 
still higher duty have also been developed, and it is 
possible to purchase units having a combined electrical 
and mechanical strength of approximately 45,000 lb. 
Results of these studies are also reflected in a marked 
increase in strength of some of the standard 10-in. units. 


Although such tests have been able to furnish much 
information upon the ultimate strength of insulators 
under various loading conditions, little is known of 
the factor of safety that should be employed. It has 
been customary to assume a maximum safe working 
load of 3000 Ib. on the ordinary 10-in. suspension 
unit of 11,000 lb. ultimate strength. A disposition 
to use somewhat higher loadings has now become evi- 
dent. Likewise, in the case of the above described 
high-strength units capable of indefinitely withstanding 
test loads as high as 16,000 Ib., the assumed maximum 
safe loads in service have been fixed by some companies 
at 6000 to 8000 lb. The question naturally arises 
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as to whether it might not be safe to use much higher 
assumed maximum loadings. 

The design of pin-type insulators is tending toward 
the use of fewer insulator shells for a given voltage 
and this practise leads to an important saving in cost 
without lowering the dry flashover value and without 
appreciable sacrifice in reliability. The latter is made 
possible because of perfected methods in manufacture 
leading to a uniformity of product not heretofore 
attainable. 

The subject of porosity has practically ceased to be 
an important factor in insulators manufactured by any 
of the older and well established companies. 

One manufacturer in this country is engaged upon 
the problem of commercially producing Pyrex insula- 
tors. Apparently much developmental work yet 
remains to be done, but the material has considerable 
promise, particularly because of its high immunity 
against shattering when exposed to heavy arcs. 

Foreign development in insulators is different from 
American practise, in that much effort has been devoted 
to avoiding the use of cement in assembling. The 
German manufacturers have been particularly active 
in this direction and have produced various cementless 
types, of which the ‘‘Kugelkopf’’ and “Motor” are 
typical. The latter insulator consists of a heavy 
cylindrical section of porcelain carrying a porcelain 
skirt at one end and either a porcelain skirt or a metal 
shield at the other end. Mechanical loads are sup- 
ported by means of a metal cap attached at each end 
of the cylindrical section by means of a lead alloy. 
In pin-type insulators, foreign practise has adhered 
largely to the use of hemp in binding the shells together 
and for attaching pins. 

Electrical. For extra high voltage lines, much work 
has been done during the past year in connection with 
the grading and shielding of insulator strings. The 
results indicate that it is entirely feasible to safeguard 
insulator strings for operating voltages up to 220 kv., 
but entire agreement has not yet been reached as to 
the most satisfactory method to apply. Discussion 
turns upon whether such protection should take the 
form of arcing horns, rings or shields which also provide 
a reasonable degree of potential grading, or whether the 
protection should consist of insulated horns, which 
arrangement has been designated as ‘“‘flux control.’ 
Generally speaking, these two methods are predicated 
upon opposing theories as to the origin of certain types 
of flashover. This isa subject upon which it is expected 
operating data will be rapidly collected. : 

General. Pillar insulator designs have been changed 
but little during the past year, but a pressing demand 
exists for insulators of this type having greater mechan- 
ical strength both in the low-voltage and high-voltage 
ranges. It is possible to obtain certain types of pillar 
insulators of considerable strength which are suitable 


for heavy duty at the low voltages, but these are quite 
expensive. 
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During the year some of the highest voltage catenary 
insulators yet designed have been installed. 

Closely related to the subject of insulators is the 
development during the past two or three years of large 
coupling condensers for carrier current work on high- 
tension transmission lines. These condensers, while 
experimental at first, have later demonstrated a re- 
liability in keeping with insulator bushings and other 
similar high-voltage equipment. 


INDUCTIVE COORDINATION OF POWER AND COMMUNI- 
CATION CIRCUITS 


During the past year the work of the Joint General 
Committee of the N. E. L. A. and the Bell Telephone 
System has been continued and progress has been made 
by the Joint Subcommittee on Development and 
Research in its studies of a number of specific problems, 
among which may be mentioned coordination of trans- 
positions in power and telephone circuits, induction 
under conditions of jointly used poles including the 
effects of unbalances in local telephone circuits and 
power distribution circuits, the origin and regulation 
of harmonies in power circuits, survey, composition, 
and effects of noise in telephone circuits, residual 
voltages and currents of power systems, induction in 
carrier communication channels, and energy level 
of telephone circuits. The studies of many of these 
subjects have been facilitated by the development of 
improved measuring apparatus and methods, partic- 
ularly in connection with the wave analysis of power 
circuit voltages and currents and induced voltages 
and currents in telephone circuits, and also in connection 
with the measurement of carrier frequency currents 
on working power lines. 

The organization of the American Committee on 
Inductive Coordination has been completed and the 
committee has issued a preliminary report. 

Two papers dealing with the subject of inductive 
relations between power distribution circuits “ and 
telephone circuits were presented at the Seattle Con- 
vention in September as part of a symposium on power 
distribution. 


RURAL DISTRIBUTION 


Interest in the satisfactory and economic supply 
of energy to the farmer has increased considerably in 
the past year. Rural supply has undoubtedly been 
most highly developed on the Pacific Coast, yet the 
year has seen a greater study given the subject both 
in the middle west and in the east. Twenty states 
have set up organized analyses of the situation and 
experimental projects are now under way. 

The small number of. customers per mile (averaging 
perhaps two to three) makes necessary a cheap type 
of construction which must, however, be sufficiently 
sturdy to demand little maintenance and assure fair 
service. Three-phase, four-wire main feeders with 
single-phase and neutral legs to outlying farms seem 
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to be a reasonable answer to the problem, and have 
come into use in the middle west. On these single 
branches galvanized iron wire is used in some sections 
of the country for obvious economies, the neutral is 
stapled directly to the pole top, and the phase wire 
is carried on a bracket with suitable insulator. These 
extensions are connected to the main feeders through 
expulsion fuses. While this represents the cheapest 


type of construction, there are many cases where it is 


adequate. 


Transformers suitable for farm work have been on 
the market for some time but even this new apparatus 
has been expensive. Some transformer makers have 
now come forward with good designs for this service 
and there are now available transformers that are in 
line with the general economies needed to make a 
rural line a paying proposition. 

There has been given considerable thought to the 
development of portable equipment for transient 
needs and many new ideas have been evolved to render 
this service. Portable transformer, metering, and 
motor apparatus is generally available to furnish power 
to the farmer for wood cutting, threshing, and the like. 
This equipment is now generally furnished by the 
power company and a service man usually supervises 
its use, the general trend being away from the ownership 
of such apparatus by cooperative groups. 


FOREIGN PRACTISE 


The Committee has secured this year one paper on 
foreign practise on power transmission and distribution, 
this paper being presented at the Niagara Falls Regional 
Meeting. More variety of design and much less uni- 
formity of construction is noticeable in this country 
than abroad. 

One of the most notable events of the year abroad is 
perhaps the Wier Report, recommending the adoption 
of a universal electric power distribution system serving 
all England and southern Scotland, with some excep- 
tions as regards the city of London. It is proposed 
in this report that all the power for use by the system 
shall be generated in some 50 to 60 power houses, this 
constituting about 10 per cent of the present number 
of power houses. It is proposed that the National 
Government own the transmission lines and buy and 
sell the power at a price based essentially on cost 
allowing a fixed return on capital,—6l4 per cent 
plus depreciation on money now invested. The dis- 
tribution systems and the power generating plants, 
although subject to close government control, would 
be privately owned. The most important of the gen- 
erating plants are proposed as mine mouth plants. 

It is reported that a bill has passed the second reading 
in the House of Commons which is intended to carry 
out some such scheme although departing somewhat 
from the recommendations of the Wier Report. 

Conclusion. In general it may be said that steady 
progress is being made in many: directions in the field 
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of power transmission and distribution and that a 
continuous expansion in the number and capacity of 
transmission systems may be expected. 


Discussion 


W. S. Lee: Referring to interconnection in the Southern 
States, this interconnection has been in effect something like 
15 to18 years. Iamafraid that this committee is going to get on 
dangerous grounds when they try to have the entire area con- 
trolled by devices from one point. 


You should consider that the Southern Systems are inter- 
connected for over 1000 mi. and there are six or seven different 
companies operating in a somewhat local territory. From the 
Georgia line to the Virginia line the Southern Power Company 
system covers something over 400 mi. It is necessary to have it 
cut up into divisions. The head dispatcher rules certain base 
or main lines and each local dispatcher controls a certain terri- 
tory operating around him. Any impression that this paper 
might give of trying to get one operator to manipulate all the 
interconnecting companies, I think would be wrong. That is a 
nice theory, but I think it is hardly practical. 


In North Carolina we have an interconnection with the Georgia 
Railway on the West, the Carolina Power on the East, and in case 
of any trouble or interruption, the dispatchers pick up a load 
without referring the matter to an executive. 

It can readily be seen that the point on cooperation referred to 
is pretty well carried out by the group of Southern companies. 

The power plants, or undeveloped sites today, are very large 
as a usual thing; the smaller ones, the ones that are easily de- 
veloped, have been developed. Oftentimes on account of lack 
of load or financial arrangement, there is a tendency to develop 
a plant for a small amount of money. Sometimes it is not a 
complete development of the project. 

I suggest that the committee consider the possibility of steam 
generation by electricity. I am quite mindful of the fact that 
we cannot produce steam by electricity at a profitable price, 
but if we have these large projects that should be completely 
developed economically, then why not use steam generation to 
help carry the system along during the earlier stages? 

The usual method of developing a water power is to find, as 
you know, three things; site, money and load. 

Now it is a very common practise to go out and make long- 
term contracts at low rates with the idea of inducing capital. 
If these big projects can be developed by taking part load as a 
steam load at a very low price it is just putting an implement of 
earning into that system that may be useful. As other customers 
develop, take off steam production and sell for regular commercial 
service. 

Another company with which I am connected has just com- 
pleted a plant of 540,000-h. p. installation. The plant was 
financed in a very unusual way. One customer made a 
40,000-h. p. contract for primary power and a 160,000-h. p. 
contract for making steam. That steam contract was cancelable 
in twelve months. 

That contract was canceled before it went into operation and 
notice was given of the cancelation, but it did furnish a certain 
implement of revenue that made possible the carrying out of the 
project in a big economical and fully developed way. 

The manufacturers are not much interested in making steam 
apparatus. It is very simple but they should encourage it with 
the idea of what it will make possible in other developments. 

W. A. Del Mar: I should like to discuss the following state- 
ment in this report: ‘‘It has been learned that one of the principal 
causes of the failures in high-voltage cable was the use of impreg- 
nating compounds that were unstable under the dielectric stresses 
and temperatures of normal operation.” 

I think the committee was going ahead of their exact knowledge 
in making that statement. I think that it is more than doubtful 
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whether failures in high-voltage cables are caused by the in- 
stability of impregnating compounds. 

As I pointed out in a recent, paper! it is far more likely that 
the decomposition of the compound and the failure of the cable 
are both results of conditions, such as low hydrostatic pressure 
in the cable, which promote ionization. 

It is also well known that 25,000-volt cables in which the oil 
has been considerably decomposed and so far as the eye could 
judge, in some eases entirely converted into X, have continued 
in operation for years. 

Another somewhat optimistic statement is that some of the 
manufacturers and the Electrical Testing Laboratories have 
developed tests which will aid the selection of compounds, from 
the point of view of stability. I believe there is some hope that 
such tests may be developed, but at the present time, the ones 
which have been tried have been very unsatisfactory and un- 
certain results have been obtained. It is impossible for one 
laboratory to check another one and the discrepancy in this 
regard is very marked. 


Another strange fact illustrating our general ignorance of the 
subject is that some 25,000-volt cables made with highly un- 
stable oil, as determined by the above tests, have not developed 
X after three or four years’ operation, whereas others made 
with comparatively stable oil, very much more stable, indeed, 
have developed X after a few months of operation. 


I share the opinion of our European friends that American 
cable operators study the specification and manufacture of cables 
too much and their operation too little, and that American 
cable manufacturers have been equally delinquent in their 
interest in the installation and jointing of cables. 


‘R. D. Evans: The subject of special characteristics of ma- 
chines and their effect upon stability is pretty well understood. 
The special characteristics may be utilized in two ways, either to 
increase the margin of stability or to increase the amount of 
power that may be transmitted with the same margin of stability. 


Recent studies have indicated that under some conditions it is 
possible to obtain both advantages with a lower total investment 
cost. I wish to make the point clear that these studies indicated 
it is possible to use machines of more expensive construction and 
yet obtain a system including machinery at a lower total cost. 


As the result of such studies, some of the recent hydroelectric 
undertakings have involved decisions to use machines with special 
characteristics. I mention this point because it seems to me that 
it may be indicative of a trend, or new practise in regard to 
application of such machines. 


Many years ago machines of normal reactance were employed, 
and in order to improve regulation, machines with better in- 
herent characteristics were used. Then the advent of the auto- 
matic voltage regulator made it possible to obtain good regulation 
with machines of more nearly normal design proportions. 


Now it appears from the two contracts that there may be a 
trend returning to the use of low-reactance machines for the 
special applications of high-power and long-distance transmission. 
Such a trend may also include quick-response excitation systems. 

One of the subjects suggested in the Committee Report as 
suitable for discussion is concerned with collection and analysis 
of data relating to stability. In this connection it may be 
pointed out that the angle-outage curve is a very useful index for 
comparing in a general way the relative stability characteristics 
of power systems. 

H. R. Summerhayes: I think this subject of stability is 
perhaps wrongly named. It should be named “‘power limita- 
tions.”” With that name it would be more readily understood. 

I have a little hobby on this subject to improve the limit of 
power that can be transmitted over a line, and that is what I 
call « ‘compensated line.” 


1. The Effect af Internal Vacua upon the Operation of High- Voltage 
Cables, A. 1. E. E. Journat, July 1926, p. 627. 
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To balance the reactance of each section of line we employ 
a unit of series capacity, and the voltage drop over the reactance 
is neutralized by the voltage drop over the capacity for each 
section and then you have the compensated line in which all 
that remains is the resistance of the line. As compared with a 
line having reactance only, and the same generating and receiv- 
ing apparatus, the amount of power transmitted will be greatly 
increased. 

Of course, there are certain practical difficulties in the use of 
these series condensers which I hope will be solved. I think they 
will because the advantage of using the series condenser is so 
great that there is bound to be a good deal of study devoted to 
eliminating the practical difficulties in their use. 

Another objection is the expense. In time that may come 
down, so that I am just bringing this in as a prediction that some 
day, with these very large lines of very large power, shall see the 
use of series condensers with the power going through the 
condensers. 

It is the sort of thing that doesn’t present any great advantage 
in small powers and therefore it is difficult to make a commercial 
experiment because we like to start with the small powers in 
making experiments, and as there is no great advantage in the 
smaller units we have to make our experiments on large power 
scales. Personally I think we shall have to develop it in the 
laboratory first and then supply it on a large scale. That, of 
course, requires a good deal of courage. 

Another point which I want to mention is the standardization 
of voltages for transmission. The Public Policy Committee 
of the N. E. L. A. this year adopted a resolution in which they 
urged as a matter of policy the further interconnection of systems 
and that the managers or executives of neighboring systems 
study the advantages and the methods of interconnection. 
In that resolution they also advocated the standardization of 
voltages above 60,000. 

That may come as a surprise to a good many people, because 
I think many of us have thought that we had standard voltages 
above 60,000, but apparently that is not the case. It is a very 
large issue with the N. E. L. A. just now, and I understand that 
it is to be taken up by the Institute as well—just what voltages 
should be standardized and what should be the zones of standard 
voltages. 

This is a very important subject and I believe it should be 
given careful consideration as it is of great economic importance. 


In the report of the Committee on Transmission and Distribu- 
tion, there was recommended a careful study of the value of 
booster transformers at the point of interconnection between 
systems. That means voltage-ratio control under load. The 
ratio may have to be controlled and reversed, perhaps, and you 
have to be able to make a considerable change in the voltage of 
the transformer with power going in either direction. There 
have been important developments in that line and a great many 
kw. of transformers have been put out and installed with ratio 
control. 

Several systems have been in use and it appears that no one 
method is adaptable for all voltages and all powers. No doubt 
experience will show just what method will survive. Probably 
there will be several methods in use that can be made adaptable 
to different conditions. At any rate, the subject is of very 
great importance since it involves the control of wattless current, 
power factors, ete., and has a most important bearing on 
interconnection. 

The paper mentions the fact that there is a tendency to extend 
the time and thermal capacity of current-limiting reactors. 
That used to be 2 sec. but now it is up to 5 sec. and the tendency 
is to extend the time still further. Putting copper into the 
reactor and thus extending the thermal capacity is something that 
you do without really increasing the total cost. 

You may pay more for your reactor but you gain that over the 
losses so that if the load factor is at all good your annual cost 
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may not be increased at all. You get something for nothing there. 
That tendency is very noticeable. 


Another thing that was brought out at the meeting of the 
N. E. L. A. Apparatus Committee is the new development in 
starting compensators. Perhaps that should have been noted 
in the report of the Protective Devices Committee. There is 
now under way the development of a time-delay under-voltage 
release attachment to put on hand-starting compensators. 
All of you are familiar with the shutting down of motors due to 
momentary line disturbances and there is a lot of trouble that 
really need not occur. In many cases the under-voltage devices 
on the starting compensators have been removed altogether 
with greatly improved continuity of service. 


This time-delay attachment itself, I believe, will eliminate a 
number of shutdowns. The time delay is as short as 1.5 sec., 
but it will be enough to take care of many of the transient 
disturbances. 5 

M. I. Pupin: I should like to ask the last speaker whether 
he has another hobby which is more popular in Schenectady 
than this hobby. They use it in wireless telegraphy. It is 
compensation, not by capacity in series, but by inductances in 
parallel. Inductances are cheaper as a rule than capacities and 
require much less attention. 


That scheme is 29 years old. A friend of mine, Charles S. 
Bradley, took out a patent on the scheme. I worked out the 
mathematical theory for him and then he sold the patent to the 
General Electric Company. The General Electric, so far as 
I know, has never used that scheme of balancing the line for 
large power transmissions, but it is using it today at the wireless 
station on Long Island for balancing a wireless transmission line, 
one that runs parallel to the ground, and credit is being given to 
Alexanderson and not to Bradley. 

H. R. Summerhayes: I don’t know that I can answer that 
very well, but I do know that the use of the shunt inductance 
has been suggested a number of times and preliminary propo- 
sitions have been made out on it, but in almost every case syn- 
chronous condensers were used instead because of the ease of 
adjustment and control of the value. 

A field control was considered so important as compared with 
having the number of inductances with switches, (which were 
expensive), that we used synchronous condensers. I think 
Mr. Nickle can tell something about that. 

C. A. Nickle: If we have a long line with distributed ca- 
pacity, it may be represented by a reactance with shunt capacity 
at either end. It is true that this shunt capacity effect can be 
cancelled by the use of shunt reactors, and this has been tried 
on small set-ups. 

Now if we have a machine of zero reactance at the sending end 
of this line, distributed capacity is an advantage. However, 
when we use a machine of finite reactance, distributed capacity 
becomes a disadvantage. In fact, if this capacity is sufficiently 
large, the charging current of the line will be sufficient to excite 
the generator and the generator will require no other excitation. 

It is well known that a generator with no excitation furnished 
by an exciter can put out no power, so that with the finite genera- 
tor, there is always a certain sized generator on a certain sized 
line which can put no power over the line. 

Furthermore, a standard generator which we would ordinarily 
furnish would have so much reactance, and this charging current 
of this condenser might furnish so much excitation, that the 
machine, when transmitting full rated power over the line, 
would run under its proper excitation. In other words, if we 
could put more current on the field we should be able to get more 
power if the machine is running below its rating. 

When we put this reactor across the line, the excitation can be 
increased because we have removed the charging current; 
thereby we can get more power. This reactor, however, costs 
money and there is another means of making this generator 
take more excitation which doesn’t cost anything. 
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If the machine is running below its maximum rating so far as 
field heating is concerned, why put on a reactor to raise the field 
current when we can merely make the air-gap bigger and ac- 
complish the same result? There is no difference whatsoever 
except that this takes out material and costs nothing and the 
reactor does cost something. 

When the synchronous reactance of a generator is equal to the 
charging reactance of the line, the parallel reactance is infinite; 
therefore, the generator will put out no power. : 

For exactly the same reason a given size of generator, con- 
nected to transmission lines, has always a most favorable number 
of lines for that generator. If I can get so much power over one 
line and I put another line in parallel, the power may be increased. 
But on the other hand, we may find that the power is decreased 
because we are increasing our charging current which is making 
our generator weaker instead of stronger. 

M.I. Pupin: That old scheme which somebody introduced 
of replacing the parallel line by condensers at either end has 
done more mischief than many things of which I know. That 
is wrong and you cannot do it. 

C. A. Nickle: This result is true for one point only; I will 
admit that; but that is the point that we are studying. At the 
middle of the line the scheme does not give the same conditions. 

M. I. Pupin: I think it is well to bring this out in this dis- 
cussion, although it is somewhat remote from the main object. 

This scheme is particularly useful in the case of transmission 
of power over cables. When it comes to air lines, it is not quite 
so important, excepting in wireless telegraphy. When you have 
a long line, you introduce inductance at periodically recurring 
points. There are two things which must be observed; the 
first is the wavelength—the electrical wavelength which is to 
be transmitted. These inductances must be separated by only a 
small part of a wavelength. 

Then in the second place, these coils must be very highly 
efficient; that is, the reactance must be very large in comparison 
with the resistance. In fact, so far as my experimental investi- 
gations go, and the theory itself, it is practically impossible to 
use a coil which has an iron core; and that is where Bradley’s 
invention, which was sold to the General Electrie Company, 
fell to the ground. He didn’t know that and the Genral Electric 
didn’t know it. 

But the General Electric Company found it out in the wireless 
work on Long Island. This is exactly what they do on Long 
Island. They use coils connecting the wireless antenna to the 
ground. There is no other scheme that will do the same thing 
that thisdoes. Itisan admirable scheme. 

The laboratory experiment represented a cable between 
Buffalo and Syracuse and the frequency was 110 ecyeles. It 
reduced the charging current down to one-seventh; there was a 
very large inductance, and it does not affect your terminal 
generation in any respect whatever. 

It will make no difference in this ease how many lines you have 
connecting with your generator; the charging current will be 
reduced in each compensated line. 

Mr. Nickle: So far as building the generator and testing is 
concerned, that is done exactly as we predicted. We do get an 
increased maximum power. Furthermore, when the reactance 
is equal to the charging current we find we get no power. We 
have tried it on the quarter-wave line. 
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On a long-distance line there is no doubt but that, where you 
can put in the proper number of lines, the charging current will 
put the excitation up. 

What I have been talking about was current-compensated 
lines. When you put in more lines there you defeat your ends. 
You should forget about compensation here. If we put in more 
lines we do increase the charging current and when we increase 
the charging current in some cases it gets so high that we ean’t 
get any power out of it. 

R. N. Conwell: Iam glad that Mr. Lee raised the question 
about the one-man control, because, after going over the report 
again, I find it is subject to misinterpretation. 

Interconnections fall generally into about three classes: 

The first one which we have considered is the so-called relay 
interconnection where relatively small amounts of power are 
interchanged between systems. Usually the lines are small, 
the capacity small and the interchange for emergency use only. 

There is a second class that has become common and that is 
where the lines are of high voltage and the distances are great. 
Usually these are used primarily for firm power interchange. 

There is a third class that is being considered at the present 
time. The lines are relatively short, connecting systems closely 
situated, but generally for high power, something like 200,000 
or 300,000 ky-a. The third class will permit the interchange of 
the full diversities of adjacent systems attaining the advantages 
of generation reserve and the most economieal operation of the 
plants in the individual systems. You can readily see that in 
this third class of interconnettion, one-man control is almost an 
essential if all the advantages are to be obtained. 

D. W. Roper: At a time when the art and science of the 
manufacture of high-tension cable with impregnated paper in- 
sulation is advancing as rapidly as it has been for the past few 
years, it seems quite impossible to prepare a statement that says 
anything with which the engineers of all the manufacturers and 
operating companies will agree. The statement to which Mr. 
Del Mar takes some exception appeared to represent the consensus 
of opinion of the majority of the members of the committee at 
the time it was prepared. While Mr. Del Mar and others have 
since developed several different theories, the statement to which 
he takes exception is still the opinion of several members of the 
committee. 

One operating company has high-tension cable made to practi- 
cally the same specifications and furnished by seven different 
manufacturers. The two makes of cables which have not failed 
in service have a compound which will pass the test developed by 
the Electrical Testing Laboratories, but the compounds taken 
from those five cables that have failed in service do not pass the 
test. In the face of this agreement of service records with the 
test indications, it does not appear expedient to discard the test 
or to condemn it in the light of present information. 

It will probably take considerably more work in the laborato- 
ries, together with a careful examination of several years’ service 
records, to determine definitely the value of any particular theory 
and the relative importance of the several steps in the process 
of drying, evacuating and impregnating the paper insulation. 

If the selection of the proper compound is such a simple matter 
and of so little importance, it seems difficult to understand why 
some manufacturers are changing their impregnating compound 
so frequently. 
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To the Board of Directors: 


FOREWORD 


Because of the many developments during the past 
few years within the scope of the Committee on Pro- 
tective Devices, it was held desirable to present, this 
year, a survey of the present state of the art in the field 
of protective devices for power systems, and the follow- 
ing annual report has been prepared with this purpose 
in view. The Committee has also, during the past 
year, given careful attention to the possibilities of 
further standardization in the field of protective devices, 
and has certain definite recommendations to make. 

As heretofore, the work has been carried on by sub- 
committees, each under the direction of itsown chairman. 
The subjects covered and the chairmen in charge are 
as follows: 


Automatic Substations. W. H. Millan, Union Elec. 
Lt. & Pwr. Co., St. Louis, Missouri. 


Current Limiting Reactors. E. A. Hester, Duquesne 
Light Company, Pittsburgh, Pa. 


Inghining Arresters. H. Halperin, Commonwealth 
Edison Co., Chicago, Illinois. 

Oil Circuit Breakers. J. M. Oliver, Alabama Power 
Company, Birmingham, Alabama. 

Protective Relays. J. A. Johnson, Niagara Falls 
Power Co., Niagara Falls, New York. 

The Subcommittee on Grounding of Systems, which 
reported last year, was not continued this year, as it 
was felt that it had completed its work, for the time 
at least. 

Following are some of the more important subjects 
dealt with in the report: 

Full automatic stations of the following re are 
in successful operation: 

Hydroelectric generating stations 

Railway substations for city and heavy traction, 
as well as interurban service 

Edison d-c. substations 

Mining and steel mill substations 

Alternating-current substations (reclosing breakers) 

Synchronous condenser stations. 

Mercury arc rectifiers for are lighting and power 
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service are now being provided with automatic switch- 
ing equipment. 

Thorough periodic inspection and maintenance are 
essential to the successful operation of automatic 
stations. 

There is a marked trend toward the use of reactors 
with insulated conductors, in order to obtain protection 
from external interference. 

Lightning protection on low-voltage circuits (230-115) 
in general appears to be unnecessary. For distribution 
circuits up to 6.6 kv., having numerous transformers 
connected, satisfactory protection is being obtained 
from available types of arresters in many cases. 

On circuits rated at 73 kv. and below, the general 
tendency is to install arresters, usually of the high 
discharge rate type. The installation of arresters on 
circuits from 73 kv. to 154 kv. is debatable, but there is 
a growing tendency to provide some means to reduce 
over-voltages due to lightning. On circuits at 154 
kv. and higher, the tendency is to omit lightning 
arresters. 

The Dufour oscillograph and klydonograph for 
measuring transient phenomena are expected greatly to 
increase our knowledge of lightning arrester performance 
and requirements for lightning protection. 

Relative interrupting capacity ratings for oil circuit 
breakers under various operating duties have been 
agreed upon by the N. E. L. A. and Electric Power 
Club, and are presented herein. 

Progress in the problem of short-circuit interruption 
is recorded in further short-circuit tests on operating 
systems, additional testing facilities in manufacturer’s 
plants, and improvement in details of design. The 
problem still remains one of outstanding importance, 
however, and seems far from satisfactory solution. 

In relay practise, definite trends are reported as 
follows: 

a. Integration of entire system into one unit, so 
interconnected and relayed that its integrity shall not 
be broken by a fault. 

b. Fault isolation by use of balanced relay systems or 
systems responsive to location or specific nature of the 
fault. 

c. Useof ‘‘back-up”’ protection, in theform of asecond 
system of relays to function in case of failure of the 
first system. 

d. Use of devices for detection of approaching fons 
before they actually occur. i 

The committee has given active attention to the 
obtaining of papers for Institute meetings. Reference 
is made herein to a number of important subjects which 
should be covered by papers next year. 
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AUTOMATIC STATIONS 

Survey. A brief survey of the present status of the 
automatic station art seems desirable at this time. For 
convenience, this survey will be considered under several 
pertinent topical headings. 

Automatic hydroelectric generating stations have 
been the subject of extensive development during the 
past three years. Stations containing two 9000-kv-a. 
units are now in successful operation, while many 
ranging from 100- to 5000-kv-a. are regularly being in- 
Stalled and operated. Automatic synchronizing has 
been perfected and is now used where large units are 
connected to small systems. Governor design has 
been improved to meet the rigid requirements of auto- 
matic station operation. In fact, practically all small 
hydroelectric developments and many moderate sized 
ones are now designed for automatic operation and 
uniformly successful results are reported. 

Railway substations now being purchased are in- 
variably automatic with rare exceptions due to local 
conditions. They are not only considered standard for 
interurban service but also standard for heavy city 
service and electrified portions of steam railroads. 
All kinds of service find them economical and reliable 
and their use is now being rapidly extended not only by 
the installation of new stations but also by the con- 
version of existing stations from manual to automatic 
operation. 

Automatic substations for Edison three-wire net- 
works have now been in successful operation on small 
and moderate sized systems for over four years. Their 
first application to two of the largest systems has just 
been completed. Their success for this class of service 
seems assured although more operating experience 
is desirable before extensive installations are made on 
important projects. 

Mining substations now being purchased are all either 
completely or partially automatic as individual local 
conditions warrant. ‘The various designs offered have 
been subjected to operating service for over five 
years. Asa result, the automatic substation is today 
considered standard by the electrical profession for the 
motor generators and synchronous converters used in 
the coal and metal mining industries for electricity 
supply. 

Steel mills have been the latest industry to adopt 
automatic stations.. One small installation of partially 
automatic-controlled synchronous. motor-generators 
has been in successful operation over five years. 
Another extensive installation of completely auto- 
matically-controlled synchronous motor-generators 
has been in service almost two years. About eight 
additional extensive installations are now in progress so 
that it would seem as though steel mill electrical 
engineers have started toward adopting automatic 
stations as standard for their service. 

Automatic feeders for alternating-current supply 
constitute by far the largest field for completely auto- 
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matic operation. In practical application, the art 
is still in an initial state of development. The equip- 
ments so far offered have simulated manual practise 
with the only improvement of more prompt opera- 
tion. Successful a-c. motor-operated mechanisms 
are now being applied to the largest oil circuit breakers, 
thus eliminating solenoids and batteries for reclosing 
service. Automatic reclosing relay and oil circuit 
breaker combinations are now in operation which 
permit clearing transient feeder faults without appre- 
ciable service interruption. These so far, however, 
have been applied only to moderate sized, relatively 
low pressure service, although in one particular case 
44,000-volt feeders are being automatically reclosed on 
a relatively large capacity power system. 

Synchronous condensers for power factor correction 
were first made automatic about ten years ago. Only 
a few installations have been made but each has been 
uniformly successful and the use of this type of auto- 
matic switching equipment is spreading with a relative 
degree of rapidity. 

Mercury arc rectifiers for are lighting and power 
service are now being provided with automatic switch- 
ing equipment. The smaller sizes with glass tube 
rectifiers have been in service a sufficient length of time 
to demonstrate their success. Those for larger units 
using metal tanks are just being placed in service so 
that next year’s report may contain further data con- 
cerning their performance. 

Railway signal and automatic train control sub- 
stations are the latest addition to the rapidly growing 
list of automatic applications. Some of these have been 
in successful operation for over three years. Many 
are now being installed to furnish power for the opera- 
tion of track signals and train control circuits. 

Symbols. Symbols for automatic station wiring 
diagrams have been attracting increased attention 
during the past year. Data which will give the existing 
practise are being collected by the subcommittee. It 
is then planned to correlate the various symbols, adjust 
differences where they exist, and finally prepare a simple, 
agreeable set which may be submitted to the Standards 
Committee for approval and promulgation. 

Nomenclature. Nomenclature for various types of 


a-c. reclosing feeders was suggested in the 1925 report. 


These suggestions have been before the electrical 
engineering public for about a year and no unfavorable 
comments have been heard or received by the committee. 
Instead, it has been found that many of the designers 
and purchasers of automatic d-c. feeders have adopted 
the proposed nomenclature. It has, therefore, been 
presented to the Standards Committee for approval 
and inclusion in the A. I. E. E. Standards. 

Protection. Recommended protection for railway 
and Edison automatic stations with synchronous 
converters and synchronous motor generators, as well 
as for automatic switching equipment in a-c. feeder 
service, was given in the 1925report. Theserecommen- 
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dations have been adopted as standard by the principal 
manutacturers and users of these classes of automatic 
stations. This year there have been developed recom- 
mendations for the protection of mining and steel 
mill automatic stations using synchronous converters 
and motor generators as well as synchronous condensers 
in voltage regulating substations and hydroelectric 
generating stations using synchronous generators. 

Steel mill substations are quite generally provided 
with synchronous motor generators. Some are partially 
automatic as when an attendant is constantly on duty 
in the vicinity. Others are completely automatic as 
when the stations ,are non-attended and locked. The 
partially automatic stations are similar in design to the 
completely automatic ones except that certain protec- 
tive and re-starting features are omitted. The items 
to be omitted vary from installation to installation so 
that it is difficult at this time to make any complete 
recommendation for the partially automatic. For this 
year’s report, therefore, consideration will be given 
only to the completely automatic synchronous motor- 
generators in steel mill service. It is recommended that 
these be provided with protective features as follows: 

A-c. undervoltage 

Severe a-c. overload 

Single-phase starting 

Excess temperature due to sustained moderate 
overload 

Imperfect start 

Loss of field of a-c. machine 

Loss of field of d-c. machine 

Reversed phase rotation 

D-c. reverse power 

Excess bearing temperature 

Machine overspeeding 

Mine substations are usually equipped with synchro- 
nous motor-generators although some stations have 
synchronous converters and a few have induction 
motor-generators, with mercury rectifiers beginning to 
be used. The recommended protection for synchro- 
nous motor-generators in mine substations is the same 
as that for synchronous motor-generators in steel mill 
service. Few induction motor-generators are now 
being applied and only two or three mercury rectifiers 
have been installed in mine service so that recommen- 
dations for these are omitted for the time being. For 
synchronous converters in mine service it is recom- 
mended that protection be given as follows: 

A-c. undervoltage 

Severe a-c. overload 

Single-phase starting 

Excess temperature due to sustained moderate 
overload . 

Imperfect start 

Loss of field 

D-c. overload 

Incorrect polarity 

D-c. reverse power 


PRESENT PRACTISES IN PROTECTION 


879 


Excess bearing temperature 

Overspeeding 

The protection for automatic hydroelectric stations 
with synchronous generators and for synchronous con- 
denser stations is quite similar. For synchronous 
generators in automatic stations, the recommended 
protection is as follows: 

A-c. undervoltage 

Severe a-c. overload 

Excess temperature due to sustained moderate 
overload 

Single-phase operation 

Imperfect start 

Loss of a-c. machine field 

Exciter overvoltage 

Excess bearing temperature 

Machine overspeeding 

Synchronous condensers usually have, in addition, a-c. 
undervoltage and single-phase starting protection. 
They are usually provided with automatic voltage 
regulators so that the exciter overvoltage protection 
included for synchronous generators is in that case 
omitted. 

Storage Batterres. The majority of automatic sta- 
tions are not provided with storage batteries. If they 
are automatic hydroelectric stations, a small turbine 
or waterwheel directly connected to a generator seems 
to be the preferred source of control power. If they 
are substations, then the source of power suitably 
transformed is used to supply the operating current. 

Some designs of automatic stations, particularly those 
used for certain classes of Edison service and for all 
classes of remote supervision, require relatively small 
operating batteries. Practically all types of standard 
batteries have been used with an equal measure of 
success although some are better adapted than others 
for this service. In general, the batteries are trickle 
charged through rectifiers or motor-generators. In a 
few unusual designs, a motor-generator is provided to 
carry the operating load with a battery floated on it for 
stand-by purposes. 

Oil Circwit Breakers. Oil circuit breakers are used in 
automatic stations between incoming lines and the 
station equipment and between the station equipment 
and outgoing lines and feeders. The two applications 
require quite different treatment in the selection of the 
oil circuit breaker equipment if a maximum of re- 
liability is obtained. 

When used between the incoming line and the station 
equipment, the oil circuit breaker is closed each time the 
machine in the station is started and opened each time 
it is stopped. Usually such an oil circuit breaker is 
operated most frequently to make or break currents less 
than its normal continuous current carrying capacity. 
However, it may be required to operate from two to one 
hundred times each day depending upon the service 
conditions. 

Oil circuit breakers used between the station equip- 
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ment and outgoing feeders are normally closed. They 
are opened usually only in case of trouble or to permit 
of circuit maintenance. These oil circuit breakers will 
consequently operate infrequently. Usually, however, 
when they do operate, they will be called upon to 
interrupt currents approximating their circuit inter- 
rupting capacity. 

In the first case, a so called ‘‘one-shot’’ breaker 
suffices if its mechanical parts permit the required fre- 
quent operation. In the second case, the circuit in- 
terrupting capacity on successive interruptions is the 
more important function with the mechanical life of 
secondary consideration. 

To meet the frequent operating requirements of the 
breaker located between the incoming line and the sta- 
tion equipment, there have been developed new designs 
of universal motor operating mechanisms. Some of 
these have been in service in excess of five years. 
They eliminate the difficulties experienced with the 
older type of operating mechanisms and give a very 
much improved automatic station equipment. 

For improving the requirement of successive circuit 
interruption to clear feeder faults, various schemes have 
been approved and are being tried. Double tanks, 
slow release of gases, ventilating ducts, and explosion 
chambers are all in use with no marked preference 
conceded at this time. 

Reclosing Cycle. The reclosing cycle used for oil 
circuit breakers which protect feeder service in auto- 
matic stations varies from application to application. 
In one extreme case, each timeafeeder breaker opens, it 
is held open until closed from a central operating point; 
7. @., it is closed under the supervision of an operator so 
that in case the trouble persists the operator can im- 
mediately report the difficulty to a central load dis- 
patcher. At the other extreme is the application where 
an oil circuit breaker may reclose on a fault five or six 
times in rapid succession. 

So far as is known by the committee, there are only 
two installations where the operation of the breakers is 
supervised after each automatic opening and only one 
installation where the breakers reclose five or six times 
in rapid succession on a circuit fault. By far the 
majority of automatic reclosing feeders in alternating- 
current service are reclosed two, three, or four times ona 
fault before being locked out. 

The reclosing cycle having three reclosures before lock 
out is almost universally standard. The time intervals, 
between reclosures, however, vary between relatively 
wide limits. One group of operators, which is rapidly 
growing, prefers to have the breakers reclose immediately 
after the first or initial circuit interruption. They want 
this time made as short as practicably consistent with 
positive relay and oil circuit breaker operation. The 
majority of operating companies, however, appear to be 
satisfied with a time interval ranging from five to twenty 
seconds between the time the breaker opens initially 
and the time of the first reclosure. Practically all 
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classes of operators are content with automatic re- 
closing the second time from fifteen to thirty or forty 
seconds after the second circuit breaker opening. 
Those who use third and fourth reclosures appear to be 
satisfied with a time interval between the second and 
third and the third and fourth reclosures of about one 
minute each. There are some unusual conditions, 
however, where the time intervals between the first 
and second reclosure and the second and third re- 
closure are even longer, being as much as three minutes 
and five minutes respectively, but these are again 
unusual. 

As a result, it is seen that there is a wide range of 
operating adjustments in the automatic reclosing of 
alternating-current feeder circuits indicating that the 
art has not yet become stabilized. 

Relays. Relays of many varieties form the primary 
basis on which successful operation of automatic sta- 
tions depends. The devices have been the subject 
of much study, development and observation in auto- 
matic station practise. Relays are used not only for 
performing protective functions, but are also used for 
controlling operating sequence and as preventatives 
against avoidable damage to service and apparatus. 

The early designs of automatic stations included 
relays which had been developed for use in manual 
stations. Gradually, however, most of these have been 
replaced by relays or their equivalents specially de- 
signed to meet the arduous service and strict regulation 
required for automatic station operation. However, 
not all of the relays or other similar devices employed in 
automatic stations today can be considered perfect. 
Service records indicate though, that as a result of relay 
development, automatic stations are today equally, if 
not more, reliable than the equivalent manual stations. 

Inspection. Periodical inspection of automatic sta- 
tions is essential to their successful operation. The 
frequency and extent of such inspection depends upon 
service requirements. Experience indicates that auto- 
matic stations provided with rotating machines and 
supplying important service should be inspected daily. 
Such inspection rarely requires over an hour in the 
station after the inspector has become proficient. 
For less important service, automatic stations with ro- 
tating machines may be inspected weekly while trans- 
former stations with reclosing feeders only are in- 
spected at even greater intervals. This class of in- 
spection serves to detect any tendency for the devices 
in the station to change their adjustment or operating 
characteristics and prevents unnecessary service 
interruptions. | 

Inspection as thus outlined must not be confused with 
periodical maintenance. Quite different personnels are 
required for the two sets of functions although where 
the automatic stations are small the same staff may 
perform both duties. 

Most of the systems having several or more auto- 
matic stations make it a rule for each inspector to file a 
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written report after each inspection of an automatic 
station. This report summarizes the work done in the 
station together with the observations which have been 
made. The reports differ from organization to or- 
ganization depending upon local conditions. In general, 
however, these reports contain the time and date of the 
inspection, together with a list of devices inspected and 
comments on any device which requires attention. 
In some cases, the reports list the readings of the 
counting devices in the station and indicate the number 
of operations of the principal functions. Of course, 
reports are properly signed and dated and otherwise 
identified. 

Maintenance. Periodical maintenance is equally 
as important as periodical inspection. The frequency 
of maintenance will depend upon the number of 
operations the automatic station is called upon to make. 
If only six or eight operations a day constitutes the 
cycle, thorough examination of the equipment with 
such cleaning of contacts and replacing of worn parts as 
is necessary ought to be made bi-monthly. If several 
hundred operations per day is the schedule, then 
weekly examination with such maintenance as is needed 
is generally recommended. 

Maintenance reports are usually prepared on the 
moderate sized and large systems which use automatic 
stations. Their form follows, in general, the inspection 
reports mentioned above, except that they may 
elaborate on the details of devices which require more 
than usual maintenance as well as list the renewal 
parts which are installed. 

A clear distinction should be made between inspec- 
tion and maintenance. One reviews, casually, the 
condition of each device or piece of apparatus in the 
automatic station. The other should be a minute in- 
spection accompanied by such cleaning and adjusting 
and replacing of worn parts as the service may require. 
Every effort should be made not to confuse these two, 
and in many systems the distinction has been drawn 
so clearly that inspection is charged to the operating 
account while maintenance is charged to the usual 
maintenance account. 

Records. Records of automatic station performance 
are quite necessary for their efficient adjustment and 
operation. These records may be divided into two 
classes as follows: 

1. Records of device and functional performance. 

2. Records of station performance. 

Device and functional performance records are 
usually made chronological and recorded in a log 
book kept in the station. Here are listed the date and 
time of the visits of inspectors, maintainers, and others, 
with their observations and the adjustments and 
changes they may make from time to time in the station 
equipment. Brief summaries of the station log may be 
prepared and forwarded to a central supervisor from 
time to time and from these may be prepared condensed 
operating reports. 
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Station performance records are usually obtained 
automatically by curve drawing or recording instru- 
ments and meters. Sometimes the instruments and 
meters form a permanent part of the automatic station 
equipment. Ofttimes portable curve drawing instru- 
ments or meters are used at regular intervals to check 
service requirements and station operation. This 
portion of the automatic station art is just being devel- 
oped and not many definitedata areavailable as a result 
of service experience. 

Fire Extinguishment. Automatic fire extinguishment 
in automatic stations has been considered by the com- 
mittee for the past two years. Practically nothing 
has been done in automatic stations along this line. 
The art of automatic or even partially automatic fire 
extinguishment in manual stations is even now just in 
the experimental stage. The committee is watching 
all installations quite carefully and expects to report 
further progress next year. 

Remote Supervision. Remote supervision of auto- 
matic stations is becoming more and more important. 
A number of systems is in the open market and some of 
the operating companies have manufactured their own 
systems. A general review of the situation was pre- 
sented by Mr. Chester Lichtenberg under the auspices 
of the Protective Devices Committee at the Midwinter 
Convention in New York, February 1926, and reference 
is made to his paper for an up-to-date survey of the 
situation. 

Telemetering. 'Telemetering is just now being de- 
veloped particularly for automatic station service. 
There are about one-half dozen installations in partial 
or complete service, but this, too, is a new development 


‘in the art which will probably serve as the subject of 


further comments next year. 

Ventilation. Ventilation of automatic stations forms 
a very important part of the design of these stations. 
In general, automatic stations are smaller than the 
equivalent manual stations. Therefore, a less volume 
of air is available for carrying off the heat generated 
in the station. This means that there must be larger 
openings provided for the air to enter and leave the 
station if the apparatus is to be maintained at a reason- 
able temperature. Very thorough studies of this 
subject are now being made by several members of the 
Institute and at least one member has promised to 
prepare a paper on this important topic for presentation 
to the Institute in the near future. 

Other Topics. Other topics not yet studied by the 
automatic station subcommittee are as follows: 

‘Nomenclature for types of automatic reclosing 

a-c. feeders. 

Terminology for operations in automatic stations. 

Protection against failure of cooling mediums. 

Automatic warning of approach of apparatus failure. 

Dielectric failure of oil where used as an insulating 
or cooling medium. 

Loss of oil in transformers. 
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CURRENT LIMITING REACTORS 

A review of the status of current limiting reactors 
in the light and power industry during the past year 
reveals nothing revolutionary either in application or 
in manufacture and design. Preceding reports have 
indicated a general stabilization of both application 
and design practises and these tendencies have become 
even stronger. The practise of sectionalizing gener- 
ating stations with reactors is on the increase and their 
use at other points on the system to localize faults 
and reduce short-circuit currents is becoming quite 
general. 

The practise of insulating the coil conductors is 
increasing in popularity, and tests have been made 
which show the efficacy of this method of preventing 
trouble from external sources. 

There is some activity in the development of oil 
immersed, steel enclosed reactors, and it is expected 
that the next year will show considerable progress. 
There has been one installation of this type of reactor 
operating successfully at 66,000 volts for some time. 

The mechanical and electrical reliability of reactors 
seems to be quite definitely established in the minds of 
operating engineers. Cases of failure due to inherent 
weakness continue to occur but with such infrequency 
that they may be attributed to accidents of manu- 
facture. It is felt that with reasonable care in instal- 
lation and inspection for freedom from foreign objects, 
the reactor may be counted among the most reliable 
of electrical equipment. Of the serious failures which 
have occurred recently, the greater number may be 
attributed to the presence of something foreign to the 
reactor. 

Out of a total of almost 5000 reactors installed during 
the past five years, only thirty-seven failures have 
been reported and only a few of these could not be 
attributed to something other than defective design or 
manufacture. These results were reported by 43 
operating companies. Of these 48, 11 reported that no 
reactors had been installed during the last five years. 

In presenting last year’s report, the subcommittee 
made several recommendations of subjects requiring 
investigation. 

The matter of thermal capacity and conductor 
cross-section continues to furnish material for discus- 
sion. Most operating companies appear to be speci- 
fying a thermal capacity of about five seconds and 
require a cross-section having the same carrying ca- 
pacity as the cables to which the reactor is connected. 
This is a somewhat more liberal allowance than was 
usual some years ago where two seconds were allowed 
and a smaller cross-section used. It hardly seems 
logical to make the reactor the weakest link in the 
system and the longer time is the result of the more 
general use of the so called “back-up” protection. 

The two-second idea seems to have grown out of 
the fact that this was the maximum allowable time 
for relay settings. Should the circuit breaker fail, then 
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the reactor was as good a place as any for the short 
circuit to burn clear. Now, there is usually at least 
one back-up circuit breaker and in the case of extreme 
contingency the time may run well above two seconds. 

Attention has been given to the matter of providing 
reactors with taps and it is the general opinion of the 
subcommittee that this is undesirable except in cases of 
extreme necessity. It is recognized that occasions will 
arise when there is no alternative, as for instance, in 
the balancing of feeders, but it is suggested that each 
case be made the subject of special treatment. The 
manufacturers are willing to supply such reactors on 
special order but are unwilling to attempt to make them 
a standard product on account of manufacturing 
difficulties. Finally, there is the objection to having 
many dissimilar reactors on the system with resulting 
chances of confusion. 

Under the subject of shielded reactors two general 
classifications may be made, first, those having each 
individual conductor insulated, and second, those which 
are oil immersed and totally enclosed. 

The insulated conductor reactor has proven quite 
popular and effective and it is predicted that they will 
largely replace the bare type on new installations, 
especially in generating stations. The number of 
failures due to the presence of foreign material is very 
likely to show a marked reduction. 

There is not a great amount of data available on 
oil-immersed, totally enclosed reactors although there 
are some in operation. In order that the status of 
this type of apparatus may be put before the industry, 
it is hoped to present a paper during the coming 
year, covering operating experience and possibilities. 

It has been suggested that your subcommittee consider 
theuse of current-limiting reactors with static condensers 
to aid in smoothing out surges, to limit the fuse current, 
and to increase the capacity of the condenser. Your 
subcommittee feels that, since a reactor considered 
in this light becomes a part of a specific device, it 
should be studied by the committee under whose 
jurisdiction static condensers are placed. The function 
of this subcommittee is to study the reactor as an 
individual piece of apparatus and its effect on the 
system as a whole. 

There has been much discussion in the past few 
years as to whether the use of reactors actually increases 
the duty on oil circuit breakers. In the light of recent 
developments and tendencies in practise it would 
appear that the duty is actually decreased rather than 
otherwise. The fact that the installation of reactors 
in a great number of cases makes it possible for the oil 
circuit breaker to interrupt the short-circuit current 
is clear indication that the gain in smaller current 
over-balances the disadvantage of a possible higher 
recovery voltage. 

There are still two schools on the question of the 
efficacy of resistance-shunted reactors. The one side 
contends that the resistance is quite effective in ab- 
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sorbing the surge voltage while the other maintains 
that it has no appreciable effect. There are some of 
both types in service and a few tests have been made, 
but thus far the results have not been very conclusive. 
It is hoped that with the assistance of the Dufour 
oscillograph and the klydonograph, described in 
another section of this report, some definite settlement 
of the question may be obtained. A paper covering 
operating experiences with the two types is also 
recommended. 

Some trouble has been experienced because of cir- 
culating currents in two-winding reactors due to 
unbalance in windings. Consideration of this brought 
out the fact that it is purely a manufacturing problem 
and therefore the concern of the particular manufac- 
turer and the user experiencing the difficulty. 


The effect of reactors on nearby magnetic materials 
has been mentioned as a subject for investigation. 
Your subcommittee is of the opinion that this is a fairly 
definite thing and that it has been well taken care of 
by the manufacturers in the printed specifications 
covering each type of reactor. Special cases must be 
subject to special attention by the manufacturer. 

The arrangement of single-phase reactors on three- 
phase circuits and the position of the reactor with 
relation to the oil circuit breaker is sometimes brought 
up for discussion. This, however, is so often subject 
to local conditions that no set rules can be laid down 
with reference to physical arrangement. Obviously, 
the reactor must be between the source of power and 
the circuit breaker whose duty is to be limited but 
this again is subject to a great many variable factors 
and no standard can be applied. 

The problem of standardization in reactors is a 
rather difficult one as is obvious from the foregoing 
considerations. Something may possibly be done 
on thermal capacity and conductor cross-section and 
your subcommittee is now considering this with the 
manufacturers. 

The wide variety of reactance values and current 
ratings now in use is rather astonishing and it is sug- 
gested that the succeeding subcommittee look into the 
possibility of reducing these to some standard basis. 
It would seem feasible to standardize certain sizes 
with respect to current, voltage, and reactance values, 
as has been done with other types of equipment. 

In reviewing papers which have been presented 
during the past few years a few points were found to be 
rather incompletely covered. This suggests the de- 
sirability of a few additional papers and the following 
are recommended: 

1. Status and Operating Experience on Oil Im- 
mersed Reactors. ; 

2. Effect of Shunting Resistance in Reducing 
_ Surge Voltages. 

3. Further Operating Experience with Insulated 
Conductor Reactors. | 
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LIGHTNING ARRESTERS 

General. In general, during the past year there have 
been no radical changes in the fundamental principles 
of lightning arrester design, and the efforts of manu- 
facturers and operating companies have been directed 
mainly to increase in reliability of the arrester and 
economy in its use. One modification is the develop- 
ment by a manufacturer of a liquid type of arrester 
with an electrolyte, which is claimed to have a freezing 
temperature of about minus 48 deg. cent.; this develop- 
ment has been also accompanied by some changes in the 
construction of the arrester. Other recent develop- 
ments have been more in the nature of increased sturdi- 
ness, additional refinements, and increased attention to 
special features imposed by operating conditions. The 
general tendency is to install arresters outdoors 
wherever possible. 

For high-voltage networks, it has been found that the 
transient overvoltages which appear on the high-ten- 
sion side of a transformer may also be induced on the 
low-tension side (and lines connected thereto) by 
means of electrostatic induction. This effect varies 
with the physical dimensions of the transformers, and 
there have been cases for transformers of large dimen- 
sions, that the induced voltage on the low-tension side 
has been high as compared with normal overvoltages 
on that side; therefore, it appears that some considera- 
tion must be given to reducing such voltages. 

Development and Practise. The A. I. E. E. Stand- 
ards state that ‘a lightning arrester is a device for 
protecting circuits and apparatus against lightning or 
other abnormal potential rises of short duration.” 
In operation the device must shunt or divert the. 
transient current in a sufficient amount so that the 
resulting rise in the voltage will not be above what the 
apparatus will withstand. Since maximum shunting 
occurs when the impedance of the circuit is zero, it is 
evident that the most effective protection during the 
transient over-voltage will be secured when the im- 
pedance of the arrester and its connections to the 
ground is minimum. 

The earliest efforts in over-voltage protection con- 
sisted in providing air-gaps connected between line and 
ground and so arranged that when the transient voltage 
appeared, the gap would break down and practically 
connect the circuit directly to earth. Usually the are 
through the arrester would not break until the genera- 
tor voltage and resulting system voltage became quite 
low. Neglecting the effect of the voltage fluctuation, 
this might have been satisfactory on some of the small 
systems, especially some years ago when generators of 
high impedance were used; but with the larger systems 
which have generators with lower impedance, the are 
would be maintained and furthermore there was the 
possibility of accompanying high voltages due to what 
was in effect an arcing ground. The operating difficul- 
ties were so great that later some impedance, usually 


resistance, was introduced in the connection to ground 
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in order to facilitate the breaking of the arc; but this 
reduced the efficiency of the arrester as a protective 
device. 

The operation of systems with inadequate protection 
was found to be impractical on account of many inter- 
ruptions of the service, and, as the art developed and the 
customer grew to place more and more dependence upon 
continuity of electric power supply, greater and greater 
efforts were exerted by the operating companies to 
eliminate interruptions and large voltage fluctuations. 
The persistance of this demand led to the development 
of arresters with characteristics which provided a com- 
paratively free path for flow of surge current at volt- 
ages above the operating voltage, but which did not 
permit current in detrimental amounts to flow, except 
during overvoltage. This important characteristic 
has been described as an “electric valve action” and 
arresters of these characteristics are known as “‘valve 
type’ arresters. 

The earliest of these was the electrolytic arrester, 
which, after some modification made through service 
experience, had very good protection characteristics. 
It had certain mechanical disadvantages, such as the 
use of oil and the use of an electrolyte which froze, 
and made the arrester practically inoperative at 
very low temperatures. There was some expense to 
operating these arresters on account of the periodic 
maintenance and daily charging during the warm 
weather, and, if the arrester was remotely located, then 
the expense became considerable. 


There is now almost a universal agreement that for a 


high degree of protection, a lightning arrester should have 
ahigh discharge rate, ashort dielectric spark lag, and the 
ability to interrupt the dynamic current. Thisisborne 
out by theoretical considerations which have been pre- 
sented on several occasions and tests and operating data 
reported by manufacturing and operating companies. 

According to Peek,! ‘‘an induced stroke of lightning 
- may produce a voltage on an overhead line equal to 
about 100 kv. per foot of elevation of the wires above 
ground. In the average case, this factor has been found 
to be 30 kv. per foot.”” On the low-voltage lines, the 
line insulation is a smaller portion of the probable usual 
voltage induced by lightning than it is for the high volt- 
age lines; for instance, on a 220-kv. line without a 
ground wire, the ratio of the usual highest lightning 
voltage to the insulator spark over voltage is about 
1.1 while the corresponding ratio for a similarly designed 
70-kv. line would be over two and for still lower volt- 
ages, this ratio would become larger. Direct strokes of 
still greater severity may be expected occasionally. 

The present practise is approximately as follows: 

1. Low-Voltage Circuits. Due to the fact that on 
such systems lightning arresters are spaced rather 
closely, a high individual discharge rate is not as es- 


1. Address by F. W. Peek, Jr., at meeting of N. E. L. A., 
Overhead Systems Committee, February 11, 1926, Kansas City, 
Missouri. 
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sential for low-voltage circuits as for high-voltage lines. 
A variety of arresters are being used with comparative 
success, and among other factors the simplicity of de- 
sign is of considerable importance. 

Experience on one system has shown that where the 
wires of low-voltage secondaries are placed directly 
under the wires of higher-voltage primaries, say, rated 
at four kv., and the length of the secondaries are not 
more than about 600 feet, it has been found unneces- 
sary to place arresters on secondaries when the primary 
wires are well protected from lightning by means of 
arresters connected to them. In the experience on 
another system it has been found that secondaries under 
1000 feet in length, whether under protected primaries 
or not, do not require arresters. Theoretically, there is 
some question as to the degree of protection offered to 
secondaries by protected overstrung primaries, but 
there is no doubt that the general practise of grounding 
one secondary wire affords effective protection to the 
secondary circuit. Where the length of the secondaries 
is longer and there are no wires above them to protect 
them, it has appeared necessary to put arresters on the 
secondaries in order to obtain protection from lightning. 

2. High-Voltage Circuits (0.6 to 154 Kv.). On high- 
voltage circuits, the lightning arresters are usually 
spaced a great distance apart so that the individual 
arrester, to be of any value, should have a large dis- 
charge rate which limits to a few types the number of ar- 
resters suitable for this purpose. The general tendency 
is to install arresters on circuits rated at 73 kv. and less. 
The installation of arresters on circuits from 73 kv. 
to 154 kv. seems to be debatable, but there is a growing 
tendency among engineers to provide some means to 
diminish the over-voltages due to lightning. This is 
done by either the rearrangement of the phase wires 
into a horizontal configuration in order to diminish the 
value of the induced voltage from lightning, or by the 
use of the ground wires to further reduce the induced 
voltage, or both, and also by the use of lightning ar- 
resters in order to protect the apparatus and circuits. 

3. Extra High-Voltage Lines. There is a tendency 
to omit lightning arresters from lines operating at 154 
kv. and higher, the main argument being that the line 
insulation is able to withstand the induced over-voitages 
and the direct strokes of lightning cannot be handled 
effectively by existing arresters. 

As no arrester will insure an absolute protection 
against a direct stroke of lightning, a certain amount of 
damage to existing equipment is to be expected, its 
amount being dependent upon the degree of protection 
provided by a given installation of arresters. The 
installation of arresters by operating companies has 
been shown by Roper, Atherton, and others to be war- 
ranted only on a basis of the improvement and re- 
liability of service to the customer, as the cost of in- 
stalling and operating an arrester is many times the 
revenue that would be lost by the operating com- 
panies during the time of interruptions. 
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The degree of protection to be selected for each case 
depends primarily on the economic considerations, and 
the problem can be treated in a manner similar to that 
described in an article by A. L. Atherton As an 
example, the Commonwealth Edison Company has 
found for business and residential sections with a high 
density of load, that on its 4000-volt distribution system, 
there is slight advantage in having more than 135 ar- 
resters per square mile. The less expensive line types of 
arresters are used on the lower voltages, except on im- 
portant installations where the larger station type is 
installed. Above 50 kv., only the station type ar- 
resters are used. 


NEw DEVICES 


The outstanding recent event in the field of lightning 
arresters has been the application in this country of two 
excellent tools for investigations, that is, the Dufour 
cathode ray oscillograph and the klydonograph. 

The Dufour oscillograph, which is essentially a lab- 
oratory instrument, was constructed in Europe several 
years ago, but it was not used in this country until 
recently. It willmake records of voltage or current tran- 
sients of a very much shorter duration than is possible 
by the ordinary vibrating type of oscillograph. (For 
further details see “‘Dufour Cathode Ray Oscillograph’’.) 
In the work of the subcommittee in the past few years, 
the measurement of the voltage-time curve (see JOURNAL 
of A. I. E. E., June 1924, p. 575) was recommended as a 
basis of comparing various lightning arresters. Until 
recent time, there have been no facilities available to 
determine this curve experimentally, but now this can 
be done with the Dufour oscillograph. This apparatus 
also affords a means of determining the relative time lag 
of insulations which is also important in the study of 
lightning protection. 

The klydonograph makes it possible to obtain records 
of transient voltages as they appear on the systems. 
It makes a record which gives a direct indication of the 
polarity and the approximate magnitude of the over- 
voltage and an approximate indication of the wave 
front of the surge. (Further details are given in 
“Klydonograph’’.) 

Both of these devices will give more definite informa- 
tion as to the nature of the surges due to lightning and 
other sources, and also determine the effect of lightning 
arresters on reducing the surges. 

FURTHER WORK 

Some further work to be done is as follows: 

1. Standardization of technique for using lightning 
generators for testing lightning arresters. 

2. Determination of voltage-time characteristics 

‘of lightning arresters, including rate of discharge and 
the dielectric spark lag. 

3. Statistical data of operating experience on high 
voltage lines, especially those ranging above about 


2. Lightning Arrester Application from the Economics Stand- 
point, A. L. Atherton, TRANS. A. I.E. E., 1924, page 581. 
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73 kv., should be gathered and correlated for systems 
which have one or more of the following conditions 
that affect the amount of the over-voltages due to 
lightning and the methods of coping with these voltages: 
a. Wires of a given line in a_ horizontal 
arrangement. 


b. Wires in other configurations. 
ce. Lines with and without arresters. 


d. Line protected by ground wires (See Peek’s? 
article.) 

e. Lines constructed so that corona acts as 
lightning arrester.‘ 


DUFOUR CATHODE RAY OSCILLOGRAPH 


For the first time in the history of the art of light- 
ning arrester protection, it is possible to secure oscillo- 
grams showing the voltage, current, and time relations 
of an electrical transient which may occupy a time of 
1/100,000,000 of a second or less. This achievement 
has been made possible through the application of the 
Dufour cathode ray oscillograph® to the measurement 
of transient phenomena encountered in the art of 
lightning protection. 

This oscillograph makes use of a beam of electrons 
moving at high velocities which produce a_ .photo- 
graphic impression by impinging directly on the 
photographic film located inside of the vacuum chamber. 
Since such a beam of electrons can be deflected by both 
electrical and magnetic fields, it is possible to take 
volt-ampere curves of any device operating on a 
transient by super-imposing on the electron stream 
two fields at right angles, one proportional to the current 
and the other proportional to the voltage. Such 
curves may be taken in a millionth of a second and give 
information on the operating characteristics of ap- 
paratus subjected to transients which has not been 
obtainable in the past. 

If the volt-time or current-time curves are desired, 
it is necessary to supply time axis usually perpendicular 
to the direction of deflection of the transient. For 
very slow speeds this may be conveneintly done by the 
use of a moving film. For high speeds the moving 
film is impracticable because of the tremendous per- 
ipheral velocities involved; therefore, means are pro- 
vided to move the electron stream at a uniform rate 
across the stationery photographic film. This is done 
by the use of a magnetic field whose change of intensity 
is suitably controlled. The upper limit of velocity, 
which is about 34 mile per second, is reached because 
of the increasing difficulty in timing the unknown 
transient so as to get the record on the films while the 
spot moving at the 34-mile per second rate is tra- 


3. Lightning and Other Transients on Transmission Lines, 
F. W. Peek, Jr., Journat A. I. E. E., August 1924, page 697. 

4. The Corona as Lightning Arrester, J. B. Whitehead. 
Journat A. I. E. E., October 1924, page 914. 

5. Studies of Time Lag of Needle Gaps, K. B. McEachron and 
E. J. Wade, Journat A. I. E. E., January 1926, page 46. 
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versing a film four in. by five in. in size. The timing 
accuracy obtained in usual operation is 50 microseconds. 

For phenomena which take place in 50 microseconds 
or less, the time scale must be greatly magnified, which 
is accomplished by the substitution of a high-frequency 
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field at right angles to the direction of deflection of the 
unknown transient. Thus the time taken to cross the 
film is determined by the frequency of the source and 
films have been taken using a frequency of 1,000,000 
cycles, the time to cross the film being 1/2,000,000 of 
a second. 

Frequently it is desirable to draw out the high- 
frequency wave so as to render the results more intel- 
ligible, thus giving a zero line which may be many feet 
in length on the four-in. by five-in. film. This is 
accomplished by applying a uniform time motion 
perpendicular to the motion of the high-frequency 
timing wave. The transient being studied also pro- 


Fig.2 


duces its motion in the same direction as that of the 
uniform time motion but is usually very fast in 
comparison. 

To show the use of this oscillograph of measuring 
transient phenomena, a series of films has been 
prepared of which four of the most typical films are 
shown here. A surge generator, similar to that used 
by Peek*, was used to send current impulse of known 
characteristics through non-inductive resistance across 


6. The Effect of Transient Voltages on Dielectrics, F. W. Peek, 
Jr., Trans. A. I. E. E., Vol. XXXIV, 1925, page 1857. 
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a part of which were connected the leads of the oscillo- 
graph. With such an arrangement, the voltage im- 
pulse across the oscillograph leads will be exactly 
similar in shape to the current surge in the main cir- 
cuit. The first two films were taken on the same wave 
front. The first film (Fig. 1) shows the limit of speed’ 
of the ordinary Duddell or Blondel oscillograph. The 
second film (Fig. 2) shows the cathode ray oscillogram 
of the same transient and the same 10,000-cycle wave, 
the time being such that 1/10,000 of a second equals 
5.5 mm. It should be noticed that no distortion ap- 


Hie. 3 


pears in the transient voltage wave such as found in 
the first film due to inertia effect of the ordinary 
oscillograph. 


E WaveFrent-300KC Timing Oscillation 
; ieood Sec.=9000m.m. Sie} = 


The second group of films shows the use of the high- 
frequency timing wave and the uniform sweeping 
motion combined; they were taken on the same tran- 
sient. The first of the group (Fig. 3) used the 50,000- 
cycle timing wave, which represents a multiplying 
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factor of 1600 compared with that of Fig. 2. When 
taking the oscillograms shown in Fig. 4, the timing 
frequency was increased to 300,000 cycles and now it 
is possible to get an accurate picture of the wave front 
itself. The transients shown on Figs. 3 and 4 can be 
replotted on rectangular co-ordinates to eliminate 
the distortion effect of the timing oscillation on the 
shape of the wave front; however, such error is usually 
so small that it is not necessary. It will be noticed 
that there are high-frequency oscillations on the wave 
front of the main impulse which are due to reflections 
in the connecting leads between the oscillograph 
and the impulse circuit. However, in order to measure 
these high-frequency oscillations on the wave front, 
a timing frequency of 1,000,000 cycles would be neces- 
sary and for such conditions, the time required to tra- 
verse the film once is but 1/2,000,000 of asecond. The 
oscillations on the wave front are of the order of 100, 
000,000 cycles and with such timing frequency, it is 
possible to get some idea of the wave shape of some of 
these oscillations. With Dufour oscillograph a mag- 
nification of 30,000 times that obtained with the or- 
dinary oscillograph is possible without disturbing 
inertia effects. 

As may be readily appreciated, from a study of these 
films, this oscillograph is destined to be of tremendous 
value in the study of transient phenomena since it is 
now possible to depict accurately the operating charac- 
teristics of any device under the action of an impulse. 
Studies which are being made will lead to a determina- 
tion of the characteristics of all kinds of protection 
equipment, will give information concerning the break- 
down of insulation with very short times of application, 
and will determine the nature of the overvoltages which 
appear on transmission and distribution systems. 


KLYDONOGRAPH 

The klydonograph’ developed by J. F. Peters is a 
surge recorder which utilizes the principle of the Lich- 
tenburg figures. When a voltage impulse is impressed 
on a terminal in contact with the emulsion of a photo- 
graphic plate between it and a grounded metallic plate, 
upon development of the photographic plate there will 
be a figure which by its size indicates the magnitude 
of the voltage impressed and by its appearance indicates 
the nature of the voltage, that is, polarity and the ap- 
proximate steepness of wave front. This instrument 
lends itself readily to application where a continuous 
graphic record of transient voltages is desired. 

Uses. 1. The use to which the klydonograph is 
best adapted is the recording of surges on transmission 
lines. Since the range of voltages which may be 
applied directly to the klydonograph is from 2 kv. to 
20 kv., in order to apply it to high-voltage lines, a po- 
tentiometer, or multiplier, is necessary. This may be 


7. Klydonograph and Its Application to Surge if nvestigations, 
J. H. Cox and J. W. Legg, Journat A. I. E. E., October, 1925, 
page 1094. 


conveniently accomplished by taking the klydonograph 
potential from the middle plate of two suitably adjusted 
air condensers connected between the high-tension 
conductor and ground. 


2. A klydonograph connected as above to give the 
nature of the surge, and another connected to measure 
the voltage across a non-inductive resistance inserted in 
the ground lead of a lightning arrester will give the 
discharge current of the arrester and the nature of 
the surge which caused it. 


3. The klydonograph may be used to measure 
indirectly the abruptness of a disturbance. To do this 
on a transmission line the instrument is connected to 
measure the voltage induced in an antenna loop. 
In the laboratory, the klydonograph is connected to 
measure the potentials across a non-inductive resis- 
tance and a concentrated inductance. From these 
the frequency of the disturbance may be calculated. 

4. By the speed of propagation of the figures on the 
plate it is possible to measure time intervals of the order 
10° of second. Thus it can be used to estimate the 
time lags of spark-gaps, insulators, etc. 


5. Finally, the klydonograph lends convenience to 
all measurements where heretofore spark-gaps have 
been used. This is for the reason that the klydono- 
graph will indicate the correct voltage with one trial, 
while a spark-gap indicates only minimum values. 

Results. 1. Extended field tests have added to 
information on the magnitudes of surges dueto lightning 
switching, arcing ground, etc. On three 120- and 140- 
kv. systems, three direct strokes of more than 1,000-kv. 
crest value were recorded in one season. Induced 
lightning up to 650 kv. was recorded ona 140-kv. system 
and exceeding 400 kv. on a 66-kv. line. In general 
they were single impulses, and the few oscillatory 
records were highly damped. The latter were probably 
line oscillations. On a 120-kv. system, switching 
surges with a maximum voltage to ground of 390 kv. 
were recorded, and were rarely oscillatory. 

Fig. 5 shows a section of film taken during an actual 
test on a transmission line. 


Om CIRCUIT BREAKERS, SWITCHES, AND FUSES 

Papers. In 1918, at the Midwinter Convention of 
the A. I. E. E., Messrs. Hewlett, Mahoney, and Burn- 
ham presented a paper on The Rating and Selection 
of Oil Cirewit Breakers. Since then much additional 
experience has been gained in the design and operation 
of oil circuit breakers. Factory and field tests have 
been conducted, methods of determining short-circuit 
current have received further attention, and new 
decrement curves have been prepared. Preparation 
of another paper bringing this information up-to-date 
is very desirable. The three larger manufacturers of 
oil circuit breakers have under consideration the prep- 
aration of such a paper and it is hoped that this paper 
will be available within the next year. 

Standardization. Revised sections of the A. I. E. E. 
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Standards dealing with Oil Circuit Breakers (number 
19) and Disconnecting and Horn Gap Switches (number 
22) were adopted in June 1925 and are now available. 
The revised Standards cover these subjects more 
completely than ever. 

As a result of its work during the present committee 
year, the Protective Devices Committee recommends 
the following additions to the above mentioned section 
of the Standards for Oil Circuit Breakers: 


a. Rule No. 19-102. Add to present rule—‘‘By rated 
voltage is meant the voltage from line to line as dis- 
tinguished from line to neutral.” 

b. Rule No. 19-104. Add to present rule—“By 
normal voltage is meant line to line voltage as dis- 
tinguished from to neutral.” 

'¢. In referring to interrupting capacity ratings, the 
term “arc amperes” is often used, and should be de- 
fined as—“Ther. m. s. value of the current taken during 
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the first half-cycle of are between contacts during the 
opening stroke.”’ 

Definitions of Normal (or Working) Voltage, Nor- 
mal (or Working) Current, and Interrupting (or Re- 
covery) Voltage should be adopted by the A. I. E. E. 
A tentative definition of Recovery Voltage, not ap- 
proved by the Protective Devices Committee, is given 
here as a matter of interest: 

Recovery Voltage is defined as the maximum peak value, 
measured from normal zero, of the voltage divided by 1/2 which 
may occur on the live side of the breaker after the interruption 
of,the are and before normal voltage conditions are restored. 

Attention is called to the following typographical 
errors in the revised Standards, Sections 19 and 22: 

F 19-63—use “Isolating” instead of “Isolated.” 
{ 22-55—use “Disconnecting” instead of 
connection.” , 

22-59—-second line—incorrect reference to “‘oil cir- 

cuit breaker.” 


“Dis- 
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22-155—second line—incorrect reference to “oil 
circuit breaker.” 

Future revisions of the A. I. E. E. Standards should 
take into account the factors which determine the in- 
terrupting duty which may be imposed upon oil circuit 
breakers. No reference to these factors, or so called 
“Prescribed Conditions,” is made in the revised Stand- 
ards; however, the available fund of information upon 
this subject is limited and much further study will be 
necessary before definite recommendations can be 
agreed upon. Factory and field tests should materi- 
ally assist in clearing up this matter. Particular at- 
tention is called to a paper by Mr. E. C. Stone on The 
Oil Circuit Breaker Situation from an Operator’s 
View Point, presented at the Annual Convention of 
the A. I. E. E. at Saratoga Springs in June, 1925 (see 
A. I. E. E. JouRNAL, July, 1925, page 756). In this 
paper some of the factors affecting current to be inter- 
rupted and recovery voltage are set forth and discussed. 

Standardization of interruptingratings has progressed 
to the point where definite recommendations have 
been made for uniform standard interrupting capacity 
ratings. The recommended steps of rating, based on 
the standard operating duty (2-OCO), for power house 
indoor oil circuit breakers at 15,000 volts and below 
are given in the following tabulation: 


Are Amperes Rated Volts Are Ky-a. 
2,500 4,500 20,000 
2,000 7,500 25,000 
1,500 15,000 40,000 
2,500 15,000 65,000 
3,500 15,000 90,000 
5,000 15,000 125,000 
7,000 15,000 175,000 

10,000 15,000 250,000 
14,000 15,000 350,000 
20,000 15,000 500,000 
30,000 15,000 750,000 
40,000 15,000 1,000,000 
60,000 15,000 1,500,000 
100,000 15,000 2,500,000 


Definite progress is being made toward recommen- 
dations of standard steps of interrupting rating on oil 
circuit breakers rated from 15,000 to 220,000 volts. 
Standardization of this kind, it is believed, will ma- 
terially reduce the present extensive lines of breakers 
and great variety of interrupting capacity and voltage 
ratings which manufacturers are forced to carry, 
ultimately leading to reduction in oil circuit breaker 
costs. . 

Progress is being made toward recommendations of 
definition of high-voltage fuse ratings. Steps have also 
been taken for preparation of a uniform test procedure 
for testing the interrupting rating of high-voltage fuses, 
similar to the procedure recently prepared for testing 
oil circuit breakers. 

Research is under way for the determination of rela- 
tive accuracy of current transformers and shunts to be 
used in connection with oscillographic records of short- 
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circuit tests; results and recommendations will probably 
be seal within another year. 

Interrupting Capacity Ratings. The following rela- 
tive interrupting capacity ratings for oil circuit breakers 


have been approved by the N. E. L. A. and the Electric 
Power Club: 


a. One-unit operating duty...... 100 per cent to 125 per cent 
Rating varies between limits given with de- 
sign of breaker. 

b. Two-unit operating duty, two-minute interval 
(Standard operating duty)................. 

ce. Four-unit operating pate two-minute 


100 per cent 
in- 


tervals. . ah eee wes FU per cant 
d. Four-unit ee See beanies vores halt minute 
SHOWS Fel has Shak aden ee a 60 per cent 


e. Four-unit operating duty, no timeintervals.... 25 per cent 
f. 300-unit operating duty, 15-minute intervals... 30 per cent 
g. Four-unit operating duty, successive intervals 

of 0, 30, 75 seconds. “es 30 per cent 
h. Four-unit operating duty, successive eatery ele 

of 15, 30, 75 seconds. . é . AO per cent 
i. Fiese- vault operating fa Baeoniinies in- 

tervals. . 70 per cent 


1. With Polerones es ee duties (a), (e), (g) and (h), 
while there are no known limitations which prevent the general 
application of these operating cycles to all oil circuit breakers, 
still in view of lack of operating experience and possible hazard, 
it is recommended that these operating cycles be confined to 
breakers having interrupting rating on operating cycle (b) of not 
over 250,000 kv-a. and having voltage ratings of 37,000 and 
lower. 

2. Zero means no time delay between full open position and 
start of closing. 

3. The present factor which the operators are using for 
operating duty (e) is 30 per cent, but it is the opinion of the 
Power Club that 25 per cent is more suitable. 


In the above tabulation a unit operating cycle is 
understood to consist of a closing of the circuit breaker 
followed immediately by its opening without purposely 
delayed action. 

Oil Circuit Breaker Tests. High capacity testing 
facilities are now available at the plants of two large 
manufacturing companies. Plans are also under way 
for several operating companies to undertake a series of 
cooperative oil circuit breaker tests, interchanging results 
among the companies participating, all tests to be made 
according to recommendations of the uniform test 
procedure. It is believed that much valuable data as to 
oil circuit breaker performance, and conditions affecting 
interrupting duty, will be secured from such tests. 

General. Improvements in the details of design have 
been made by the various manufacturers who are 
continuing the development of their oil circuit breakers 
on the basis of different design features as follows: 

High-speed contacts, 

Explosion chambers, 

Multiple contacts in series, 

Resistance introduced into breaker circuit to reduce 
energy released by arc in the breaker, 

Various methods of relieving gas pressure. 

Armored, or metal clad, switch gear which has been 
used extensively in Great Britain and Continental 
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Europe has been introduced in this country. The unit 
of metal clad switch gear is the three-phase circuit 
breaker with mountings and all auxiliaries. Each unit 
contains, within itself, the main oil breaker, bus bars, 
disconnecting devices, instrument transformers, cable 
potheads, and necessary minor features. All of the live 
conductors involved in this assembly are either im- 
mersed in oil or solidly imbedded in insulating com- 
pound and the whole is enclosed within grounded metal 
casings which form the exterior covering. Discon- 
nection is provided by withdrawal, in a horizontal 
direction, of the carriage type oil circuit breaker. 

The field of truck mounted breakers has been ex- 
tended and high interrupting capacity outdoor breakers, 
up to circuit voltages of 154,000, are now being built 
with this type of mounting. 

Working toward a better interchangeability of breakers 
of the smaller indoor type, single-pole elements are now 
being mounted on trucks and arranged for installation 
in a uniformly constructed steel housing; this will 
serve in place of the usual cell construction and will 
allow a more liberal interchange of elements and, be- 
cause of the single- rather than triple-pole element, 
will permit a smaller stock of spare units to be carried. 
Each element may be controlled by a separate protec- 
tive relay, allowing one pole to trip while the other two 
remain closed, continuing a single-phase supply over the 
circuit which the switch controls. 

. Another step toward universality is being made by 
one manufacturer who is arranging to build certain high- 
voltage breakers with provision for interchanging 
manual, solenoid, and motor operating mechanisms. 

The application of motor mechanisms has been con- 
siderably widened to cover a greater number of breaker 
capacities and to meet a larger diversity in control 
circuits as to a-c. voltage, and frequency, and varying 
d-c. voltage. 

Another manufacturer employs high-speed arcing 
contacts in high-voltage oil breakers. In the 110,000-, 
132,000-, and 187,000-volt breakers the arcing contacts 
are of the high-speed bayonet type. A cam in the 
guide mechanism of the arcing contacts provides for a 
straight line motion of the arcing contact latch until 
the main contacts have parted a pre-determined dis- 
tance, when the cam releases the arcing tips from the 
latch of the moving contacts. The release of the arcing 
tip is followed by a quick return to the normal position. 
The 25,000-, 37,000-, 50,000- and 73,000-volt breakers 
employ finger type high speed arcing contacts. The 
main contacts open at a moderate speed and when they 
reach a pre-determined separation, the arcing contacts 
are released at a high rate of speed. The contact parts 
are so arranged as to take advantage of the magnetic 
blow-out action of the current-carrying loop of the. 
breaker. Another class of breakers, used for central 
station service, employs the double tank feature, the 
purpose being to prevent oil throwing and to provide 

additional assurance that a tank will not be burned 
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through. Breakers with interrupting ratings up to 
1,500,000 kv-a., of the indoor type, are being provided 
with the resilient double tank and also each pole unit 
is designed in two sections so as to reduce the area which 
might be exposed to high gas pressures. 

The multiple series break principle for 4, 6, 8, and 10 
breaks is being employed on breakers from 15,000 to 
220,000 volts. 

Considerable interest has been manifested by a 
number of companies in the interrupting capacity of 
both high- and low-voltage fuses. Several companies 
have tested fuses in the 250- to 600-volt class. 

In one series of tests on open-link fuses in sizes from 
100 to 1000 amperes, with the fuses both initially hot 
and cold prior to test, it was found that in every case 
the fuse operation was selective between two fuses of 
adjacent current rating, the two fuses being in series 
for each individual test. 

A series of tests conducted on renewable and one-time 
enclosed cartridge fuses indicated that the rupturing 
capacity of the fuse is largely a function of the length 
of the fuse element and the volume of the cartridge 
fuse case. The time for interrupting a circuit was 
found to be very selective between fuses of different 
sizes. The melting time of the fuse was a direct 
function of the thermal capacity of the element and 
inversely to the heating effect of the short-circuit 
current. 

Tests have been made by a number of companies on 
high-voltage fuses for protection of transformer banks, 
sectionalizing lines, and similar service. Standards 
have been fairly well established on the liquid types of 
fuses. On the open link expulsion type fuses, a wide 
variety of results has been secured. 


PROTECTIVE RELAYS 


In view of the recent publication of the Relay Hand- 
book, this year’s report of the relay subcommittee 
consists principally of a resumé and analysis of the pres- 
ent status and trend of protective relay practise. 

As the publication of the Relay Handbook has given 
to the industry a comprehensive picture of the relay 
art in detail, this report will refer in detail only to 
developments which have occurred since the Handbook 
went to press, and only generally to developments 
occuring prior to that date. 

Present State of Protective Relay Practise. A ‘‘relay”’ 
in the electrical art is an automatic device whose func- 
tion is to receive information and initiate action in 
response thereto. It is estimated that the total number 
of types of such devices used in the electric power and 
telephone industries alone is in excess of 60,000. How- 
ever, this subcommittee, being a branch of the Com- 
mittee on Protective Devices, deals primarily with 
relays for the protection of power circuits and ap- 
paratus. The function of the relay as a protective 
device is to receive information of some abnormal 
condition and initiate action to correct the abnormal 
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condition, or to disconnect the apparatus or circuit 
involved, from the source of energy. 

Probably the oldest form of protection in use on 
electrical circuits is the fuse. From this developed the 
so called “overload” relays designed to act in response 
to excessive flow of current. At first these acted 
instantaneously, but as power systems, protected by 
“overload” relays, grew in magnitude and complica- 
tion, it became necessary to differentiate between relays 
in different parts of the circuit by introducing the 
element of time. We therefore have today, as our 
fundamental system of protection against faults 
producing abnormal currents, a system depending on 
overcurrent relays with differing time adjustments, such 
time adjustment, in general, becoming longer the closer 
the generating station is approached. Thishas resulted, 
with the enormous and complicated power networks now 
existing, in the appearance of various limitations to the 
use-of this system, due to the fact that the time differ- 
entials between relay settings cannot be reduced below 
a certain minimum on account of the inherent time 
required for relays and circuit breaking devices to 
function. 

To meet this objection, a second general system of 
protection against abnormal current producing faults 
has developed, based upon the principle of balancing 
out of relay circuits all current except the fault current, 
thereby causing the protective relays to function in 
response to the fault current alone. 

This general idea has crystallized in the system of 
protecting individual pieces of apparatus by balancing 
out of the relay circuits all current except that resulting 
from a fault within the particular piece of apparatus. 
There are two methods of applying this principle: 
first, by means of a series differential connection in 
which the two ends of a circuit are balanced against 
each other, and second, a parallel differential system 
which may be used where a circuit consists of parallel 
paths which may be balanced against each other. 

In addition to systems of protection using current 
alone, we have a number of systems which depend 
upon the use of both current and voltage. Some of 
these systems, such as directional ground relaying 
systems, use both the fault current and the fault voltage; 
others, such as directional current and directional 
power systems, utilize the circuit voltage and total 
current, and certain other devices, such as the impe- 
dance relay, utilize the total current and fault voltage. 

It should be observed that we have in the above, 
in general, two systems of current relaying, one de- 
pending upon total current and time for selective action, 
the other depending upon fault current and location 
for selective action. 

In addition to protection against faults involving 
current, many other abnormal conditions are now 
protected against specifically by means of relays, such 
as abnormal voltage, temperature, speed, etc., single- 
phase operation of motors and generators, cessation of 
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flow of oil, water and air for lubrication or cooling 
purposes, and other conditions too numerous to mention. 
Development of many of these additional protective 
devices has been largely accelerated by the advent of 
the automatic station, in which, there being no operator 
to act in case of trouble, it is necessary to provide 
automatic devices. 


Trend of Protective Relay Practise. The above 
outline of the types of protective relaying systems 
now in use, together with the chronological order of 
their development, indicates certain quite definite 
trends in the protective relay art. These may be briefly 
stated as follows: . 


First: With the development of large interconnected 
power systems supplied from numerous generating 
sources of varying efficiencies, there appears to be a 
growing trend towards the integration of all such sources 
into one comprehensive system so interconnected and 
relayed that its integrity shall not be broken by the 
occurrence of faults. 

Second: Since the system of relaying which depends 
upon differential timing for selective fault isolation 
has not proved sufficiently flexible to promote the 
maintenance of the maximum integrity of such systems, 
there appears to be a strong trend towards obtaining 
such fault isolation through the use of balanced relay 
systems, or systems responsive to the location or specific 
nature of the fault. 

Third: There also seems to be a rather strong trend 
towards the use of what may be called “back-up” 
protection, or a second line of defense, in the form of a 
second system of relays to function in case of failure 
of the first system, applied either to the same circuit 
breakers as the primary defense, or to others nearer 
the sources of energy. 

Fourth: There also seems to be a strongly developing 
tendency toward the development and use of devices 
for the detection of abnormal conditions and approach- 
ing faults before such faults actually occur. 

Summarizing the apparent trend of relaying practise 
in general, therefore, it would appear that the tendency 
is towards the maintenance of system integrity by the 
setting up of three lines of defense: 

1. Relays which will detect and give warning of 
approaching faults or conditions -which may cause 
faults, 

2. Relays which respond to the abnormal conditions 
resulting from the occurrence of faults to isolate the 
particular piece of apparatus or circuit at fault, 

3. A back-up. system (consisting in its commonest 
form of overcurrent relays) adjusted with such time 
delay as to function only upon the failure of the first 
and second lines of defense. : 

The relay art has played an important part in the 
evolution of the modern superpower system and has 
itself evolved in sympathy therewith. This evolution 
is still going on and must continue to do so. We are 
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confident that it will go on until every requirement 
for continuous electric service has been met. 

Developments During the Past Year. A number of 
new developments has occurred during the year, most 
of which are in the nature of detail improvements 
devised to keep abreast of the evolving art. The fol- 
lowing specific developments are noted for the purpose 
of recording the advances in the art and as information 
as to new devices available. 

1. Speed indicating relay for application to 
automatic stations. Makes separate contacts at defi- 
nite per cent under-speed, at synchronous speed and at 
definite per cent over-speed. 

2. Automatic network relay. For the control 
of alternating-current network breakers. Connects 
transformers to network when capable of supplying 
load and disconnects them on reversal of energy flow. 
Will operate on magnetizing current of a transformer. 

3. Ratio differential relay. For the differential 
protection of a-c. generators and transformers. Trip- 
ping current varies with load, allowing the relay to be 
set for close protection at normal loads. Does not 
require balancing auto-transformers for transformer 
protection. 

4. Direct-current polarized relay. Has inverse 
definite minimum characteristics. A complete line is 
available including over-current, under-current, over- 
voltage, under-voltage, reverse power, polarized po- 
tential, and resistance measuring relays. 

5. Duplex impedance relay. A combination of a 
directional impedance relay and a ground relay in one 
case. 

6. Automatic reclosing relay. Has been modified 
to permit any desired duty cycle. Time intervals may | 
be varied between five seconds and two minutes. 

7, Over- and under-voltage relays. Have been 
modified by the addition of a voltage adjusting, re- 
sistor controlled by a pointer and scale. Permits relay 
to be adjusted for any voltage within a definite range. 

8, An over-voltage relay. The same as existing 
over current relay except that a voltage winding has 
been substituted for the current winding and certain 
other minor alterations. 

9. A power directional over-current relay, offering 
power directional protection against ground faults, and 
against phase-to-phase faults where for any reason 
single-phase directional elements are preferred to a 
polyphase relay. 

10. A network relay for protecting low-voltage a-c. 
networks against a faulty distributing transformer or 
feeder. 

11. Power directional relays for sensitive pro- 
tection against ground faults in grounded neutral 
circuits. 

12. Differential frequency relay consisting of two 
induction frequency elements ‘arranged in opposition 
on a single shaft. For application in connection with 
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two circuits that are interlinked by means of a rotating 
machine. 

13. A phase unbalance relay for use in a polyphase 
circuit for protection against faults producing an un- 
balancing of currents in the several phases. 

14. Synchronism indicating relay comprising an 
induction type differential element for preventing in- 
terconnection of two systems at one point unless they 
are already connected at some other point. 

15. Motor-operated timing-relay for controlling 
the time elapsing between certain operations. In- 
tended primarily for use with automatic reclosing of 
circuit breakers. 

16. Auxiliary relay. A plunger type relay particu- 
larly adapted to automatic switching for introducing 
time in starting up and in shutting down machines. 
Can also be used in any a-c. or d-c. circuit where in- 
stantaneous pick-up and long time drop-out arerequired. 

17. Electrically-reset instantaneous over-current 
and auxiliary relays. Equipped with a solenoid for 
resetting. 

18. Flashing protective relay. Has a heavy wind- 
ing for connection from d-c. machine frame to ground to 
protect against flashing or grounding of winding to 
frame. Instantaneous. 

19. Plunger type trip free relay for use with elec- 
trically operated circuit breakers to prevent the breaker 
being held closed with over-current in the circuit. 

20. Locking relay plunger type. Primarily for pre- 
venting a circuit breaker from opening on an exces- 
sively heavy over-current. 

21. Locking relay. Primarily for preventing the 
opening of one circuit breaker due to surge conditions 
resulting from the opening of another circuit breaker. 

Recommendations. Since the efforts of Institute 
Technical Committees are directed towards research, 
standardization, and publicity, it is believed that. this 
subcommittee can be of most service this year by sug- 
gesting a few subjects on which research, standardiza- 
tion, or publicity appear desirabie. 

As to research, the following studies arerecommended : 

A. Study of pilot wire transmission line relay 
systems employed in Europe, to determine their proper 
field of usefulness. It is understood that many suc- 
cessful installations are in use and it is thought that 
American practise may benefit by the investigation 
thereof. 

B. Study of characteristics of current transformers 
at very high overloads. The characteristics of current 
transformers at very high overloads are of importance 
in many relay applications, and the information at 
present available is somewhat meagre. It is recom- 
mended that the manufacturers be urged to investi- 
gate this matter and present the information to the 
industry in the form of papers, or otherwise. 

It is reeommended that standards be formulated and 
adopted for the following: 
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1. Relay operation nomenclature. The selection 
of terms to define the characteristics of relay operation 
are very chaotic at the present time, probably no two 
companies having the same conception of what is re- 
quired, or using exactly the same terms. In order that 
material for publication regarding operating experience 
may have a common language of expression, itis recom- 
mended that standard nomenclature for relay operation 
be adopted. 

2. Relay acceptance tests. At the present time there 
are no Institute standards of overpotential tests, 
temperatures, etc., for relays. It is recommended that 
such standards be established. 

3. Relay designs and ratings. At the present time 
there is no purposeful coordination of standard relay 
designs among the different manufacturers. This 
fact imposes considerable hardship upon the relay users, 
in view of the difficulty introduced thereby, of making 
relay applications involving relays of different manu- 
facturers. It is therefore recommended that, in so far 
as appears feasible, standard ratings and operating 
characteristic curves be established for the more 
common types of relays. 

4. Current transformer characteristics. A. Coordi- 
nation between transformers of different types and 
voltages: Considerable difficulty arises in the ap- 
plication of balanced protection where transformers 
of more than one type or voltage rating are involved. 
It is recommended that in so far as possible the designs 
of transformers of different types and ratings be so 
coordinated that differing types can, without serious 
difficulty, be used for differential protection. 


B. Coordination of characteristics as between 
different manufacturers: It is also recommended that 
in so far as may be practicable, current and potential 
transformer designs of different manufacturers of the 
same general type and voltage ratings, be so coordi- 
nated that like types will have like characteristics. 

As to papers for publication, due perhaps to the 
above noted confusion as to nomenclature for relay 
operation, there has been little published information 
regarding the operation, successful or otherwise, of 
existing relay systems. It is therefore reeommended 
that at a future general Institute meeting, an appropri- 
ate amount of time be alloted for the presentation of 
relay operating experience. It is suggested that this 
presentation might well be made under three general 
divisions: — 

Time differential systems, or systems in which 
selectivity is obtained principally by timing. 

Current differential systems, or systems employing 
various current balancing plans for selective operation. 

Voltage differential systems in which the abnormal 
voltage conditions resulting from a fault are utilized 
to assist selective operation, such as impedance relay 
applications. 
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In the advancement of the above suggested program 
the following sub-subcommittees have been appointed: 

1. On Relay Operation Nomenclature and 
Experience. 

2. On Relay Acceptance Test Specifications and 
Standards. 

3. On Current 
Characteristics. 

These sub-subcommittees have not had time to com- 
plete their work this year, but it is hoped that they will 
be continued next year and continue their work to a 
useful conclusion. 


and Potential Transformer 


Appendix 
REPORT OF SUBCOMMITTEE ON AUTOMATIC STATIONS 
Since the presentation of the Automatic Stations 
Subcommittee Report this year, three points have 
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motor generators of Edison and industrial types; 
synchronous generators (in automatic hydroelectric 
applications) and synchronous condensers. These 
recommendations have been tabulated and are pre- 
sented herewith. It is urged that they be transmitted 
to the Committee on Standards with the recommenda- 
tion that they be accepted and incorporated in the 
Standards of the Institute. 

Device Function Numbers. During the year 1924 
the subcommittee submitted a set of device function 
numbers for use in automatic stations. Through the 
efforts of the subcommittee, this was accepted by the 
principal manufacturers and users and is now almost 
universal. This idea has practically standardized 
itself, but it is felt that these device function numbers 
should be transmitted to the Committee on Standards, 


MINIMUM PROTECTION 
FOR POWER APPARATUS IN AUTOMATIO STATIONS 


Synchronous Converters Syn. Motor Gen. Gen Cond. 
Rwy. Edison Mining Edison Mining Synch. Synch. 
Protection 600-volt 250-volt & indust. 250-volt & indust. hydro. 
AA UII ET —“VOLOALE cing aaivia ss cst oe wlcl vis. sieie dela ore a ss. x: x os Xx x x x 
Aa MOP UOSeV OLAS cash Ames miele Sisia sisls Sie isis o'isieln are x 2g 
PIMGORFOCH. COLATIUV A) sccintebeer bie w Wis clint sials wiles felts %s.\1 = x x x 
Single-Phase Starting. 022... cece ese e eee esses x = x x x x 
Single-Phase Operation. ..........ccescccccsseee x x 
Toss of Field, A-C. Machines... 2. ss .0..ceiscoceees x x x x oe x 
oss of Wield, D-C. Machine, 2.0 oi. cislers e oisis vcieneee 5 x 
DI GEURSVOLSC LE OW Olas aioe ote eithe hard) e wlelara wifes’ a siaaie x x x x x 
Dye OV OLIOAC ari. ira sasersre <lork [ave cin o> ob n1e' 6 syaie 0 i000 x x >. x 
Excess Temperature (Sustained Overload)......... x x x oe x x x 
Imperfect Start (Lock-out).......-..+.. eee eeeeee x x x x x x x 
Machine Overspeeding (Lock-out)................ x x x x x x 
Severe A-C. Overload (Lock-out)..............-+4- x se x x x x x 
Grounding Protection (Lock-out)...............4. x x x x x x 
Excess Bearing Temp. (Lock-out)..............-- x x x x x x x 


iixcess Bearing temp. (HOCK"OUD).- = ++ ese nee 


developed on which is submitted supplementary 
information, including points as follows: 

1. Minimum safe protection of power apparatus in 
automatic stations. 

2. Device function numbers for use in automatic 
stations. , 

3. Device symbols for use on automatic station 
wiring diagrams. 

Minimum Safe Protection. In its reports of 1925 
and 1926, the subcommittee presented its recommenda- 
tions for the protection of synchronous converters of 
railway, Edison, and industrial types; synchronous 


who should be urged to accept and incorporate them in 
the Standards of the Institute. 

Device Symbols. The subcommittee also submits a 
set of device symbols for use on automatic station 
wiring diagrams. These have just been accepted by 
the two principal manufacturers and will be used by 
them in the future. It is urged that these wiring 
diagram symbols be transmitted to the Committee on 
Standards for acceptance and incorporation in the 
Standards of the Institute. 

WALTER H. MILLAN, 
Chairman. 
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Annual Report of Committee on General Power Application* 
A. M. MacCUTCHEON, Chairman 


To the Board of Directors: 
Continuing the policy of last year the committee 
organized its work along the following lines: 


1. To secure and present papers covering general 
power applications not previously on record before the 
Institute. 

2. To study the field of general power application 
with a view to indicating such parts of the field as are 
not now adequately served and to point the way toward 
future developments. 

3. To summarize in the Annual Report the progress 
in General Power Applications during the past year. 

4. To present a bibliography which may be referred 
to by those who desire more complete and detailed 
information. 

The program of the Regional Convention at Cleve- 
land was largely prepared under the direction of this 
committee. The subject of sectionalized electric 
drive as applied to paper machines was presented in a 
series of three papers. Electric refrigeration from the 
standpoint of the refrigerator manufacturer and the 
Central Station was discussed in two papers. 

The committee has requested the assignment of a 
session at the 1927 Winter Convention and has 
already arranged for a paper on a-c. elevator motors 
and a paper on sectionalized group drive applied to 
the manufacture of steel wool. It is suggested that 
continued attention in future years be given to this 
subject of sectionalized group drive where the different 
motors on the group or train must be synchronized in 
speed. In the discussion of the committee report it is 
hoped that other subjects will be suggested, indicating 
those fields of application in which the members of the 
Institute will be most interested. 

This year the committee can do no more than initiate 
a consideration of such of the industrial fields as are 
not now adequately served. Information of this 
nature must largely come from the user. It is con- 
sidered that a very real service will be rendered to 
industry by recording such needs in the proceedings of 
the Institute. As examples, the manufacturers of 
refrigerating machines feel that there is a real need for 
developing a motor for household refrigerators which 
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shall have adequate starting torque and yet be con- 
siderably less expensive. This is not a simple problem 
but deserves the most careful consideration. There is 
opportunity for rendering a real service to industry in 
developing a control system for synchronizing the 
various motors of a group or train drive, which shall 
have many of the advantages of, and be less expensive 
than, the extremely accurate control systems developed 
for paper mill applications. Several suggestions have 
been received that the central stations increase the 
possibilities of small polyphase motor applications, 
where such motors might be less expensive, more 
reliable, and of better operating characteristics than 
single-phase motors. 

It is requested that all members of the Institute 
record with the General Power Committee the unsatis- 
fied needs of the electrical industry as such needs 
come to their attention. 

The following have been suggested as suitable sub- 
jects for papers. Discussion is invited. 

‘“‘Power Factor Correction” by the Use of Condensers. 

“Texrope”’ Drive for Short Belt Centers. 


Induction Motor Control under Starting Conditions 
by the Use of Resistance Starters. 


Double Squirrel-Cage Rotor Induction Motors. 
A-C. Elevator Drive. 


Experience with Antifriction Bearings Applied to 
Electric Motors. 


Electric Welding of Long Pipe Lines in the Field. 

Isolated Small Power Plants for Standby Purposes 
to Insure Continuity of Service. 

Co-operation between Power and _ Telephone 
Companies in Eliminating Problems of Inductive 
Interference. 


A summary of the progress in general power applica- 
tions can never be complete. This report records 
only those applications which have come to the atten-. 
tion of the committee. The thanks of the committee 
areextended to Allis-ChalmersMfg.Co.,American Brown 
Boveri Elec. Corpn., D. H. Braymer Equipment Co., 
Can. Gen. Elec. Co., Century Elec. Co., Condit Elec. 
Mfg. Co., Elec. World Pub. Co., Fairbanks, Morse & 
Co., General Electric Co., Goodyear Tire & Rubber Co., 
Haughton Elevator & Machine Co., Howell Elec. 
Motors Co., Lincoln Elec. Co., National Elec. Con- 
denser Co., Ohio Bell Telephone Co., Pittsburgh Elec. 
Furnace Corpn., Reliance Electric & Engineering Co., 
Ridgway Dynamo & Engine Co., Westinghouse Elec. 
& Mfg. Co., who have rendered most valuable aid in 
the preparation of the report. 
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LUMBER AND Woop WoRKING MACHINERY 


Electric Dogs. The application of electric motor 
drive to the dogging devices and set works of reversing 
saw carriages is not only a distinctive forward step 
from a safety standpoint, but also it makes possible 
numerous operating economies not obtainable with 
any form of manual or mechanical operation. For 
electric dogging and tapering devices, high torque 
motors can be furnished for either a-c. or d-c. operation, 
although the former is most generally used. The 
motors have been thoroughly tried out in this service 
and proved themselves admirably adapted to the work. 
Due to the reversing motion of the carriage and opera- 
tion in other than the horizontal position, the motor 
bearings are of the waste-packed sleeve type. Each 
dogging and tapering device is equipped with three 
motors of the same size and all are interchangeable, 
which greatly reduces the stock of wearing parts needed. 

The control for electric dogs is constructed to with- 
stand the heavy shocks and jars of logs slammed on the 
carriage by the nigger. The contactors for controlling 
all motions on the carriage may be housed in a steel 
cabinet, to protect them against damage and prevent 
the entrance of dust, and the push button stations 
mounted on the most convenient locations. 

Electric Set Works. Although electrically-driven 
set works have been available for several years, the 
motors used on this equipment were formerly belted 
to the mechanism and ran continuously. For this 
scheme, a clutch was necessary to apply the motive 
power for setting or receding the carriage knees. 

Present practise favors the use of a direct-connected 
motor which requires less space, eliminates the friction 
clutch, and operates only during the setting or receding 
operation. An electrically-operated brake is used in 
connection with the direct-connected squirrel-cage 
motor, which acts as a recoil mechanism and makes it 
unnecessary to use a recoil pawl. The action of the 
brake is entirely automatic. When the motor is not 
running, the brake.is set but as soon as power is applied 
to the motor the brake releases. 

The control for the direct-connected motor may be 
either push-button or drum-controller operated, and 
consists of magnetic reversing contactors designed 
particularly to function reliably in the rapid operation 
of the log carriage. 

Band Mill Drive. A 9-ft. band mill has been built 
with the lower wheel shaft direct-connected toa300-h. p. 
motor through a flexible coupling. This is the first 
large band ae ever built with a direct-connected 
f motor drive. - 
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: : RUBBER. Mus: 

The ‘synchronous motor has ae ee strides in 
genéral application in. 1925 than probably during any 
other ‘one year, and in no industry is this more true 
thaw. that of the rubber industry. 

. Equipment is now ee built for several automatic 
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across-the-line starters with dynamic brake for synchro- 
nous motors driving rubber mill lines. These starters 
are unique in that three-pole, double-throw, oil-im- 
mersed, 2200-volt contactors will be used to throw 
the motors across the line when the contactor is in the 
upper position. The lower or dynamic braking con- 
tacts of the contactor are closed by gravity assisted 
by spring action. This is the first installation in which 
a double-throw contactor will be used for both dynamic 
braking and across-the-line starting. 

A synchronous motor has been used to drive a 
rubber-hog, a machine used to cut up old tires, scrap 
rubber, etc. We believe this is the first time a synchro- 
nous motor has been used on this machine. 


BAKERIES 


For dough mixer drive up to and including 50 h. p., 
two-speed, squirrel-cage motors have certain desirable 
characteristics. When starting, the motors are thrown 
across the line using the slow-speed connection and 
automatically transferred to the high-speed connection. 
This reduces the starting current below that of a sin- 
gle-speed motor, and also makes availabletwo running 
speeds. Magnetic across-the-line starters are used with 
the proper automatic sequence obtained so that the 
motors will always start on the low connection. 


PETROLEUM INDUSTRY 


Two-speed, wound-rotor induction motors of 20/50- 
h. p. and 25/65-h. p. capacity with suitable controllers 
have been developed to meet increased requirements 
of pumping service. Similarly, to meet the demand 
of shallow light pumping wells, particularly in foreign 
fields, a 10/25-h. p. two-speed motor and complete 
controller has been developed. There are gaseous 
oil fields where protected-type electrical equipment 
must be employed in drilling service, and in some 
instances protected motors and controllers are desired 
on pumping wells. This condition, together with the 
fact that any two pumping motors may be used toform 
a twin-motor, cable-tool drilling equipment, has re- 
sulted in developing enclosing parts for the slip rings 
of the entire line of pumping motors. 

On the protected equipment, the motor slip rings 
are enclosed in a steel housing on the end of the shaft. 
The housing is designed to meet the specifications of 
the. Bureau of Mines for explosion-proof apparatus. 
No parts. of the motor subject to oe are left 
exposed. 

The controllers for the protected pumping motors 


have been made with all arcing contacts oil-immersed. 


This includes the drum cam contactor-type controller, 
pole-changing switch, and circuit breaker, which are 
the only parts presenting a fire hazard due to sparking. 


IRRIGATION 


Hollow-shaft, squirrel-cage induction motors are at 
present being extensively used for driving turbine or 
centrifugal type pumps used in the irrigation fields 
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along the Pacific Coast. The pumps are of small 
diameter so that they can be lowered in the well casing 
and submerged in the water. As the water level 
lowers, the pump is lowered and the shaft is extended 
to meet the new conditions. 

The motor consists essentially of a standard vertical 
squirrel-cage motor with a hollow shaft, the inside bore 
being sufficiently large to accomodate, with clearance, 
the extension of the pump shaft. The motor drives 
this shaft at the upper end by means of a coupling. 
The pump half of the coupling is threaded to the pump 
shaft so that the proper adjustment and alinement of 
the pump impeller at the other end of the shaft can be 
made conveniently. The upper ball bearing is suffi- 
ciently large to handle the thrust weight due to the 
motor rotor and the pump impeller and shaft, while 
the lower ball bearing of the motor acts as a guide 
bearing for the motor rotor. A cover or hood, which 
is easily removable for adjusting purposes, encloses the 
coupling and shaft end and also protects the motor 
from dripping water without interfering with the 
ventilation. 

The principal demand for these motors is in sizes 
from five h. p. to 50 h. p. of four and six poles with a 
tendency to go to higher speeds, that is, two poles and 
larger horse powers. These motors are so designed 
that they may be started directly on the line. 


CHEMICAL AND ELECTROCHEMICAL 


In this field one large installation consists of a large, 
geared, turbine-driven, d-c. electrolytic unit, rated at 
2800 kw., 18614 volts. This unit, the largest of its 
kind, is representative of the most efficient type of 
electrolytic power unit obtainable, where the power 
plant and electrolytic-cell room are adjacent. 

One copper mining company has purchased 11,500 
kw. in synchronous motor-generator sets to supply 
d-c. power for obtaining copper electrolytically from 
the leached ore. 

A new type of drive for centrifugal extractors in 
chemical and other industries involved the use of a 
direct-coupled squirrel-cage motor to secure high 
starting torque with low power consumption and good 
performance at full speed. This motor has a high 
resistance section in the rotor winding built in the form 
ofafanand located at the top of the motor. The heated 
air developed is thus expelled without passing through 
the motor proper. Adjustments in acceleration and 
speed are obtained by use of double busses, one high- 
voltage and one low-voltage, the accelerating being 
done on the high-voltage bus, the motor running on 
_ the low-voltage bus. 


ELECTRIC FURNACES 
A 15-ton, electric are furnace requiring 5000 kv-a. 
electrical equipment has been applied for melting 
cold scrap, and another 25-ton electric are furnace 
es 5000 kv-a. electrical equipment, for refining 
steel. 


A 25-ton furnace for duplexing special steels from 
open hearths for ingot production is of interest. A 
large industrial plant has installed two 15-ton furnaces 
for duplexing blast furnace iron direct. In another 
plant, open hearth to electric furnace duplexing is being 
carried on with a 114-ton electric furnace with most 
satisfactory results, although this size is somewhat 
smaller than is usually employed. 

Continuous melting and the introduction of per- 
manent molding machines has created a necessity for 
a continuous supply of hot metal. Batch operation 
is usually unsuitable for these improved molding 
methods. 

A large percentage of recent electric furnaces put into 
operation have been installed for high-quality, close- 
grained, strong, electric-furnace, gray irons. 

Of particular interest is a recent double electric 
furnace installation on the duplexing of malleable iron 
from cupolas on a continuous process. While this 
installation is unusual on account of the large tonnage 
handled, the results already obtained indicate that they 
will havea marked effect on malleable practise generally. 

Since its invention, about a decade ago, the high- 
frequency induction furnace has been exploited on a 
basis of operation at approximately 12,000 cycles, this 
frequency being obtained by means of mercury-are 
oscillators. In the last year the use of 500-cycle genera- 
tors in melting copper, brass, nickel-silver, and similar 
metals has been quite successful. Sets of 2000 cycles 
also have been supplied. 

Are furnaces, originally supplied with single-voltage 
equipments, were superseded by two-voltage ones and 
during the past year three-voltage furnaces were under 
construction. These latter use the high voltage for 
breaking down the scrap, an intermediate voltage for 
completing the melting, and the customary refining 
potential of approximately 90 volts. 


ELEVATORS 


The first full-automatic floor-landing elevator equip- 
ment for high-speed passenger service was produced 
and is nowinoperation. This equipment automatically 
brings the car to the floor after the operator has initiated 
the stop by moving the car switch to the “‘off’’ position. 
This constitutes an important improvement over pre- 
vious elevator operation in that the car stops at the 
floor, but does not stop before reaching the floor and 
then creep to it, nor does it overrun the floor and then 
creep back. 


; TUNNEL VENTILATION 

While motor application to ventilation problems is 
not new, there is one outstanding instance of such to be 
found in the furnishing of 90 motors, totaling 6000 
h. p., to drive the fans which will ventilate the Holland 
tunnel, a vehicular passageway under the Hudson River 
connecting New York and Jersey City. The tunnel 
has a capacity of 2000 vehicles per hour in each direc- 
tion, is approximately 8500 feet long and is the largest 
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tunnel of this type in the world. The motors are 
standard wound-rotor induction motors and will be 
installed late in 1926. 


CEMENT MILLS, CRUSHERS, ETC. 

There is a tendency toward the application of slow- 
speed, direct-connected motors to grinding mills. Two 
900-h. p., 180- rev. per min. clutch-type synchronous 
motors have been sold to operate 7-ft. by 40-ft. com- 
partment tube mills. These will be among the largest 
motors for tube-mill drive ever manufactured. 

The application of clutch-type synchronous motors 
has made rapid progress, particularly in the case of 
grinding and crushing machinery in the cement and 
copper industries, but installations in flour mills, on 
pumps, and on other applications have also been made. 
This motor has been developed for use in applications 
where the well-known advantages of the synchronous 
motor are desired and where high starting torque with 
low starting current is essential. The motor is a com- 
bination of a synchronous motor of standard type and 
a magnetic clutch arrangement to form a compact 
self-contained unit. The motor rotor can be revolved 
independently of the load and after synchronous speed 
is reached the load can be started by exciting the clutch. 

Controllers have been developed for this motor rang- 
ing from manual control of both motor and clutch to 
automatic motor starting and automatic clutch engage- 
ment. All forms of controllers have both the clutch 
and motor control built together as a unit. 

While the motors above are of the clutch type, there 
have also been applied motors of the same rating (900 
h. p. at 180 rev. per min.) of the induction synchronous 
type for direct connection to compeb mills without the 
use of a clutch. 

High-speed, gyratory crushers driven by vertical 
direct-connected induction motors have been placed 
on the market by a large manufacturer. 


AGRICULTURE 
Applications of electricity to agriculture greatly 
increased during the year. Much attention has been 
given to this branch both on the continent and in 
America. Some of these applications include electrical 
plows, electrical treatment of ensilage, fodder, etc., and 
general farm and dairy machinery. 


Arc WELDING 


The past year has seen an interesting development 
in the field of arc welding. While for some years past 
there have been occasional applications of arc welding 
in the building industry, the past year has shown several 
striking applications which no doubt will lead to its 
adoption, eliminating riveting in many instances. 
Tests that have been conducted show conclusively that 
an arc-welded joint made in the fabrication of structural 
steel is both stronger and cheaper than a riveted joint 
of the samé class of construction. Besides being 
cheaper and stronger, the elimination of the nerve- 
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racking din of the pneumatic hammer alone will make 
this process welcome to the inhabitants of the larger 
cities where building operations are most active. 

The introduction of a new and improved automatic 
arc-welding head for production work is another of the 
notable advances in the field of arc welding. This 
head is much simpler than anything yet produced and 
promises to be a decided advance in this class of work. 

The construction and application of automatic weld- 
ing machines for the commercial production of tanks, 
range boilers, etc., was continued and a variety of 
mechanisms adapted to particular classes of work were 
constructed. 


INDUSTRIAL HEATING PROGRESS 


Industrial electric heating made marked advance- 
ment in 1925, both in increased connected load and in 
new developments. It is estimated that throughout 
the country more than 200,000 kw. was added to cen- 
tral station lines not including are welding. 

The use of electric heat is increasing rapidly in such 
processes as japanning, core baking, drying, heat 
treating and annealing metals, glass annealing, melting 
The application of 
small units to process machines is increasing the rate 
of production in many lines and the use of small 
devices such as glue pots, soldering irons, and immersion 
units is becoming standard practise. 

New developments were carried on in cloth singeing, 
sheet-metal, tinning, heating mine drills, and in baking 
bread and other food products. 


PAPER MILLS 


A new rotary-contactor regulator for sectional paper- 
machine drive has been applied to both fourdrinier and 
cylinder-paper machines and is operating successfully. 
This regulator is fully described in a paper presented by 
Mr. S. A. Staege before the Cleveland Section of the 
A. I. E. E. during the March 1926 meeting. During the 
coming year a number of paper machines under control 
of this rotary-contactor regulator will be put into 
operation. These machines make a variety of papers 
at maximum speeds varying from 450 to 1400 ft. per 
min. 

A specially-developed d-c. drive for paper cutters 
has been applied with a resulting appreciable increase 
in production and uniform quality of product. The 
motor has a speed range of three or four to one by field 
control, and the control is designed so as to permit 
uniform acceleration to a predetermined speed and 
uniform retardation to the full field speed of the motor. 
The operation is obtained entirely from the push-button 
station, and permits the operator to slow down immedi- 
ately when necessary to remove poor sheets. Also, the 
cutter can be driven at the maximum speed suitable to 
the product. 

An automatic control equipment designed to govern 
the synchronous motor driving two magazine pulp 
grinders has been developed. This control, in case of 
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failure of the power supply to either of the feed motors, 
continues to function and holds approximately half 
load on the other stone. It also maintains automatic 
control on one stone when the other is not in use, and 
permits of the use of the feed mechanism as a hoist, 
raising and lowering the magazine when it is necessary 
to change stones. 

In Canada, synchronous motors have been applied 
with success for direct connection to screens and vacuum 
pumps of the Nash type. In the past, these have been 
driven by chain or belt, but, on account of the low- 
speed, direct-connected induction motors, have not 
been satisfactory. Higher efficiencies and smaller 
floor space are the principal advantages. 


PRINTING 


The standard drive for printing presses is a two-motor 
arrangement consisting of a large driving motor and a 
_ small motor for threading the paper through the rolls 
ata very low speed: Ina certain installation, a special 
drive was provided which involved the use of one wound- 
rotor motor for each press instead of the customary two. 
The necessary speed variation was secured by means of 
two synchronous motor-generator sets for supplying 
current to the driving motors, the generators being of 
low and high frequency. Full automatic control was 
provided, and by pressing the proper push button any 
of the driving motors could be made to run at a 
threading speed of 1/15 to 1/20 of the normal speed. 


LAUNDRY MACHINERY 


An improved control for reversing washing machines 
in laundries has been developed. The control consists 
of a drum driven by the machine which is to be reversed. 
The machine makes a given number of revolutions in 
one direction, bringing the drum to the point where the 
connections are changed and the motor reversed. A 
special motor is used, and the combined design is such 
that the motor is brought to rest gently and started 
again in the opposite direction without shock to the 
machinery, thus combining the advantages of electric 
control with the cushioned effect of the belt-driven 
machine. 


STEEL MILLS 

A 2500-h. p., 257-rev. per min., synchronous motor 
has been applied for tube-mill drive. This is apparently 
the first installation of synchronous motors for this 
work. 

A marked tendency has been evidenced to get bac 
to the use of d-c. motors where variable-speed drive is 
required. 

As regards main-roll drives, the year was one of 
unprecedented activity in the application of electric 
motors. One large manufacturer supplied a con- 
tinuous capacity of 133,000 h. p. in motors for this 
service. 

An unusual equipment was required by the Youngs- 
town Sheet & Tube Company. Instead of driving the 
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several stands of a Morgan Mill from one common line 
shaft, the stands are combined in several groups, each 
group driven by a separate adjustable-speed motor. 
Both a-c. and d-c. adjustable drives are used. The 
roughing train will be driven by a 3600-h. p., adjustable- 
speed Kraemer drive, and the intermediate train by a 
7500-h. p. similar drive, while the last three stands will 
each be driven by a 2000-h.p., d-c. motor. The 
equipment is unique in that the machines can be re- 
grouped in many combinations, providing high effi- 
ciencies even on the lighter loads. 

The first application of a decidedly large synchronous 
motor to main-roll drive is being made by the McKinney 
Steel Company, where a 9000-h.p., unity-power- 
factor, 107-rev. per min., 6600-volt, 25-cycle unit is used. 
The motor will drive a 10-stand Morgan continuous 
sheet bar mill. In addition to being the first large 
synchronous unit so applied, this motor has a higher 
continuous rating than any other motor so far applied to 
industrial purposes in this country and possibly abroad. 
The complete operation of starting and throwing on the 
line is entirely automatic and under control of a master 
switch. 

A new and interesting application in the steel in- 
dustry is the use of individual roll drive on run-out 
tables, etc. The motors themselves are of a small 
capacity and of the squirrel-cage induction type, but 
the installations are interesting in that speed variations 
of as high as three to one are required in some cases 
while two to one is very common. ‘The speed variation 
is accomplished by supplying variable frequency to 
the motors, this being obtained from a motor-generator 
set, the motor of which is usually of the adjustable- 
speed, d-c. type. The alternator voltage follows the 
frequency changes and the roll motors have the charac- 
teristic of constant torque. 


RAILWAYS 


The Ward Leonard system of control was applied 
for the first time to the operation of a lift and turnover 
dumper for railroad coal cars. This dumper can 
handle a 120-ton car and the cradle hoist requires two 
450-h. p., d-c. motors supplied with power by two 
synchronous motor-generator sets. The Barney haul 
for bringing the car up to the cradle also uses two 450- 
h. p. motors with similar control. The dumping is 
entirely automatic. 


A number of five-h. p. motors was applied in the 
operation of car retarders, a service heretofore secured 
pneumatically. The function of these retarders is to 
stop railroad cars at the proper place in a classification 
yard and the retarding action is secured by wedging 
the car wheels between two sections of rail which are 
actuated by the five-h. p. motors. Through remote 
control the car dispatcher has the entire government 
of the cars. 

The application of oil engines in combination with 
generators and motors for the propulsion of electrically- 
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driven motor cars has advanced considerably in the 
past year. New installations have been made by the 
Canadian National Railway and by the New York 
Central. 

Gas-electric busses, while not new, made large gains 
in the number of applications. 

Mining. A new application of the so called super- 
synchronous motor is to be found in installations for 
driving mine ventilating fans. The characteristics of 
these fans are such that the driving motor must be 
able to start and bring the fan up to speed under full 
load. 


Tap-Changing Transformers. Considerable publicity 
has been given to the use of tap-changing transformers 
arranged for changing ratio under load. This type of 
transformer has found a special field for electric furnace 
work and is being manufactured by several com- 
panies. 

Synchromzed Group Drive. Reference is made under 
Paper Mills to the continued improvement in the highly 
specialized and accurate systems of control used in 
paper mill drives. 

In the use of the much simpler and less expensive 
but likewise less accurate “‘dancer roll’’ control, expe- 
rience has shown that it is much easier to keep the 
various motors in step during the period of acceleration 
by the use of the Ward Leonard system. As in the 
paper mill drive, the speed change of the group as a 
whole is accomplished by changing the line voltage, 
leaving only the correction in speed of the individual 
motors to be accomplished by field change. 

Several applications of train drive have been made to 
continuous strip mills where the speed-torque charac- 
teristics of the various motors have been so related as to 
permit the elimination of all corrective rheostatic 
action. The various motors are held in step by the 
strip of steel being rolled under tension. 


Probably the most novel application of train drive 
during 1925-26 was in connection with the manufacture 
of steel wool. Ten: motors are kept in synchronism by 
a novel type of dancer roll which permits the main- 
tenance of an adjustable but uniform tension on the 
wire which is being cut. This application will be 
described in detail in a paper to be presented next winter 
by Crosby Field. 

Anti-Friction Bearings. The use of antifriction 
bearings on motors has increased rapidly. While 
ball-bearing motors have been supplied for years there 
is a continued improvement in the method of mounting 
and provision for disassembly. Standard lines of 
general purpose motors are now available with roller 
bearings. While possibly this subject does not come 
within the scope of this committee, it is referred to as 
being of unusual interest to the user. The steel mill 
electrical men have been particularly active in investi- 
gating the advantages and disadvantages of this type 
of bearing. 
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CONTROL 


A time-element magnetic control has been used for 
d-c. motors. Definite time intervals between the clos- 
ing of successive accelerating contactors are secured 
by relays which have a lag in their operation due to the 
self inductance of a short-circuited coil. 

Mine-hoist control in the past has been provided with 
current-limit acceleration relays. Definite time- 
accelerating relays have lately been employed with 
success. 

Considerable progress has been made in the develop- 
ment and application of magnetic switches for throwing 
induction motors directly on the line. Special switches 
have been designed for dust-tight service in cement. 
mills, ete. 

A reversing master switch intended for use with mag- 
netic switch starters and providing undervoltage 
protection in both forward and reverse directions has 
been applied for shipper-rod control of machine tools. 


Temperature type overload relays have superseded 
older forms and are now developed for circuits of 2000 
amperes. 


Manually operated contactors have been applied 
replacing knife switches on motor circuits. These will 
safely interrupt ten times their continuous rated current 
and may be used on either a-c. or d-c. systems. 


An electrically-operated pressure governor used in 
connection with a pressure-regulator control has been 
applied where water is either not available or not suit- 
able for operating the hydraulic type of regulator. 


One manufacturer reports the development of a new 
type of speed-regulating controller. With this equip- 
ment it is possible to maintain a substantially constant 
low speed on a slip-ring motor independent of load varia- 
tions. ‘The speed is maintained constant by means of 
an oil pump geared to the motor. The pressure 
developed by the pump varies with the speed and this 
change in pressure causes secondary contactors to open 
and close, thus regulating the speed. The same device 
provides automatic acceleration of the motor. It also 
disconnects the motor from the line at zero speed after 
it has been reversed to obtain a quick stop. 

Inductive time-limit controllers have been applied 
not only to all types of mill auxiliaries, but also to 
bucket cranes. 

Development was completed on a new type of space 
heater. In the new design, the resistor is imbedded in 
aninsulating material of the refractory type, which pro- 
duces a sturdy unit and one which can be overloaded 
with less danger of burn-out. 

There has been placed in operation a new type of 
liquid slip regulator. In this design, the electrodes are 
stationary and the liquid level is varied by forcing 
low-pressure air into and out of a displacement chamber. 
The regulator is remote-operated, a master switch 
controlling the primary contactors, the air compressor, 
and solenoid-operated valve which admits air to the 
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displacement chamber. A second valve provides slip 
regulation by bleeding air from the displacement 
chamber. In this way the liquid level is lowered on 
heavy loads and rises again as the load decreases. 

A new line of a-c. controllers has been put on the 
market utilizing a new type of thermal overload relay. 
This relay consists of a pair of heaters enclosed in 
molded insulating material. An overload causes the 
melting of a special alloy and allows a contact mecha- 
nism to open the control circuit. The alloy hardens 
after the overload is removed and the contact mecha- 
nism can then be reset manually. The relay is provided 
with adjustment for varying the tripping point. 

The application of Dean motor-operated valve units 
has been extended. A smaller unit has been brought 
out which has found its principal application in oil 
refineries. An explosion-proof station for this service 
has also been designed. 

Some novel applications of magnetic clutches have 
been reported. A number of these clutches has been 
used to drive elevators, feeding gravity conveyors. If 
material backs up in the gravity conveyor, the circuit 
to the clutch is opened, thus stopping the elevator and 
preventing the feeding of additional material into the 
jammed conveyor. 

Marine. Electrical propulsion of naval craft re- 
ceived a decided impetus in the launching of the air- 
plane carriers U.S. S. Saratoga and Lexington. These 
are the largest naval craft afloat and each will carry 
propelling equipment of approximately 180,000 s. haps 

The application of electrical drive to operate un- 
loading machinery as cited in the case of the “T. W. 
Robinson,” a 13,000-ton Great Lakes steamship, which 
itself is equipped with turbine electric drive, was a new 
departure. 

In the past, numerous ferry boats have been provided 
with electric propulsion through fore and aft propellors. 
In 1925, for the first time, Diesel-electric drive was 
applied to the operation of a side-wheel ferry boat. 

The city of Houston placed the first order for a 
Diesel electrically-driven and equipped fire boat. 

The greatest advance in the marine field is probably 
the large increase in electrically-driven auxiliaries. 

The first successfully operated electric platform hoists 
were installed on the S. S. George Washington and 
Robert E. Lee. 


FOREIGN DEVELOPMENTS 

The economical viewpoint involved in motor appli- 
cation when considered in connection with low speed 
driven machines has resulted in the development of a 
specially designed built-in, oil-immersed, high precision 
reduction gear, located in the end shield of the motor so 
as to forma unit. This application has been made to 
three-phase induction motors ranging from }4 to five 
h. p. and to three-phase and single-phase commutator 
motors from 5 to 15 h. p. A notable application has 
been to ring spinning frames in textile mills. 
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A-c. motors with built-in centrifugal starting device 
have found an increasingly wide application, being used 
to cover horse powers from 24% to 250. The unusually 
difficult problems encountered in starting and accelerat- 
ing sugar centrifugals have been successfully met by 
the use of this type of starting device on vertical motors. 

The further development of three-phase and single- 
phase commutator motors with series characteristics 
has received a great deal of attention. Likewise, exten- 
sive research work has been carried on in the develop- 
ment of 25-cycle, high-powered commutator motors 
with suitable controls for traction service. 


MISCELLANEOUS 


The a-c. brush shifting motor was applied for the 
first time to the operation of punch presses, draw 
presses, and shears. These machines are ordinarily 
driven by a high-resistance type of squirrel-cage 
motor but the ability to adjust speed to the work in 
hand is very desirable. 

The sale of “‘Texrope”’ drives increased tremendously. 
This is not particularly an electrical development but 
is of interest in the application of motor drive 
where the motor is placed close up to the work. 

An interesting application is that of small induction 
motors operating on frequencies of 300 to 400 cycles 
and at speeds of 18,000 to 25,000 rev. per min. to grind- 
ing and polishing machinery. Even higher speeds 
are anticipated. 

Synchronous motors of the vertical-shaft type have 
been applied for driving plate-glass grinders. 

Refrigerating motors have been further developed 
by several companies. There is a real need of a satis- 
factory low-priced motor for this service, comparable 
if possible to automobile-starting motors. 

Application of power apparatus for household 
purposes goes on apace. A new phonograph motor 
has recently been developed and is in use by some of 
the larger companies. 

An improved type of mooring tower erected at the 
Ford Airport, Dearborn, Mich., afforded a new appli- 
cation for electrically-driven elevator and mooring 
mechanism. 
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Iron and Steel Production 


Annual Report of Committee on Applications to Iron and 
Steel Production’ 


F. B. CROSBY, Chairman 


To the Board of Directors: 

To anyone who has followed closely from its in- 
significant status at the beginning, on through the first 
and into the second quarter of this 20th century, the 
application of electricity in the iron and steel industry, 
the steady growth to its present gigantic proportions has 
always seemed inevitable, though none the less amazing. 

In some respects, the year 1925-26 has seen all 
previous records broken in the rate of electrification. 
The applications of electric power have become so 
diversified that it renders entirely out of the question 
more than the briefest outline of outstanding features 
in the developments of the past year. 


I. GENERATION OF POWER 


The steam turbine. continues to prove the most 
reliable of prime movers in the steel plant power station. 
With the increased economies in boiler room practise, 
with blast furnace gas as fuel, and the further use on the 
mills of cooling water from the condensers, the pro- 
duction cost per kw-hr. from the turbine driven generator 
closely approaches that of the gas engine. Coal or oil 
can be used as auxiliary fuel supplementing the supply 
of blast furnace gas and thus avoiding delays which may 
arise due to shortage of gas during periods of castings or 
furnace repairs. 

The thermal efficiency of the gas engine is very at- 
tractive and where an ample supply of blast furnace gas 
is available this prime mover finds warm support. Five 
new installations of gas-engine-driven blowers, and one 
gas-engine-driven generator are reported for the current 
year. 

The ideal arrangement appears to be a combination of 
steam turbines, gas engines and purchased power, with 
dependence upon the gas engine and central station 
for the base load while the turbines float on the line 
carrying the peaks. Under these conditions a large 
block of power can be purchased at favorable rates 
owing to the comparatively low maximum demand 
charge, especially if hydropower happens to be 
available. ) 

One steel company which is putting through a 
complete electrification program of old and new mills 
is building a modern power plant with two 12,500-kv-a., 

*Committee on Applications to Iron and Steel Production: 


F. B. Crosby, Chairman, Morgan Construction Co., 15 Belmont St., 
Worcester, Mass. b 


A. C. Cummins, A. G. Pierce, G. E. Stoltz, 
W. C. Kennedy, A. G. Place, J.D. Wright. 
F. O. Schnure. 


Presented at the Annual Convention of the A. I. E. E., at 
White Sulphur Springs, June 21-25, 1926. 


6600-volt, 60-cycle, turbo generators to supply power 
for the plant. Steam will be obtained from blast 
furnace gas and powdered-coal-fired boilers designed for 
300-Ib. pressure at 180 deg. superheat. 

There is no question but that blast furnace gas should 
be used as efficiently as possible and wherever possible, 
before any other fuel is considered. Considerable 
economies can yet be made in the use of gas for heating 
blast furnace stoves. This will leave more gas avail- 
able for the generation of power, either through gas 
engines or boilers and turbines, for the production 
of steam for plant uses, or when mixed with coke-oven 
gas, for use in heating furnaces throughout the plant. 

Coke-oven gas finds a ready application in practically 
every heating, reheating and annealing furnace opera- 
tion in the plant, but where a large city offers a ready 
market, it is often necessary to restrict its use in the 
steel plant to effect an economic balance between city 
and plant consumption. 

The steel industry is still looking to the central sta- 
tions for an answer to the question of pulverized versus 
solid coal. In this field the opinion is prevalent that 
powdered fuel research and application are in the 
incubation stage and that developments in the near 
future may revolutionize present standards of boiler 
practise. 


II. DISTRIBUTION 


Many steel plants have reached and passed the 
economic limit of 2200 volts for distribution. The large 
powers often required result in prohibitive current 
values at this voltage. This is reflected in excessive 
costs of protective oil switches and line losses even in the 
relatively short transmission distance from the load 
center to the numerous mill motors. 

A distribution voltage of 6600 has become quite usual, 
so that only in the smaller plants, and in some cases 
where power is purchased, is 2200 volts standard. The 
increasing loads in the larger plants are taxing even the 
6600-volt systems, but, so far, only one plant is re- 
ported as having main roll motors fed directly from a 
13,200-volt system. 


III. MAIN ROLL DRIVE 

Many of the mills laid out previous to the advent of 
the steel mill motor, now, each year, are reaching a point 
where, because of competition with recent equipment, 
it is necessary to throw them out or re-build them so far 
as possible along modern lines. The first consideration 
is usually the replacement of the original engine by a 
suitable motor and control. 
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One electrical manufacturer reports the sale of an 
aggregate of 33,270 h.p. of motors replacing engine 
drives during the past year. During this period 
the company has installed and placed in operation 
31,000 h. p. (continuous rating) of reversing-mill 
motors and has taken orders for six additional reversing 
equipments aggregating 24,600 h. p. Three of these six 
units are replacing engine drives of existing mills, 
while two are for new mills which are to replace engine 
driven mills. 


Notable among the reversing equipments installed 
during the year are two 7000-h.p. motors, the largest 
single armature machines thus far built for this service. 
An 8000-h. p. unit of slower speed but nearly 50 per cent 
larger in physical dimensions is, however, nearing com- 
pletion in the factory. 


Developments in the frequency converter type of 
alternating-current, adjustable speed drives provide for 
operation at constant torque above and below syn- 
chronism. This method of speed adjustment requires 
only two rotating machines,—the main motor and the 
frequency converter,—both on the same shaft. The 
slip energy of the induction motor is changed to line 
frequency in the frequency converter and returned to 
the line through speed adjusting transformers. Three 
units of this type, one of 770 h. p. and two of 1600 h. p. 
each, are now being built. 

A 5000-h. p., 99-rev. per min., 60-cycle, induction 
motor built for a continuous billet mill drive is of 
interest particularly in that it is designed for 13,200- 
volt operation. Heretofore, except in one instance 
(see Report for 1925) main-roll motors have not been 
built for voltages above 6600 as it was thought that 
insulation troubles on higher potentials would be ag- 
gravated by the dirty atmosphere and conducting dust 
usually found in steel plants. 

The necessity of maintaining constant speed relation 
between the several drives of modern tandem mills has 
brought about the development of a new method of 
control for compound wound, adjustable speed, direct- 
current motors. This involves a. series exciter and a 
variable potential field rheostat mechanically con- 
nected to the main shunt field rheostat, with resistance 
so proportioned that the series excitation is of the 
correct value to give very nearly zero speed regulation 
at any speed setting. This method of control is being 
applied to a 10-in., semi-continuous, merchant mill in 
three sections which are driven by 1000-, 1200- and 
2000-h. p., d-c. motors respectively. 

Another electrical manufacturer reports unprece- 


dented activity in its steel mill business for the past _ 
year with an aggregate .h. p. rating of mill motors sold © 


from 1st June, 1925 to 1st May, 1926, of 102,910 h.p. 
This company also reports placing in operation a 
4000-h. p. reversing drive in which the single motor 
is supplied from a fly-wheel motor-generator consisting 
of two 750-volt generators permanently paralleled, a 
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scheme first suggested by them in 1922 and now 
generally adopted. 

This same electrical manufacturer also reports a new 
tonnage record for electrically-driven blooming mills 
made by a 40-in. mill, driven by one of its reverse 
equipments; namely 90,175 tons of ingots rolled in one 
month. A repeat order duplicating the electrical 
equipment was obtained for a 46-in. mill, using a motor 
rated 7000 h. p., 50 to 100 rev. per min. 

Another of its installations of especial interest is a 
9000-h. p. unity power factor, 107-rev. per min., 
6600-volt, 25-cycle synchronous motor which, from the 
standpoint of continuous h. p. capacity, is the largest 
motor of any type used for industrial purposes in the 
United States or, so far as can be learned, in any other 
country. It is also notable in that it is the first really 
large synchronous motor to be used for driving a rolling 
mill. The motor may be started, stopped, or reversed 
from a master switch exactly the same as any other 
type of rolling mill motor. The Korndorfer system of 
control is used and the complete operation of starting on 
the low voltage tap of the auto-transformer, switching 
to a higher tap, applying field at the correct time, and 
throwing on the line, is taken care of automatically. 
In the design of the motor, particular attention has been 
given to obtaining very good starting torque charac- 
teristics. The excitation for the motor field is derived 
from a separate motor-driven exciter. 

One of the best examples of motor drive for so-called 
tandem mills was put in operation about the first of the 
year. Practically every stand is driven by an ite 
dividual direct-current motor, furnished with power 
from several synchronous motor-generator sets; a wide 
range of speeds is obtained by a combination of genera- 
tor voltage and motor field control. 

The ageregate capacity of the several motors driving 
this mill amounts to 15,850 h. p.-(40 deg. cent.) The 
electrical apparatus is located in the best possible sur- 
roundings, emphasizing the growing importance which 
the mill operators are assigning to the electrical part of 
their equipment. 

While the cost of such an elaborate drive is relatively 
high, the equipment is, on the whole, very economical; 
the flexibility and the wide speed range permit of rolling 
on this mill a great variety of products which would 
otherwise require at least two separate mills of a less 
flexible type. 

The following tabulation includes only main mill 
motors on a continuous rated basis, in units above 300 
h.p. as reported by the three principal electrical 
manufacturers in this country, up to 1st May, 1926. 


1923 1924 1925 1926 
GO-CYCIE, «6.50 + alee sine 452840 478390 543440 586440 
QE-CyCle. 1... see eee | 475825 490225 38450 582430 © 
Direct-Current.........- 299670 324860 430610 530060 
1228335 1293475 1512500 1698930 
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IV. AUTOMATIC CONTROL 

The year 1925 showed great activity in the applica- 
tion of automatic control to cranes and auxiliary mill 
machinery. Its dual functions of control and protection 
are now universally accepted so that there is now little 
opposition to its general use. Although there were no 
new developments of remarkable importance, a most 
interesting feature was the rapidly increasing use of the 
inductive time element control system. 

This system of control was commercially introduced 
in 1924 by one manufacturer and shortly afterwards a 
similar system was brought out by another. The 
essential features of these systems of control are: 
(1) the short circuiting of accelerating resistance within 
a definite time, regardless of the load, and (2) the 
securing of a time interval purely by electro magnetic 
means. In the first system, the time interval is 
secured by making use of the transient voltage induced 
in a transformer or “inductor” due to changes in the 
motor current. In the second system, use is made of 
the slowly decreasing magnetism of shunt-wound 
relays when their coils are short-circuited. Both 
systems fill a long-felt need. Theoretically, current- 
limiting control provides a valuable protection to the 
motor. Practically, the protection actually afforded in 
many instances is almost nil since the current-limiting 
relays must. be adjusted to start the motor under the 
heaviest load which may be encountered. With 
current-limiting control, therefore, the motor starts 
slowly under heavy load and quickly under light load, 
in either case subjecting the motor to excessive current. 
On the other hand, time-element control imposes ex- 
cessive current on the motor only when the motor has 
an excessive load to accelerate and thus gives the motor 
much better average protection. 

Although the larger portion of these installations 
has been for the control of mill tables and other auxil- 
lary drives, a very considerable number has been 
installed for the control of open-hearth charging 
machines, soaking-pit cranes and standard cranes, 
particularly for the bridge motions. Installations 
of particular interest include a dynamic lowering 
controller for a bucket hoist and an ore-bridge trolley 
controller. Recent installations placed in control 
rooms entirely separated from the mill proper with 
control panels mounted in continuous switchboards, 
resistors mounted overhead in tiers on structural 
supports, with foot walks between, and with ample 
provision for ventilation, mark the growing appreciation 
of the fact that proper and substantial installation 
contributes probably as much as first class equipment 
to continuity and economy of operation. 

A very interesting development of the past year 
which will surely have an important effect on crane 
control is the increasing use of roller bearings. One 
large installation has been made of cranes equipped 
throughout with roller bearings even including the 
sheave bearings in the hook block. An obvious effect 
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of these anti-friction bearings is to increase the free 
running speed of bridges and trolleys and the light 
hook hoisting speeds. This imposes a greater respon- 
sibility than ever before on the control equipment to 
protect the motors and gearing in plugging and empha- 
sizes the necessity for reliable brakes and limit switches 
for the hoists. Brakes on the trolley motors, hitherto 
rather unusual, would appear to be necessary on a 
trolley equipped with roller bearings. In some cases 
the hoist control will need to provide some means of 
limiting the light hook hoisting speed. 

Automatic control of the electro-pneumatic type is 
being applied to the control of two 275-h. p., compound- 
wound motors in parallel for the drive of a large bloom 
shear. The cycle for this machine requires a complete 
operation in about six seconds and the pneumatically 
operated contactors of the large capacities involved are 
much faster and more positive in action than magnetic 
contactors of similar capacity. The electro-pneumatic 
contactors are assembled in steel frame work, and make 
a more compact and sturdy controller than the usual 
contactors mounted on slate or other insulating panels. 


V. AUTOMATIC SUBSTATIONS 


The use of automatically controlled substations in 
steel plants has increased very greatly since the first 
installation in 1924. An installation recently put into 
operation provides for the automatic control of two 
1500-kw. synchronous motor-generator sets and of 
twelve 4000-ampere, d-c. feeders. This automatic 
equipment is in a substation with several large revers- 
ing mill drives with an attendant always present, but 
it was felt that the more reliable operation was of 
sufficient value to warrant the installation of automatic 
equipment just the same. Several other installations 
are being made for the automatic control of motor- 
generator sets and a-c. and d-c. feeders. 


VI. YARD ELECTRIFICATION 


The Diesel electric locomotive of which special 
mention was made in this report last year has grown 
rapidly in favor as experience has demonstrated its 
possibilities. Larger sizes up to 60 tons or more are 
now available and with their proved economy and 
reliability, appear to have successfully solved the dan- 
gerous problems of third rail or overhead trolley in the 
steel plant. 


VII. ILLUMINATION OF YARDS AND BUILDINGS 


‘This past year has seen a marked impetus in the 
increasing recognition of the value of good lighting 
in mill buildings and yard. More attention has been 
given to the specific requirements of different kinds of 
mills and to the different operations within a given 


mill. 


The kw-hrs. required for lighting range from 10 to 
15 per cent of the total power load andarean appreciable 
item in the total cost. More efficient lighting units 
have been developed of larger wattage yielding more 
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light per unit current consumption and, incidentally, 
requiring less time for cleaning. 


VIII. EL&ectric HEATING 


The use of electricity for heating is increasing rapidly 
in a great variety of applications. One instance of 
especial interest is the heating of ingot hot tops. 

Early in 1925 an equipment was installed for heating 
the tops for ingots,—primarily of monel metal and 
nickel. Before using this equipment, 3800 lb. of metal 
was poured to obtain a 3000-lb. ingot, the waste averag- 
ing 20 per cent to 30 per cent. Now 38250 lb. of metal 
are poured and 85 per cent of the ingots are used with 
very little cropping while a large percentage of the 
remaining 15 per cent is worked into commercial 
products. 

The electrical equipment consists of one 1800-kv-a., 
three-phase transformer designed to supply power to 
the ingot heating equipment and also to serve as a 
spare for a six-ton are melting furnace. Other equip- 
ment consists of one 10-per cent, three-phase, air core 
reactor for use in the 2200-volt circuit, instrument and 
control panel; also six automatic, single-phase, electrode 
regulating equipments for controlling the input to the 
arcs used to heat the top of the ingot. 

IX. ELECTRIC FURNACE 


Last December, several units of the first commercial 
installation of Northrup induction furnaces operating 
at 480 cycles were put in operation. This particular 
installation was made for melting nickel silver and 
similar alloys, but these equipments have many pos- 
sibilities in the heating and melting of ferrous metals 
and alloys, several applications being under considera- 
tion at present. 
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The initial installation consists of two motor-genera- 
tor sets, each delivering 600 kw., single-phase, 1875 
volts, 480 cycles, to six Northrup high-frequency 
furnaces, each generator being driven by a 3-phase, 
60-cycle, 2300-volt synchronous motor, with direct- 
connected exciter. ‘To compensate for the low power 
factor and obtain best circuit conditions, a bank of 
capacitors is included with each furnace. 

Last fall, the equipment for the first three-voltage- 
control are melting furnaces was sold. These 
equipments are used with six-ton, three-electrode 
furnaces, one originally installed with a 1200-kv-a. 
bank of transformers and the two others with a 1500- 
kv-a. bank of transformers. 

Each new equipment consists of a 2550-kv-a. bank 
of transformers which will deliver full output at 165, 
156 or 147 volts and a lower capacity at 138, 120, 95, 
85, 80 or 70 volts. Air core reactors of 25 per cent 
capacity for connection in the 11,500-volt circuit, 
together with suitable switching equipment, were also 
included. 

The melter has a choice of several voltages to start 
the heating, probably using 2550 kv-a. at 165 or 156 
volts, 2400 kv-a. at 188 for the intermediate voltage 
and:a still lower kv-a. at the refining voltage,—prob- 
ably 85 or 90 volts, depending upon the furnace 
equipments. 

Marked economies are effected in furnace operation, 
especially from the standpoint of the life of the side 
walls and roof, together with possible reduction in 
electrode consumption. 

In conclusion, I wish to givefull credit to the members 
of this committee for their effort as individuals in 
gathering the data which forms this report. 


Electricity in Mine Work 


Annual Report of Committee on Applications to Mining Work’ 
F. Le STONE, Chairman 


The Committee on Applications to Mining Work has 
done very little constructive work during the past year. 
From the nature of things, the committee can only 
watch the development of the use of electric power in 
mines. This use is becoming more general every year 
and electric motors are supplanting every other kind of 
motive power. This is due, of course, to their higher 
efficiency and flexibility of control, combined with 
the fact that they are just as reliable, if properly de- 
signed for mine use, as any of the other forms of drive. 
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I think that no mine operator who is contemplating 
the opening of a new mine would consider any other 
method of drive. 

In coal mines there always exists the hazard of 
explosion from gas, and in the bituminous mines from 
both gas and coal dust. These explosions have de- 
stroyed hundreds of lives and ruined millions of dollars’ 
worth of property. The operators consequently are 
making strenuous efforts to eliminate the initial cause 
of such explosions. . 

A small percentage of these explosions has been 
traceable to the electric are. After such an explosion . 
has occurred, all traces of its initial cause are usually 
obliterated. Consequently many explosions have been 
attributed, for the want of a better explanation, to 
electric arcs, without any real justification. 

The hazard, however, does exist and it is entirely 
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wrong for electrical engineers to attempt in any way to 
dodge the issue. It is unquestionably unsafe to operate 
open motors at the face of any mine that may become 
gaseous with little or no warning. 

This condition, which is fully recognized by mining 
engineers, is putting a new problem to the electrical 
engineers. They must design apparatus which, to say 
the least, will be safer than that in use at the present 
time. The apparatus must be such that when its free 
space is filled with explosive gas or coal dust in sus- 
pension and this mixture ignites, sufficient heat will not 
be transmitted to the outside of the motor to cause the 
ignition of explosive mixtures surrounding the motor. 
The connections to the apparatus must be such that 
they cannot be tampered with or opened while power 
is on the motor, thereby drawing an arc. It is not the 
purpose of this report to outline in detail the many 
problems that are now up to the electrical engineer to 
produce apparatus which will be safe, even in gaseous 
atmospheres. 

The United States Bureau of Mines has rendered 
very valuable assistance to the manufacturers in 
describing in detail what constitutes safe apparatus, and 
will issue to manufacturers what is known as approval 
plates, which means that this particular piece of 
apparatus for which the plate is issued has been tested 
by them and has been found to be safe for use in 
explosive atmospheres in so far as they can ascertain. 
Quite a long list of such apparatus has been approved 
by the Bureau of Mines already and this list is increas- 
ing continually. The Chairman of this Committee 
believes that it will not be many years before state 
legislation decrees that all electrical apparatus used at 
the face of any coal mine must be similar to that which 
is now known as “approved apparatus.” 

Due to the great number of producing bituminous 
mines, the bituminous industry finds itself in a very 
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precarious position. As a whole, the potential ca- 
pacity of the industry to produce is very greatly in 
excess of the demand. Consequently, the price of the 
product is extremely low, and it would seem as though 
only the most efficiently operated mines can exist. 
This condition has led mining engineers to reconsider 
and intensively study their mining conditions with a 
view to reducing costs. The result of this study is that 
several new methods of mining have been evolved all of 
which require electric motors in some form or other. 
We have several successful mechanical loading devices 
where the coal is loaded mechanically into the cars 
after being shot. We have other schemes where the 
coal is drawn to the entry in large scraper buckets and 
there loaded directly in cars. There are also innu- 
merable conveyor schemes which carry the coal from the 
face to the mine car, the conveyors being more or less 
portable and so arranged that they can follow the face 
as it recedes. 

The electrical equipment for these entirely new 
devices does not present any very serious problem 
beyond the proper selection of motors to meet the 
conditions indicated. 

In the effort to reduce further the costs at the mines, 
we find more and more fully automatic substations 
being installed for supplying direct current and also 
fully automatic pumping stations. We find the elec- 
trical engineers of the coal mines watching their peak 
demands and installing meters much more freely than 
in the past. 

The electrification of power shovels continues at an 
ever increasing rate, the general scheme being the use of 
Ward Leonard controlled generators, using a motor and 
generator on each of the motions. 

The metal mines have been fairly active this year, 
and electrification of these mines has proceeded along 
standard and well-defined lines. 


Marine Work 


Annual Report of Committee on Application to Marine Work’ 
L. C. BROOKS, Chairman 


To the Board of Directors: 


The work of the Committee on Application to Marine 
Work for this year has been very largely a continuation 
of the work of the last year, in connection with the 
compiling of the Revised Rules, which we hope will be 
ready for publication during the present summer. 

As has been the case in the past several years, the 
work of this committee has been divided into sections, 
each in charge of a subcommittee, including propulsion, 
power apparatus, interior communication, fixtures and 
fittings, wire and cable, radio, historical, and editing. 
Each subcommittee prepared revisions of the Marine 
Rules applicable to their work, which revisions were 
discussed and approved by the main committee, and 
afterwards turned over to the editing committee for 
final compiling. 

The work of these subcommittees is to be com- 
mended, especially from the fact that there are many 
avenues of thought which needed to be correlated into 
a unified final decision by the main committee. The 
entire revision is now in the hands of the editing com- 
mittee, and it is anticipated that it will be ready for 
publication very shortly. 

At the present time the marine industry is not 
active, of course, but due to the fact of more stringent 
requirements of insurance, it is very important that 
these Revised Rules may be issued as soon as practi- 
cable, in order that the United States may have some 
definite standard as a basis. 

A. I.E. E. Marine Rules are now accepted as stand- 
ard, as far as applicable, by the American Bureau of 
Shipping, and nearly all of the naval architects and 
shipbuilding companies. 

In addition to the work on the Marine Rules as above 
mentioned, there were several committees consisting 
of other lines of thought that were allied with the 
‘marine work, as follows: , 

Personnel Committee, working in conjunction with 
the Department of Commerce and new commanding 
officer in charge of the steamboat inspection service; 
also working in conjunction with the law officer of 
the Shipping Board. There is considerable optimism 
that some definite results will be obtained in connection 
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with the proper recognition of electrical engineers on 
board ships. 

This committee has also given assistance in connec- 
tion with the Department of Commerce, which is 
endeavoring to establish a uniform practise in fire 
alarm laws, which is a very important subject in con- 
nection with marine navigation. This phase of the 
question will include also electrical systems or devices 
in the form of automatic steering arrangements, 
navigating instruments, sounding machines, etc. 

In connection with the committee as a whole, it is 
with regret that we chronicle the death of W. F. Mes- 
chenmoser of the Russell & Stoll Company. Mr. 
Meschenmoser has been for many years an active 
member of this committee and chairman of the sub- 
committee on fixtures and fittings; his work will 
be greatly missed in future activities and meetings of 
this committee. 

Also, it is reported with keen regret that Mr. Maxwell 
W. Day, who has been a member of this committee 
since its inception, hasfound it necessary to retire from 
all business connections, and resigned from the com- 
mittee early in the year. Mr. Day’s personality and 
valuable technical experience have been a great asset 
to this committee through its entire life, and he has 
been greatly missed. 

During the past year one paper has been presented 
at the Pacific Coast meeting, on the subject of electric 
propulsion. No doubt the coming year will see other 
papers prepared for presentation at some of the Re- 
gional meetings. 

As to the work of the future, it is believed that the 
work of this committee will be very important in keep- 
ing these rules up to date, to conform to changes that 
develop with the advance of time and the development 
of the art. This will apply especially to interior com- 
munication apparatus, wireandcable,andpersonnel. It 
is also believed that considerable work is possible and de- 
sirable in connection with standard approval of fittings. 

A very important factor in connection with the work 
of this committee is the cooperation between the work 
of this committee and other committees covering the 
manufacture of apparatus and appliances. The ap- 
plication to marine work requires certain refinements 
and rigid construction not necessary in ordinary 
apparatus, and for that reason the work of the Marine 
Committee must of necessity cover construction de- 
tails more than is ordinarily considered the function 
of other industrial committees. 

In conclusion, the chairman wishes to thank the 
committee as a whole, and the chairman of the sub- 
committees in particular, for their good work during 
the past year, and the results which they have obtained. 
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Electrochemistry and Electrometallurgy 
Annual Report of the Committee on Electrochemistry and 
Electrometallurgy® 
G. W. VINAL, Chairman 


To the Board of Directors: 


The Committee on Electrochemistry and Electro- 
metallurgy of the Institute makes its annual report 
dealing primarily with a review of some of the out- 
standing developments within the field of the 
Committee’s work. At the beginning of the adminis- 
trative year, the Committee was enlarged to include 
members representing as far as possible the many 
diverse fields that are included within the scope of 
electrochemistry and electrometallurgy. 

The Committee has endeavored to bring about a 
closer cooperation between its own work and that of 
the American Electrochemical Society with which it 
should be closely identified. The work of our Com- 
mittee does not overlap that of the Electrochemical 
Society, and it is apparent that a still greater degree 
of cooperation between the two organizations would be 
valuable'!. 

In'1925 Mr. F. E. Smith, President of the London 
Physical Society, advocated the replacement of the 
present international electrical units by the absolute 
em. g. sec. units. This is not a new idea, but it is an 
indication that we are approaching a time when such 
a step may be considered possible. The accuracy of 
the electrical standards must keep ahead of the demands 
of engineering. Improved facilities and technique 
for performing experiments within the physical labora- 
tory are making possible a step which is of particular 
interest within the field of electrochemistry where the 
transformation of energy in its various forms plays 
an important part. 

The international electrical units upon which the 
fundamental measurements of electrical engineering 
_ are based are defined by standards which are essentially 
electrochemical. The mercury ohm which serves as 
the standard for the measurement of resistance involves 
chemical and electrochemical processes for purifying 
the materials. The silver voltameter, whose electro- 
lytic deposits serve to define the ampere, is obviously 
an electrochemical device. The standard cell, whose 
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voltage has been determined by experiment from the 
international ohm and the international ampere, is 
essentially a small voltaic cell. Engineers become so 
accustomed to dealing with volts and amperes and ohms 
that the fundamental standards for their values are 
taken more or less as a matter of course. These funda- 
mental standards were re-defined by the International 
Conference on Electrical Units and Standards which 
met in London in 1908. They were devised to represent 
as nearly as possible the absolute units based upon the 
centimeter, the gram, and the second. It is highly 
desirable for reasons that are too obvious to require 
repetition that they should represent these absolute 
units as closely as possible. With the increasing 
facilities for experimental work and improved technique, 
it is now possible to realize by experiment the absolute 
values of the fundamental units with a higher degree 
of accuracy than had been obtained prior to 1908. 
Experimental work is now in progress in the United 
States to verify the conclusions of experimenters at the 
national laboratories of England and Germany within 
the past few years, which have indicated that the 
mercury ohm does not represent the absolute ohm 
with as high a degree of accuracy as was previously 
supposed to be the case. Fifteen years have elapsed 
since the international experiments using the silver 
voltameter were made. During that time our electrical 
units have been carried forward by means of the 
working standards of the laboratory, that is to say, 
the wire-resistance standards and the standard cells. 
Developments in engineering practise are making it 
more than ever important that the fundamental elec- 
trical standards, maintained with the highest possible 
degree of accuracy, should be in accord with our cm. g. 
sec. system of measurements. Therefore, a difference 
between the value of the international ohm and the 
absolute ohm amounting to five parts in 10,000, together 
with its effect upon the value for the standard cell, must 
inevitably give rise to serious consideration. : 
An outstanding development in electrodeposition 
during the past year has been made in chromium 
plating. Although it has long been known that 
chromium could. be electrodeposited, it is only within 
the past few years that the conditions for its commercial 
deposition have been defined. There are still many 
problems requiring study before its general application 
will be entirely feasible. There are at least twenty 
laboratories in the country now engaged in the study 
of chromium plating, and while it is not yet in extensive 
use, the indications are that it will soon find many im- | 
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portant industrial applications. Chromium is a mate- 
rial of extreme hardness and is also notable for its 
resistance to tarnish and to chemical action. It has 
been successfully applied to plates used for printing 
paper currency at the Bureau of Engraving and Printing, 
and it has materially increased the useful life of these 
plates. It will probably find application also in other 
forms of printing where very great numbers of copies 
are required. It has been suggested also for use on 
dies and gages. Although the reflecting power of 
chromium is appreciably less than that of silver, its 
resistance to tarnish may make it of decided value on 
reflectors. 

In an effort to prevent corrosion, research has been 
in progress to improve the quality of nickel plating 
and eliminate the pits and pores which have been the 
chief cause of its failure to prevent the corrosion of 
underlying iron or steel. 

A process recently developed and known as “gal- 
vannealing,” is said to be an improvement over the 
familiar processes of galvanizing. It is claimed that 
the zine covering is more uniform and flexible. 

The protection of iron by cadmium would not be 
anticipated from the potential relations of these metals 
as usually given. Experiments, as well as actual 
service, indicate that cadmium can be used successfully 
as a protective material against corrosion of iron and 
steel. 

Chromium plating, while not affording an absolute 
protection against corrosion unless the deposits are 
unusually thick, may be used in combination with 
underlying coats of copper and nickle, to afford a high 
degree of protection. Efforts have also been made to 
develop electroplating of simultaneous deposits of 
copper and nickle similar to monel metal. The im- 
portance of corrosion research to industry in general 
is very great and will doubtless assume even greater 
importance. 

The progress of electrothermics during the past few 
years has been so rapid that publications of even recent 
date often must be used with caution lest they be mis- 
leading as to present practise in melting and 
heat-treating furnaces. During the past year, the 
development in the use of electricity for heating and 
industrial purposes has been rapid, but the idea some- 
times expressed that all industrial heating processes 
are potentially valuable outlets for electrical energy 
has been considerably modified. In general, engineers 
are beginning to realize that, while there are many 
processes which can be done electrically, there is, 
nevertheless, a choice to be made which depends 
upon practical and economical aspects of fuel costs 


and the present state of manufacturing processes. 


Soaking pits, electrically heated by resistors, have 
‘been found to yield ingots that can be more easily and 
economically rolled in certain plants than similar 
ingots from gas-fired pits. 

Results obtained by the use of electric furnaces in 
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the production of steel, ferro-alloys, and other opera- 
tions of a similar nature depend very largely on the 
control of the electrical energy applied to the furnace. 
The electric furnace is not an inherently efficient piece 
of apparatus unless the electric energy is properly 
applied. This means that furnaces should operate in 
such a manner that the power is fully utilized with 
respect to time factor, load factor, and, when alternating 
current is employed, power factor. Aside from the 
more obvious advantages of high power factor, some 
electrochemical operations may be adversely affected 
by variations in power factor for reasons that are not 
at once obvious. Current density often plays an im- 
portant part in metallurgical operations and when the 
control of the furnace is accomplished by means of 
current regulators, material variations of power input 
may occur. ‘Thus, in operating a three-phase furnace, 
the variations in power factor during the melting-down 
period may keep the load in a state of unbalance with 
respect to the phases. It is sometimes observed that 
one electrode heats up unduly without, however, 
doing its share of the work. The electrical energy 
supplied is the important factor from a thermodynamic 
standpoint in metallurgical operations where a trans- 
formation of one kind of energy to another occurs. 
For both economic and metallurgical reasons, the 
control of the energy input is of important considera- 
tion. Modifications to meet practical conditions have 
been made in certain plants. Current control has been 
replaced by watt control, and individual motors for 
shifting the electrodes have been replaced by a hy- 
draulic system which offers advantages in the accuracy 
with which an electric balance can be maintained 
during the period of melting. Some furnaces are now 
operating on 98 per cent of the energy supplied to the 
primary of the transformer, the two per cent loss being 
divided between the transformer, bus-structure, and 
electrode holders. The unequal power requirements 
during the various periods of charging, melting, refining, 
and tapping of steel furnaces have in some cases been 
nearly equalized by staggering the operation of a 
group of three furnaces, having one transformer unit 
and one control mechanism. A more continuous 
load is thus maintained and the labor somewhat 
diminished, as measured by the weight of steel produced 
per man. . 

Because of the various states of oxidation of the me- 
tallic constituents of the ferro-alloys and the losses 
encountered in the reduction of them, some modifications 
in the usual method of charging the furnaces have been 
proposed. By very rapidly raising the oxides and re- 
ducing agents to thereducing temperature, the formation 
of intermediate oxide states is avoided. This is 
applicable to many types of reduction and is ac- 
complished by a continuous charging of the material 
in a small stream into the hottest part of the furnace. 

Up to a few years ago, the common practise in brass- 
rolling mills was to melt brass in crucibles, using coal 
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or oil for heating. These crucibles generally held 
600 lb., and some held as high as 900 lb of metal. 

In the period from 1917 to 1922, the introduction 
and development of the induction type furnace, 
particularly in the Naugatuck Valley, met with con- 
siderable success, as it gave a better control of 
temperature for pouring, the metal was better (less 
contamination from gases, etc.), the metal losses 
were lower, and the cost of furnace linings was less than 
the equivalent cost of crucibles. These induction 
furnaces are rated 60 to 75 kw., single-phase, 25 or 60 
cycles, and 220, 440, or 550 volts, and can melt 600 to 
900 Ib. of heat. Pouring temperatures needed for the 
general run of production requirements are within the 
working limits of the lining material used in these 
furnaces. For certain metals, such as nickel, silver, 
high copper alloys, etc., higher pouring temperatures 
are necessary, and difficulty has been experienced with 
the present lining materials. 

Because of this situation, experiments have been 
carried on with a high-frequency induction furnace, 
and as a result; twelve of the furnaces have just been 
put into commercial operation in Waterbury. It is 
interesting to note that the first experiments with 
high-frequency furnaces were based on the use of 
12,000 cycles; standard type generators were not 
available for this frequency, and mercury-arc oscillators 
were used, but these were limited in regard to power 
output. The experiments referred to above showed 
that much lower frequencies could be used. The 
high-frequency furnaces are rated to 100-kw. capacity, 
single-phase, 480 cycles, 1850 volts. For the twelve 
furnaces, two special frequency-changer sets, each 
rated 600 kw., are used. Because of the low power 
factor at which the furnace operates (10 to 12 per cent), 
a bank of capacitors, rated approximately 950 kv-a., 
is used with each furnace. The resultant power factor 
as measured at the frequency-changer set, is close to 
unity. 

The construction of the furnace is relatively simple; 
it consists of a crucible which holds 600 Ib. of metal, 
surrounded by an edge-wound copper coil, together 
with a blower, this assembly in turn arranged in a 
frame in such a way as to permit of tilting and pouring 
the metal. These furnaces have been in successful 
operation since the first of the year and additional 
furnaces are now being installed elsewhere. 

An electric furnace for tempering steel parts and 
employing a forced convection, for obtaining uniform 
temperature conditions throughout the furnace, has 
been described recently. Experimental work is again 
in progress on a zine furnace which embodies an 
electrothermic distillation process. 

Other uses for electricity in electrometallurgy that 
have been noted recently include the electric heating of 
ingots after casting to keep the metal fluid and prevent 
piping. Heating for this purpose takes the form of an 
are playing on the top of the ingot. 
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Also there has been an increasing use of electricity 
for annealing purposes, it is significant that the 
range of objects which are subjected to an electric 
annealing process is steadily increasing. Annealing 
of the non-ferrous metals without oxidation has now 
become possible. Development of the mechanical 
operation of furnaces for enameling, to provide a . 
continuous cycle of operation, is desirable. 

Efforts are being made to improve the life of resistor 
products, and developments in the design of some 
furnaces to permit making repairs without the necessity 
of cooling the furnace are significant of possible develop- 
ment of continuous operation. 

In discussing electrical power for chemical plants, 
it has recently been pointed out that these are not 
all dependent upon cheap power such as might be ob- 
tained from a hydroelectric development. Many of 
those which are not thus dependent produce, or could 
produce, cheap power for their own motor drives as a 
by-product of process steam. Chemical plants may be 
differentiated into those which require large quantities 
of cheap power and those which require large quantities 
of steam. The former include electrochemical and 
electrometallurgical plants for electrolytic processes 
and furnace work, while the latter class include those 
which require heating at lower temperatures, such as 
may be obtained from steam. The tendency at the 
present time in relation to the use of power by chemical 
plants has been summarized in the following paragraphs. 

Where considerable steam is required for heating 
and process work, the chemical plant should generate 
its own steam at high boiler pressure and then obtain 
electrical power for its mechanical drives and electro- 
lytic circuits from that steam before turning it over 
as exhaust or bled steam to the processes. 


Very highly efficient turbo-generator units of medium 
size are now available. 


Where the boiler and prime mover rooms are in close 
proximity to the electrolytic cell or tank room, the elec- 
trolytic power should be generated as d-c. power. 

Very highly efficient geared d-c. turbo-generating 
units are now available. 

Where appreciable distance intervenes between the 
boiler and prime mover rooms and the tank house or 
cell room, or where appreciable steam is not required 
for heating and process work, so that the electrical 
power is purchased, then, in the great majority of cases, 
the best economy will be obtained by converting the 
electrolytic power from alternating current by means of 
synchronous converters. 

The inefficiency of the motor-generator set as a 
means of conversion from alternating current to direct 
current as compared to the transformer synchronous 
converter unit, is all the more apparent when the 
operating conditions ofthe plant drop below full-load 
conditions. 

The power factor of an electrochemical or electro- | 
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metallurgical plant is relatively high, owing to the large 
proportion the electrolytic load at unity power factor 
bears to the total motor load. It is, therefore, seldom 
necessary to provide power factor corrective means 
within such plants to bring the over-all power factor 
within the usual commercial range. 

One of the arguments advanced by those who urge 
use of cheap hydroelectric power for electrochemical 
and electrofurnace processes is that these industrial 
operations afford very high annual capacity load factor. 
They are, therefore, a type of user who justifies the 
relatively high investment per unit of electrical capacity 
that is necessary with hydro plants. 

Several papers of interest to electrical engineers were 
presented at the Chattanooga meeting of the American 
Electrochemical Society. The feature of the meeting 
was a symposium on the relation of the electrochemical 
industry to the production of fertilizers. Recent 
developments in nitrogen fixation are significant to 
the engineer, because the power requirements are 
changing as a result of the work of the chemist. Syn- 
thetic ammonia, which is one of the forms of fixed 
nitrogen, is not supplying a product for fertilizer 
purposes as may be generally supposed, but rather is 
displacing ammonia from other sources for refrigeration 
and chemical use. The are process for the fixation 
of nitrogen has found very little use in this country, 
but research on the atomic states and modes of energy 
transfer suggest possible new developments in this line. 
Concentrated fertilizer materials including ammonia, 
urea, nitric acid, phosphoric acid, and their compounds, 
were discussed. The power supply and economics 
of the situation are only a part of the nitrogen problem. 
Other factors that vitally affect the electrochemical 
side of this industry are the physical characteristics 
of the materials produced, their suitability for a 
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variety of crops, transportation charges, and, not least, 
the reaction of the farmer himself. 

The electrical properties of the copper-nickel-manga- 
nese series of alloys have recently been investigated 
with reference to resistivity, the temperature coefficient, 
and the thermoelectric power against copper and 
mechanical properties. A paper describing this work 
was presented before a recent meeting of the Electro- 
chemical Society. It seems possible that resistance 
alloys superior to those now in common use may 
become available. This is important to the electrical 
engineer, particularly in connection with instruments 
which may be subjected to wide variations in temperature. 

The development of radio has stimulated the pro- 
duction of batteries, including both dry batteries and 
storage batteries. A new form of caustic-soda battery 
which requires only the addition of water has also 
appeared. The battery industry has watched with 
some concern the increasing efforts to provide battery 
eliminators for radio sets, but as yet it seems probable 
that little of inroads on the battery industry has been 
made. Coincident with this, there has been a marked 
improvement in the performance of certain types of 
small rectifiers. The life of the aluminum rectifier 
has been greatly increased and it is now used as one 
form of battery eliminator, and, together with several 
storage cells, makes possible the operation of radio sets 
from a-c. power. Also, other types of small rectifiers for 
trickle charging of storage batteries have been developed. 

Chlorine, which is a product of the electrochemical 
industry, was discussed at length in a symposium on 
the subject held by the Electrochemical Society at its 
recent meeting in Chicago. Papers included the 
economics of chlorine production, discussion of trans- 
portation problems, the chemistry of bleaching powder, 
and other uses for it. 


Synchronous Machines 
I—An Extension of Blondel’s Two-Reaction Theory 


BY R. E. DOHERTY* 


Associate, A. I. E. E. 


Synopsis.—Blondel treated salient pole machines by resolving 
the fundamental spuce component of m. m. f. along the two axes 
of symmetry—the direct axis of the pole, and the quadrature axis 
between poles. Using this idea, and applying harmonic analysts, 
Blondel’s theory has been extended in the present paper to a com- 
prehensive system of treatment, in which the effect of harmonic 
m. m. fs., as well as the fundamental, and also of field m. m. iio OW 
the quadrature axis, as well as in the direct, have been taken into 
account. ' 

It is shown that the ‘‘armature leakage flux” which causes re- 
actance voltage drop in synchronous operation, comprises all 
fluxes, due to armature currents, which generate fundamental 
voltage, except the space fundamental component, the latter con- 
stituting the total flux of ‘‘armature reaction.” 

Impressing upon the variable air-gap permeance those space 
harmonics of m. m. f. which are due to the fundamental time com- 
ponent of current and which therefore rotate at various fractional 
speeds, produces odd space harmonics of flux rotating at many 
different speeds and in opposite directions. Some of these, listed in 
Table I, produce fundamental voltage, but most of them generate 
time harmonics. The former, which are reactive voltages, are only 
those of the nth space order rotating at one nth speed—that is, those 
which correspond in space order and speed to the harmonic m. m. fs. 
The corresponding reactances are definitely defined in Appendix 
C in terms of permeance coefficients, and means are outlined for 
quantitative determination of such coefficients from graphically 
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constructed field plots. Although strictly there are as many field 
plots required as there are significant m. m. f. harmonics, an approxi- 
mation, developed in Appendix B, is given in which only one 
plot is necessary, other permeance waves being derived therefrom. 

It is shown that only the average term and the second space 
harmonic of the permeance series affect the fundamental voltage. 
Hence, unless it is required to calculate the harmonic voltages, only 
those two terms of the permeance series need to be determined. 


In the application of the results, the fundamental voltages thus 
produced by the armature currents are superposed upon that due to 
current in the field winding, which latter has been previously treated. 
This gives the vector diagram, Fig. 19, from which the steady state 
relations are set down in equations. 


In Part II, the steady state angle-power relations are developed, 
including an interpretation of the ‘‘reluctance term” in the power 
or torque equation. 


In Appendix D, the vector diagram for salient pole machines 
is interpreted in terms of the well-known Potier diagram for cylin- 
drical rotor machines. Also the effect of saturation both on angle- 
power relation and on the value of excitation required under load is 
discussed. 


Subsequent papers in the near future will present results which 
have been obtained from the application of the method and point of 
view here outlined, to the solution of problems relating to abnormal 
operating conditions of synchronous machines. 


INTRODUCTORY 


HE ever widening application of synchronous 

machines and their great importance as a factor 

in the operation of power systems have created 
the occasion for an extended study of their behavior 
under the various normal and abnormal conditions. 
The results of the investigation comprise not only the 
determination of such operating characteristics, but 
also extensions in fundamental theory and in mathe- 
matical facilities for applying it. In other words, the 
existing theory, which, like most theories, has been 
gradually built up by a refinement here and another 
there, has been in a sense coordinated in this paper, 
and extended to a system of analysis which has proven 
to be competent for most of the present day practical 
problems relating to synchronous machines. It is the 
authors’ purpose to present the results of the investi- 
gation in a series of papers, the present one dealing 
with the theory relating to steady state, polyphase 
operation. 

The present work is essentially an extension of 
Blondel’s{ treatment, and an application of the results 
to definite problems. His fundamental conception 
of resolving the armature m. m. fs. and fluxes in salient 
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pole machines into two space components—one in 
line with the pole axis, the other in quadrature thereto— 
is the basis of the present study. The fundamental 
premises are extended, and new constants which are 
necessary to characterize the performance are defined 
and incorporated in the equations. Asinany engineering 
analysis, this has involved certain assumptions, carefully 
defined, which would simplify the equations to a practical 
degree, but which would not throw the calculated 
results beyond the limit of reasonable accuracy. That 
is, the predominating factors which practically deter- 
mine the characteristics have been included, and those 
have been omitted which complicate the equations 
without significantly affecting the calculated result. 
The final equations are thus relatively simple, consider- 
ing the nature of the phenomena related. 


Lyontf has treated the flux distribution, voltage and 
power of a synchronous machine by an interesting 
application of harmonic analysis to the flux waves 
which must exist. He starts with a general equation 
for the complicated resultant flux wave, hence the 
resulting series contain coefficients which it would be 
very difficult to determine. However, it is true, as 
Prof. Lyon says, that it is ‘useful to know what har- 
monics may be present even when their magnitudes 
can not be calculated.” The present paper, while 
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applying the same general method of attack, i. e., 
harmonic analysis, nevertheless starts with the resolu- 
tion of m. m. f. waves, instead of flux waves, and takes 
advantage of the symmetry embodied in salient pole 
machines, by making the resolutions along the two 
axes of symmetry,—. e., applies Blondel’s idea. This 
treatment gives m. m. f. waves spread over definite per- 
meance distributions, thus making it possible to deter- 
mine the coefficients of the significant harmonics of 
the flux waves. 

Thus several aspects of the problem have been 
treated during the investigation: an extension in funda- 
mental theory, comprising an harmonic analysis of the 
phenomena in the air-gap, and the inclusion of exciting 
field ampere turns in the quadrature axis, the definition 
of characteristic constants, and thus, to this extent, 
a basis for their determination; the formulation of 
characteristic. equations; the excitation-voltage load 
characteristic; angle-power relations under steady and 
transient states; short-circuit phenomena under steady 
and transient states, single-phase and polyphase; and 
mechanical forces and torques due to electromagnetic 
reactions under various conditions. 

The present paper is in two Parts. The first inter- 
prets and extends the theory relating to steady state 
conditions, including definitions of the essential con- 
stants; constructs the excitation-voltage-load diagram, 
and shows the relation of this to the corresponding 
familiar diagram for cylindrical. rotor construction. 
Part II treats the steady state power-angle relations. 


I. General Theory 


Percentage Representation of Quantities. It is con- 
venient to express the quantities involved in percentage 
(as a fraction) of their normal values. While the base 
of the fraction for each quantity has definite dimensions, 
the fraction is, of course, a numeric, and its use avoids 
cumbersome conversion factors in the equations. 
Nevertheless, the results thus expressed by fewer 
symbols, are none the less definite. It is believed that 
many mathematical treatments of engineering problems 
could be immensely simplified in this way. 

On this basis: 

Unit voltage is normal rated voltage. 

Unit armature current is normal rated current. 

Unit power is normal three-phase power. 

Unit impedance is that impedance through which 
normal voltage at normal frequency causes normal 
current to flow. 

Unit field current is that field current which induces 
normal fundamental, open circuit voltage at 
normal speed. 

Unit space fundamental flux is the flux which rotating 
at normal speed induces unit voltage. 

Unit flux density is the maximum density of the 

_ unit fundamental flux wave. . : 
Unit space fundamental magnetomotive force is 
the resultant fundamental magnetomotive force 
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produced by normal three-phase armature current. 
Unit permeance coefficient is that coefficient which, 

multiplied by unit m. m. f., gives unit flux density. 
Unit time is the time required for one electrical radi- 
an at fundamental frequency. 
Unit angle is one radian. 
Unit speed is normal synchronous speed. 

All armature voltages and currents are per phase. 

Armature Current Phenomena. It has been shown by 
Arnold and others* that in a synchronous machine, 
the space distribution of m. m. f. due to each armature 
coil can, under certain reasonable assumptionst, be 
resolved into rotating space harmonics. The super- 
position of these m. m. f. distributions due to all coils, 
produces an interesting and highly convenient result— 
namely, a number of space sinusoids of m.m.f. of 
different pole spans, rotating at different speeds, some 
forward, some backward. Thus, for instance, in a 
balanced three-phase system the fundamental sinusoid 
alone rotates at synchronous speed with respect to 
the armature, 7. e., with the field poles; the third 
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Fic. 1—Travetine Space Sinusoips or M. M. FF. 
harmonic vanishes; the fifth, with a pole span of one- 
fifth, rotates backward at one-fifth of syrichronous 
speed; the seventh, with a one-seventh span, forward at 
one-seventh speed; the ninth vanishes; the 11th, 
backward and so on. Stated in other words, for bal- 
anced current (sine wave in time) in a three-phase arma- 
ture, there are a number of different, independent, space 
sinusoids of m. m. f., each rotating at a different speed; 
and they exist as sinusoids, of course, regardless of the 
salient pole character of the magnetic circuit of the 
rotor, so long as the poles are symmetrical. Fig. 1 
shows the fundamental and fifth of such a system at 
one instant of time. 

While the method is here discussed in terms of a three- 
phase machine, the general theory obviously applies to 
any polyphase system. In two-phase, the only differ- 
ence is in the number of harmonics dealt with. For 
this case,.the space harmonics of m. m. f. are as follows: 

*Bibliography 2; and 4, chapter VII. 

+The particular assumptions involved in order that m. m. f. 
with respect to the rotor may be definite at each point of the 
armature surface are: infinite permeability of the armature 
iron; no slots; armature current concentrated at points along 
the armature surface; and symmetrical field structure. 

Subject to these assumptions the armature m. m. f. becomes 
equivalent to a distribution of magnetic potential along the arma- 
ture surface. : 
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the fundamental, forward at synchronous speed; 
the 3rd, backward at 14 speed; 5th, forward at !/; speed, 
etc.—all of which may be treated in the foregoing 
manner. In single-phase, the method of analysis is 
the same, but the results involve some additional 
constants which enter the problems of transient state, 
hence this case will be treated in a later paper. 

If there are time harmonics in the current, each one 
of them will produce its own system of space sinusoids 
of m.m.f., which will be like that produced by the 
fundamental term in all respects except that the speed 
of rotation of each sinusoid will be increased by the order 
of the time harmonic of current. For instance, if the 
current in each phase comprise a fundamental and a 
fifth harmonic, there will be two systems of space 
sinusoids: one due to the fundamental, as described 
in the foregoing paragraph; and another in which the 
sinusoids of full pole span (7. e., fundamental in space) 
rotate at five times synchronous speed, the third 
vanishes, the fifth (one-fifth pole span) at five-fifths 
speed, and so on. 

It is possible to superpose the armature m. m. fs.* 


Armature Surface 


Current 


Fig. 2—AssumMEeD CURRENT DisTRIBUTION ALONG THE ARMA- 


TURE SURFACE 


as in the foregoing, because they are all assumed} to 
be distributed along the armature surface. However, 
the field pole m. m. f. is not. It is distributed radially 
and at some distance from the armature currents. 
Hence the superposition of the armature and field 
m.m.fs. is not permissible. But all of the fluxes 
at any point on the armature surface, produced by all 
of these m. m. fs., can be superposed; likewise, the 
corresponding voltages. 

So the problem is to determine all of the space 
harmonics of flux which are produced by all currents of 
both the field and armature, and which generate volt- 
age in the armature conductors; then to superpose 
such of them as are significant, in order to determine 
the resultant voltage. In addition, there are voltages 
due to those fluxes which do not appear in the air-gap— 
namely, slot leakage and end-winding leakage. These 
fluxes are practically proportional to, and in phase with, 
the armature current, and thus produce corresponding 
reactive voltages. The resultant of all of the foregoing 
voltages is, of course, the terminal voltage. 


*Neglecting the magnetic reluctance of the armature. 

{The assumption is that the m.m.f. wave of each coil is 
approximately a square wave, and hence that the total current 
in each slot is concentrated in a conductor in the center line of the 
slot, at the surface of the armature, as illustrated for a particular 
ease in Fig. 2. 


DOHERTY AND NICKLE: SYNCHRONOUS MACHINES 


Transactions A. I. E. E. 


Turn now to the flux waves produced by the rotating 
sinusoids of m.m.f. Under steady state operation 
the fundamental space wave of the armature m. m. f. 
rotates at synchronous speed with the field poles, at 
some definite angle of displacement. Hence whatever 
may be the shape of the flux wave thus produced, it 
is nevertheless steady in value and fixed with respect 
to the poles. All of the space harmonics of m. m. f., 
on the contrary, rotate at speeds different from syn- 
chronous speed, and therefore travel over magnetic 
paths of varying permeance, each wave of m. m. f. pro- 
ducing a pulsating, tufting, rotating flux—rotating, 
as it were, at a non-uniform velocity with respect to 
the poles, yet, at the same time, pulsating in magnitude. 
This is, of course, a complicated phenomenon, but 
it can be handled analytically as follows: 

1. Resolve each rotating space harmonic of m. m. f. 
into two stationary pulsating waves with respect to 
the poles. 

2. Determine the two corresponding stationary 
(with respect to the poles), pulsating flux waves pro- 
duced by (1). 

3. Combine the flux waves of (2) into rotating space 
harmonics of flux. 

4, Determine the component voltages which the 

space harmonics of flux in (8) generate. 
The same method of analysis, of course, applies to 
the space fundamental of m.m.f. as well as to the 
space harmonics of m. m. f., the essential difference in 
result being that the speed of the space harmonics of 
flux due to the space fundamental of m. m. f. is zero 
with respect to the poles. 

Before proceeding to such analysis, it is necessary 
to resolve the system of three-phase, balanced, sine 
wave (in time) currents into two component three-phase 
systems: One in which the current in each individual 
phase reaches maximum at the instant the axis of the field 
pole coincides with the axis of magnetization of the phase 
under consideration (this is called the direct component 
because it produces the direct component of armature 
reaction) and another in which the current in each 
individual phase reaches maximum at the instant its 
axis of magnetization is in line with the axis midway 
between poles, that is, one-quarter cycle later. This 
is the quadrature component. Each of these comple- 
mentary three-phase systems has its own set of rotating 
space sinusoids of m. m. f. as described in the foregoing. 

While the general case is treated in Appendix A, the 
physical significance is necessarily somewhat obscured 
in such a treatment. Hence it appears desirable to 
illustrate by carrying through the analysis of some 
particular harmonic, say the fifth. The procedure is 
the same for any harmonic, including the fundamental. 

The first step is to define the references clearly. 
Since the resolution of m.m. fs. is to be made with 
respect to the poles, the space reference will be taken 
as the axis of a field pole, and time will be reckoned 
from the instant the axis of magnetization of some 
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particular phase, say phase 1, lines up with the pole 
axis. Thus, referring to Fig. 3A, the electrical angle 
a is measured from the axis of pole a in the direction 
of rotation. The position of the axis.of phase 1 with 
reference to pole a is shown for the instant t = 0. In 
Fig. 3B, the position of phase 1 with respect to pole a 
is shown for 

™ for which a = — ™ 
9 2 


a 


pes 


Now consider the time-space relations of the m. m. f. 
waves. By hypothesis the direct component of current 


Fic. 3—Space AND TIME RELATIONS BETWEEN THE F'UNDA- 


MENTAL AND 5TH Space Harmonic or M. M. F. 


A—For direct component of armature current 
B—For quadrature component of armature current 


is maximum at the instant for which the space relations 
of the m. m. fs. are shown in Fig. 3A, that is, at ¢ = 0. 
That is, the instantaneous value of this current is 
74 cos t (1) 
Thus at that moment, the fundamental* A,, and the 
fifth A;, space harmonics of m.m.f. have the space 
relations with respect to the poles as shown. Be it 
remembered that the fundamental is fixed in magnitude 
and position with respect to the pole; whereas the 5th, 
like the other harmonics, is rotating with respect to 
the pole. 
The quadrature component of current, on the other 


hand, is a maximum at a later time, that is at t = a 


Thus the instantaneous value is 


tq sin t (2) 
and the space relations of its corresponding m. m. f. 
waves at that instant are shown in Fig. 3B. But 


obviously this position is not the space position which 
the 5th had at t = 0, since the wave is rotating with 


*The waves as shown are due not only to current in phase 1, 
but also to currents in the other two phases, the resultant 
waves of all the currents having, at that instant, the same space 
distribution as the corresponding harmonics produced by phase 
lalone. The magnitudes are different, of course. ; 
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respect to the poles. The quadrature fundamental, 
like the direct fundamental, is of course stationary with 
respect to the pole, and of constant magnitude. 

To analyze the 5th it is necessary to obtain an expres- 
sion for each of the two components of the rotating 
5th space sinusoid of m. m. f., namely a;, and ds. The 
known characteristics are (a) the amplitude, (6) the 
space distribution, or position of the rotating wave at 
one instant, and (c) the speed and direction of rotation. 
Take the direct component first: 

(a) amplitude, A; 

(b) maximum value of wave coincides with pole 
axis atic=10 

(c) rotates backward with respect to the armature 
at 1/; speed, and with respect to the poles at °/; speed, 
thus at an electrical angular velocity (referred to its 
own wavelength) of 6 times normal. 

The equation for such a rotating wave is 

da = Asacos{5(a+ py) +6t} 

Aue Niels 

Asa cos 5 (a + yp) 
But from the assumed boundary condition in Fig. 
3A, the space distribution at t = 0 is 
Asacosida 
Hence y = 0. Thus the wave is 
Aq = Asa Cos (5 a+ 6 t) (4) 

Likewise, the 5th rotating m. m. f. wave due to the 

quadrature component of current is 


dasa = Asccos{5(a+ py’) +6¢} 
Ati = 4, itis 
2 


(3) 


(5) 


Asacos{5(a+y’) +37} 


5th of direct component 
5th of quadrature component 


Fig. 4—Tue Direct anD QUADRATURE COMPONENTS OF THE 
57H Space Harmonic or M. M. F, art =O. Eas. (4) AnD 
(6) ResPECTIVELY 


which must represent the wave in the particular posi- 
tion shown in Fig. 3B, that is : 
—Asasinda 

Thus 

ess {5(a+ p~') +37} =—sinda 
Hence 

vy =-— 017 
and the equation of the wave is, by (5), 
Aq = Asq COs { 5 (a —0.1 T) a 6 t } 

or 


A5q = Asa sin (5 a + 6 t) (6) 
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The waves represented by (4) and (6) are shown in 
Fig. 4 for the instant t = 0. 

The stated plan is to resolve each of the two waves 
(4) and (6) into two pulsating components, stationary 
with respect to the poles, and then determine the 
corresponding stationary, pulsating flux waves. Thus, 
by direct trigonometric transformation, (4) becomes 

Asa = Asa (cos 5 a cos 6¢— sin 5 asin 6 ft) 


which comprises the two stationary pulsating waves 


W'sa = Asa cos 5 a cos 6 (7) 
and 
Osa = — Asasind asin 6t (8) 
Similarly, (4) becomes 
a'sq = Asasindacos6t (9) 
and 
a”"5¢ = Asacosdasin 6¢ (10) 


The next step is to obtain the flux waves produced by 
these stationary, pulsating waves of m.m.f. The 
product of the m. m. f. at any point along the armature, 
by the permeance coefficient applying to the magnetic 
path at that point, gives the flux density at that point. 
But the permeance* coefficient, as well as the m. m. f., 


M.M.F Distribution 


Permeance Distribution 


Fie. 5—A—Fiux AND PrrMEANCE DISTRIBUTION FOR 
THE Zero Harmonic (CONSTANT M.M.F.), GRAPHICALLY 
DETERMINED 


is a function of the space angle a. Although it is dif- 
ferent for each harmonic and is in any case a somewhat 
complicated function of a, it is at least a function which 
is symmetrical about both the direct and quadrature 
axes, in all cases of symmetrical salient poles, and can 
therefore be represented by a Fourier Series of even 
cosines. Fig. 5 shows the distribution of m.m.f., 
permeance coefficient and resultant flux for the zero 


*Question may be raised whether it is proper to consider 
the m. m. f. and permeance thus distributed, since the air-gap, 
in the case of salient poles, is extremely variable, and hence 
the total m. m. f, indicated at any point may not be entirely 
consumed in the corresponding permeance, that is, the return 
path from pole to armature may consume more or less than the 
path from armature to pole. It is permissible because, over a 
pole pitch, the distributions are symmetrical, thus giving a 
corresponding return path in a similar position somewhere 
within the pole pitch. 

jEven cosines, because a cycle of the resultant permeance 
wave is one pole pitch, thus one-half cycle of fundamental space 
angle. - 
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harmonic; Fig. 6, the same for the fundamental, cos @ 
distribution of m. m. f.; Fig. 7, for fundamental, sin a 
distribution of m. m. f.; Fig. 8, for 5th harmonic, cos 5 a 
distribution of m. m. f.; Fig. 9, for the sin 5 a m. m. f. 

These flux distributions were determined in one case 
by graphic method, and in the other by test. Also the 
permeance distributions were determined in one case 
from the field plot, and in the other, from the curve in 
Fig. 10, derived in Appendix B. It will be noted that 
there is a very reasonable agreement. It is shown in 
Appendix B that for a uniform air-gap, the permeance 
coefficient determining the radial component of flux for 
any given harmonic of m.m.f., is constant (that is, 
independent of a) but that it is different for different 
harmonics. This is an interesting and somewhat 
surprising result, inasmuch as the flux path near the 


— 4 
Sere aa | (Se ae i 
) ot 
Permeance gee ay wea ime | 
Al ||| HH] | | | | ! 
Be ae 
MMF. Distribution Beas 


“aos . b 


| 2 Lea al 
A 
Fie. 6—A—Fiux AND PrrMEANCE DISTRIBUTION FOR 
FUNDAMENTAL, cos a DISTRIBUTION OF M. M. F.,. | GRAPHICALLY 
DETERMINED 


B—Fuvx Distrisution py TEST 


point of zero m. m. f., as illustrated in Fig. 8, would at 
first appear to be of greater permeance on account of 
its progressively shorter length as the point is ap- 
proached. But its width, on account of the change in 
direction from radial to tangential, also becomes pro- 
gressively smaller, thus giving constant permeance. 
By appropriate modification of the result for uniform 
air-gap, the permeance distribution for salient poles 
may be plotted, as in Figs. 11 and 12, and analyzed. 

The two permeance coefficient series, one for the 
cosine, the other for the sine, distribution of the 5th 
harmonic m. m. f., are respectively, 

De = Doe + P¥2,CcOS2a+ py,cos4a+... (11) 


— 
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and B"sa = Osa p's 
DY, = 0, + P2,cos2a + o.,cosd4a+ ... (12) = — Asa (M05 + P¥2, COS 2 & 
the subscript ¢ and s indicating cosine and sine respec- + pY4-cosda +...) sindSasin6t (14) 
tively, and the numeral v (thus avoiding theappearance ’57 = Q’50 PD. 
of an exponent) indicating that the series is for the 5th = Asa (pos + p¥25 COS 2 & 
space harmonic of m. m. f. + p',,cos4a+...)sindBacos6é (15) 
The flux waves are, therefore, obtained by multi- B’sa = O'sa DY 
= Asa (pYoc + P¥2, COS 2 a 
Sa ga HTT TAIN + p\,,cos4a+...)cos5asin6t (16) 


Bas ys Ki Wh | Expanding these equations, they become 


| WAM. Distribution \—_ 


1 
B' sa = 2 Asu [(p" 40 aR P" bc) COS @ aif (p" 26 ae D' sc) cos 3 a 


~ 
| -/+———__.—~.__ Permeance peat 
‘ i NG 

7 aenleg vies Nested 
ue CME ote 
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i TR a 


Fic. 7—A—Same as Fic. 6, Excrpr FoR SIN a DistTRIBUTION 
OF M. M. F. 


A 


Fie. 8S—A—F1Lux anp PERMEANCE DISTRIBUTION FOR THE 
57TH HaRrMoniIc OF M. M. F. cos @ DisTRIBUTION, GRAPHICALLY 
DETERMINED 


. A 


B—F.vux DistrisutTion By TEST 


B—Fuivux DistrRiBUTION BY TEST 


+ (2 poe + PY 10c) COS 5 
+ (p%e, + P¥12-) cosTa+...]cos6é (17) 


C—F.ux DistTRIBUTION FOR FUNDAMENTAL M. M. F. 
_OF SIN @ DISTRIBUTION, 7. ¢., ZERO M. M. F. AT CENTER OF POLE. 
THis is THE SAME AS B, EXcEPT THAT IT SHOWS THE WHOLE 


POLE. ae (2 DY os 7 DY 108) sin 5 a . 
+ (po,— P12.) sn 7Ta+...)]sin6t (18) 


1 ; : 
ES Sed ale Asa [(P¥is — Pes) SN @ + (p’os— P's) SINS a 


plying i) an by (11), and (8) and (9) by (12). : 
Thus, 8's. = 3 Asa [(p"ss — P%es) Sin @ + (po, — P'ss) SNS a@ 
Beas Oat". : 3 
= Asa (P¥oc + prac COS 2a BOON gp DY ios) sin.b a 
+ p;,cos4a+t...)cos5acos6t (13) a (ps, —p"aes) sino ts 1] c08, 64 (19) 
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1 constants for the increasing order of the odd space 
"eq = ~ Asa [(Wse + P% so) COS a + (P%2. + p's.) cOS38.a@ harmonic. 


It will be noted that if the corresponding harmonics 
+ (2 Woe + P’10-) COS 5 a of (17) and (18), and of (19) and (20) be paired, the 
+ (po, + P¥12-) cosTa+...]sin6t (20) result will be that for each space harmonic of the series, 
|____—_ Permeance Distribution 
Pee 


MMF. Distribution 


A 
Fig. 9—A—Same as Fia. 8, BXCEPT FOR SIN @ DisTRIBUTION 
OF M. M. F. 0 0 i 1A 37g 1/o 
o 
Fig. 11—Prrmeance DistripuTions DETERMINED FROM Fi@s. 
10 anpD 21 
ANALYSIS OF THESE WAVES GIVES: 
pot = 0.66 p,° po = 0.44 9,9 
po = 0.73 p,° ps) =0.37 p,° 
poll = 0.79 pg? D2 11 <= .0.33 po? 
pe! = 0.94 p,° px! =0.25 p,° 


1.0 pe 


: p! (derived from 
, Fig’s. 21 and 22) 


B—F.vux DistTrR1BuTion By TEST 0.5 p® 


05 p? D*(derived 
8! Fig’s 21 and 22)| 


0 
Vg 4 3g 1/2 


Fic. 12—Comparison or DERIVED AND PLOTTED PERMEANCES 
FOR Ist AND 5TH Harmonics 
Thus the stationary pulsating 5th space harmonic of 
m. m. f. a'sa, Impressed on the variable (in space) there will be two flux waves in space and time quadra- 
permeance, produces space waves of flux of all odd har- ture, but of different amplitude. Now just as the rotat- 
monics, including the fundamental, there being a defi- ing 5th harmonic m. m. f. wave was resolved into two 
nite progression in the subscripts of the permeance equal stationary pulsating waves in space and time 
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quadrature, so in the present case the equal components 
(v. e., two amplitudes equal to the smaller) can be 
composed into one main rotating wave; and the differ- 
ence between the amplitudes constitutes a residual, 
single, stationary, pulsating wave, which can be re- 
solved, according to the well-known scheme, into two 
equal waves of one-half amplitude, rotating in 
opposite directions. Thus one of these must rotate 
with the foregoing main wave, and in space phase with 


it, and the other alone in the opposite direction. In 
Fig. 18 the two waves 


b cos a pulsating at cos t 
and 
asin a pulsating at sin ¢ 


constitute two rotating waves as follows: 


(b— a) b+ a4 
a ir, 
rotating in the direction* of positive a, 
and 
b—a 
ie 


rotating in the opposite direction. 

Thus equations (17) and (18) together contain two 
rotating flux waves for each odd harmonic of space 
distribution, the speeds of rotation being different for 
all harmonics; hence a corresponding difference also 
in the magnitude and order of the harmonic voltages 
thus generated; likewise, (19) and (20). These 
flux waves are obtained by pairing the corresponding 
space harmonics of (17) and (18), and of (19) and (20), 
and expanding them.{ 

Eqs. (17) and (18) therefore give: 


1 
Bsa = q Asa [(P¥1s— DP’es) + (D’4e + p%e-)] cos (@ + 6) 


ae 
sas At Asal— (4s — D¥oe) + (P'sc + P%6-)] cos (& — 61) 
(21) 


*If cost is associated with sin a, and sin ¢ with cos a, this would 
reverse the direction of rotation and also change the sign of one 
of the waves. This resolution is given merely for illustration 
of the physical relations. The method employed in the following 
is purely mathematical. 

+They could be obtained also by the scheme used to illustrate 
the physical meaning of the waves, as in Fig. 13. 
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1 7 
Boas = gq Asal(P¥2.— Diss) + (P¥ 2c + Pec] COS (3. w + 61) 
f r 
t+ Asal—(p%2.— P¥ss) + (D¥2e+P"s-)] Cos (3 a—6 t) 
(22) 
1 
Boas Fy hk Asa [ (2 DY os ss D” 108) 
+ (2 p%o. + P¥10e) ] cos (5a + 62) 
il 
“I 4 Asa[—= (2 Dos — D108) 
+ (2 po. + P"10-) | cos (5 a — 6 2) (23) 
il 
Baz = “uh Asal (P"es— PY 108) 
+ (Q"o0 + p12.) ] cos (7 aw + 68) 
‘i 
ay q Asa [ oat (D"o5 ir DY 128) 
+ (p"2. + p"12-) ] cos (7 a— 6?) (24) 


And (19) and (20) give: 
1 
Bsa = at Asa [(" 4s— D’6s) + (DY 4c +60) |SIN (a 654) 


1 
7 q foe [(Dae"— DP" 6s)— (P"4e+ pec) ] Sin (a—6t) (25) 


1 


bsa3 = Al Asal(p 25 = De Pp aot PD seit sin (3 a+6 t) 


1 
+ SE As [(p' os ee (Oe (DV 20 =e psc) | sin (3 B Fitmt 6 t) 
4 


(26) 
1 
Bsa = 4 Asa [ ( 2 Pos — P" 105) 
+ (2 Moe + pYi0-) | sin (56 a@ + 6?) 
1 
+ | Asal (2 p¥0s— PYi08) 
— (2 pc + PY ioc) ] sin (5 a — 6 t) (27) 
1 
Bsa7 = vi Asa | GQ PY 125) 
+ (po, + P"19-) ] sin (7 a + 6t) 
il 
i 4 Asa[ (p¥2s — P" 128) 
— (poe + p¥1s.) | sin (7 a — 61) (28) 


The third subscript is the order of the space harmonic 
flux wave. Thus, Bsa; is the 7th harmonic space flux 
produced by the 5th space m. m. f. due to 2. 

Consider the meaning of these waves. Each one has 


920 


an electrical angular velocity of 6 times normal (referred 
to its own wavelength) with respect to the pole. The 
wave moves forward if the sign of t is minus, and back- 
ward if it is plus.* Thus, (25) comprises two waves, 
one (the first term) rotating backward at 6 times 
synchronous speed with respect to the poles, 5 times 
speed with respect to the armature; the other, rotating 
forward at 6 times speed with respect to the poles, thus 
7 times with respect to the armature. These waves 
are of full pole span, hence the former generates a 5th 
harmonic, the latter a 7th harmonic voltage in the 
armature conductors. Eq. (26) likewise comprises 
two 8rd harmonic space waves, one forward, one back- 
ward, with respect to the pole at 6/3 or 2 times speed, 
thus generating in the conductors a 9th and a 38rd 
harmonic voltage. Similarly, (27) comprises two 5th 
harmonic space waves which generate a fundamental 
and 11th. And the waves of (28) generate a funda- 
mental and 13th harmonic voltage. Similarly, the 
waves due to the direct component 5th, in eqs. (21), 
(22), (23) and (24) produce corresponding harmonic 
voltages. It will be noted that the only fundamental 
voltages resulting from the 5th space harmonic of 
m.m.f. are those due to the backward rotating 5th 
and the forward rotating 7th space flux waves it 
produces. All other space fluxes which it produces give 
higher harmonic voltages. 

It is shown in Appendix B that for the 5th and higher 
space harmonics of m. m.f., the permeance series for the 
cosine distribution is approximately—almost exactly— 
the same as that for the sine distribution. Thus, 
making the approximation that 

Dns a Dine 
then, all of the waves due to the 5th m m. f., which 
produce fundamental voltage are, from (23), (24), (27) 
and (28) 


Bsas = Asa P’o cos (5a + 62) (29) 

Bsa5 = Asa po sin (6 a + 6 t) (30) 
1 

Bsaz = 2 Asa Dp» cos (7 a — 6 t) (31) 
i 

Boar = @ Asa p’,sin (7 a +62) (32) 


What will be the magnitude and phase of the voltages 
generated by these waves of flux? In general, voltage 
is, by definition, minus the rate of change of magnetic 
linkages.t Thus 


ao 
dt 


e=— (33) 


*For instance, in a rotating wave, say (29), sin(a + 6?) 


: d 
must equal a constant. Thatis, a +6t =C, and —— ea G, 
Thus velocity is backward at 6 times normal speed. 
{Linkages of a circuit are understood to be positive when 
they agree in sign with those produced by a positive current 
in the circuit. 
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The plan is to change the reference of the rotating 
flux waves from the poles to the armature; then to 
resolve each wave into two stationary, pulsating com- 
ponents, involving cosine and sine space distributions. 
The former will produce linkages with phase 1; the 
latter will not. The linkages thus obtained may then 
be applied in (33). 

For illustration, take (29). This 5th harmonic wave 
moves backward at °/; speed with respect to the poles, 
hence at !/; speed with respect to the armature, thus 
giving an angular speed, on its own wavelength, equal 
to normal. Let Y be the space angle measured along 
the armature surface, and reckoned from the axis of 
phase 1, Fig. 14. Sinceatt¢ = 0 the armature reference 
(axis of phase 1) and the pole reference (axis of the pole) 
coincide, the space distribution with reference to the 
armature will, at that instant, be the space distribution 


Co sine Term 


Sine Term 


Fig. 14—Spact REFERENCE ON THE ARMATURE, SHOWING THE 


PosITION OF THE PoLE'AND FLux Waves att = O 


with respect to the pole. Thus the rotating wave 
expressed with respect to the armature is, 


Bsas = Asa P’o Cos (5 y + 2) (34) 
Resolve this by expansion into 

B'sas = Asap’) cos 5 y cost (35) 
and . 

"sas = — Asa p’o sind y sint (36) 


These are shown in Fig. 14. The flux expressed in 
(35) produces linkages with phase 1, but (36) does not. 
The per cent flux given by (35) att = Ois 


+ /2 
Asap" cos5 yd 
5a Pp Ons a Asa B"o 
eign ai: gt oo cane Brea 
J 1.0 cos-y d vy 


—7/2 


This is the maximum value of flux, which pulsates at 
cos t, thus 


Asa Do 
Psas = 5 cos t (37) 
The linkages are 
Asa Cs pY 
Qa, = Cs bsas = See cos ¢ (38) 
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where C; is the reduction factor* due to pitch, distribu- 
tion and connection of the coils. The instantaneous 
voltage, expressed as a fraction of normal voltage, is 
by (33) and (38) 


Asa Cs; Dar. 
Csa5 = 5 sin ¢ (39) 
But 
C; 
Asa a Aa 
Hence 
A 1d C2, py 0 ; 
€5a5 = OF sin ¢ (40) 
Similarly j 
Aiq C*; PX 
6a = — 25 cos t (41) 
a i Aa aN Cs Gas : 
647 = — 2 fiid P29 5 7 sin t (42) 
belli, va dei Oe very 
@547 = — 2 19 P'2 5 7 cos t (43) 
Consider the phase of these voltages. From eqs. 


~ig 


© 545 


15—Vector DisGRAM OF VOLTAGES PRODUCED BY THE 
57TH HARMONIC M. M. F. 


Fig. 


(1) and (2), 72 is a cosine function of time, and 7, a sine 
function. But és4;, produced by 724, is a plus sine 
function. Hence it lags a quarter period behind 74. 
Similarly, esc; lags a quarter period behind 7, which 
produces it; ésa7 leads 7, by a quarter period; and é547 
lags behind 7, by a quarter period. These relations are 
shown in Fig. 15. It will be noted that e;; (fundamen- 
tal) voltage produced by 7th space harmonics of flux, 
(itself produced by the 5th space harmonic of m. m. f.) 
js a reactive voltage of the same phase relation to the 
current producing it, as the reactive voltage across a 
condenser, whereas @545,.€5a5 aNd és; (produced by 5th 
space harmonics of flux) are of the same nature as the re- 
active voltage across an inductance. By taking the vec- 

*C, A. Adams, Bibliography (10). 

+Or these equations may be obtained from the general equa- 
_ tions (58a) and (59a). 
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tor sum of the fundamental voltages due to all harmonicst 
(including the fundamental), produced by 72, and, in 
addition, the reactive voltages due to the slot and end- 
winding leakages, the result will be the total reactive 
voltage produced by 7,, and will thus determine the 
synchronous reactance x, for the direct component of 
current. Similarly, x, is determined for the quadrature 
component. 

The general equations for all harmonics due to the 
total sine wave (in time) current are given in Appendix 
A as eqs. (45a) and (52a). Making the approxi- 
mation, justified in Appendix B, that the permeance 
series is the same for the cosine and sine distribution of 
m.m. f. for each harmonic, but remembering that it is a 
different series for the different harmonics, these equa- 
tions become 


m =O 


1l-+n nh } 
Crna = S Pall (— 1) > = Clip 
m=(0 
(k,n + m) 
CGS Laat sin (n + m) “5 ~ sin (ky + m) f 
k,—™m 
+ Cee = m) oe sin (n — m) > 5 sink, — mt 
(58a) 
m=O 1 . 
Lopes. 
Cng = > os (— 15) ¥ oon ke CxO m 
m=0 
k, +m 
Cas = 7 in (n — m) cos (I —m)t 
| (kn +m) 
+ Cat m) grin, sin (n +m) > = Coste + m)t 
(59a) 


These two equations Kon tae much information. 
Aside from giving the phase and magnitude of all 
harmonic voltages, they show such rather unexpected 
facts as that a space harmonic m. m. f. of one order, say 
the 5th, produces a space harmonic of flux of another 
order, say the 7th, which generates a fundamental 
voltage. Likewise the 7th m. m. f. harmonic produces 
a 5th flux harmonic which generates fundamental 
voltage. Moreover, the 11th and 18th, and the 17th 
and 19th, are similar pairs in this respect. The equa- 
tions show also that the only values of m (the order 
of the space harmonic of permeance) which produce 
fundamental voltages are zero and 2.0. This is clear 
from an inspection of the time angle (k, + m)t. In 
this, k, is always +1.0. This is of great practical 
importance. It means that in the practical applica- 
tion of these results, only the average permeance term, 
and the 2nd harmonic term need to be determined, thus _ 
immensely simplifying the problem. 

+The voltages in Fig. 15 are produced by the 5th space harmonic 


of m.m.f. alone. There is a similar set of voltages for the 
7th, 11th, 13th, 17th, 19th, etc., harmonics of m. m. f. 
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From these equations the various fundamental 
voltages* have been computed, and are tabulated in 
Table I, and are shown in Fig. 16 as vectors in relation 
to the other voltages due to armature current. From 
these results, the expressions for the reactances are 
derived in Appendix C. 

It will be helpful to sum up the points thus far 
established. The general plan, it will be remembered, 
is{to determine, first, all of the component voltages 
produced by armature currents, such voltages compris- 
ing (a) all of those generated by flux emanating from the 
armature surface, 7. e., the air-gap flux, (b) that due to 
flux crossing the slots, (7. ¢., slot leakage) and (c) that 
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Fia. 16—FUNDAMENTAL VOLTAGES DUE TO ARMATURE 


CURRENTS 
A—Components of armature current 
B—Component armature reaction voltages 
C—Resultant armature reaction voltages 
D—Component leakage reactance voltages 
E—Resultant leakage reactance voltages (D and E magnified in scale, 
compared with B and ©) 


due to end winding leakage; and, second, all voltages 
due to current in the field winding; then, by superposi- 
tion of all significant components, to determine the 
resultant, which is the terminal voltage.: In the fore- 
going, the voltages due to the air-gap fluxes which are 

*While only the fundamental voltages are derived in detail, 


equations (58a) and (59a) contain the harmonics. 
{Bibliography 8. 
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produced by armature current have been determined. 
The voltages due to slot and end winding leakage have 
been previously determined.{ Hence all voltages due 
to armature current are accounted for. In Appendix 
CG, the important ones of these are assembled in expres- 
sions for reactance. 

Field Current Phenomena. The other source of flux is 
the field current. This current is due to the exciter 
voltage, assumed to be constant, and to such harmonic 
voltages as are short-circuited by the field winding. 
The rotating space harmonic m. m. fs. produced by the 
armature current are of odd order, and rotate at odd 
fractions or multiples of synchronous speed with respect 
to the armature. Hence their electrical angular speed 
(on the harmonic base) with respect to the field pole 
and field winding must be of even order; because one 
times speed is always added to or subtracted from the 
odd term. For instance, the 5th rotates backward at 
1/5th speed with respect to the armature, thus 6/5th 
with respect to the pole. Hence it generates a 6th 
harmonic, The 7th rotates forward at 1/7th speed with 
respect to the armature, hence 6/7th with respect to the 
poles. Hence it also generates a 6th harmonic in the 
field winding. 

Therefore, the general form of the field current will 
be a Fourier Series of even harmonic terms, thus 


= J, + I,cos2%4+ Igeos4it +... 


+Jo'sn2t+-L’sm4i+.... (44) 

But inasmuch as, in a three-phase machine, the 5th is 
thelowest ordert of rotating harmonicm. m. f. (excepting 
the fundamental), the 6th harmonic must be the lowest 
order harmonic in the field current. Moreover, since 
the 7th m. m. f. harmonic also produces only a 6th in 
the field current, and since the next existing space 
harmonics are the 11th and 18th, both of which gener- 
ate a 12th harmonic in the field winding, and next the 
17th and 19th, which generate an 18th, it follows that 
the only harmonics in the field winding are multiples 
of the 6th. 


But these are all of practically negligible magnitudes. 
While the 6th harmonic ripple may, in rare cases, be 
detected in the field current under the condition of 
balanced three-phase currents, and although it does very 
slightly affect* the fundamental voltage, its influence is 
practically insignificant. Hence only the effects of the 
average term Jy, which is sustained by the constant 
exciter voltage, are considered. 

The voltage due to the flux produced by I) has been 


{There is an exception to this in the case of a delta-connected 
machine in which the circulating currents (third harmonic and 
its multiples) produce space third harmonies of m.m. f. and 
odd multiples thereof. However, these m.m.fs. rotate at 
such a speed as to induce in the field winding 6th, 12th, 18th, 
ete., time harmonies of current. 


: 
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adequately treated before.t The flux wave thus 
produced is of the general shape indicated in Fig.17, 
and hence contains a fundamental and odd harmonics. 
The component harmonic waves are, of course, station- 
ary with respect to the poles and therefore generate 
replica voltage waves in the individual armature con- 
ductors. The flux wave is determined, as in Figs. 
5, 6, 7 and 8, by graphic field plot from a scale drawing 
of the armature and field pole. 


If there should be a field m. m. f. in the quadrature 
axis, there would be another flux wave produced, 
symmetrical about that axis, hence containing only 
odd terms—fundamental and odd harmonics. 

Significance of Various Voltages. Consider now some 
aspects of the various fluxes and voltages. Which of 
them are important? Which of the fluxes determine 
the leakage reactance; which, the armature reaction? 

Take the harmonic voltages first. These are due, as 
already explained, to (a) a set of rotating flux waves 
produced by a sine wave (in time) current; (b) an ad- 
ditional set of rotating waves for each time harmonic 


ee 


Hires 7 


in the armature current. In the various sets, the 
speed of rotation of the respective space harmonics 
(i. e., of the same pole span) is proportional to the order 
of the time harmonic producing it, and the amplitude 
is proportional to the amplitude of the time harmonic 
current; (c) the space harmonics of the field flux; and 


*Its action may be approximately illustrated by the 5th 
harmonic m. m. f. as follows: The rotating 5th m. m.f. of con- 
stant magnitude tends to change the flux linkages of the field 
winding at 6 by a small amount depending on the magnitude 
of the 5th m. m. f. wave. But the closed field winding maintains 
constant linkages, by adjusting the field current at all instants to 
maintain that condition. The resulting flux at the air gap is 
due to the superposition of the pulsating, field-flux wave, of 
a shape similar to that in Fig. 17, upon, the fluxes due to the 
armature current. But the wave in Fig. 17, contains among 
others a 5th and 7th space harmonic. Being a stationary 
pulsating wave, the pulsating component gives forward and 
backward rotating waves of equal amplitudes, equal to % of 
the amplitude of the pulsation. Thus each space harmonic 
in the wave, including the 5th and 7th, rotates. These two are 
in phase with the 5th and 7th which cause the 6th harmonic 
current in the field. Hence they may change the magnitude of 
resultant 5th and 7th flux waves, and by that much, affect the 
fundamental voltage generated by these. But the reactance 
to the 6th harmonic current is extremely high, and almost com- 
pletely damps out this current. It is rarely large enough to 
detect in the oscillogram of the field current. 

{Bibliography 7, and Appendix of 8. 
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(d) the effects of permeance waves due to slots.t 

How important are these harmonic voltages? Some 
are of no importance because they are of negligible 
magnitude. ‘This may be due either to small amplitude 
of the flux harmonic, or to reduction by the connection 
and space phase of armature conductors. It is well 
known, for instance, that either a Y connection or 2/; 
coil pitch, eliminates the third harmonic; ‘/; pitch, 
the 5th; °/; pitch, the 7th, ete.; and the distribution 
of coils greatly reduces any which may remain§. 
So in many cases the harmonics may be neglected be- 
cause they are not appreciable. 


Moreover, if a machine is connected to a bus of sine 
wave voltage, any harmonics which are generated in 
the machine are thus short-circuited—that is, any 
corresponding harmonic current is a short-circuit cur- 
rent. Hence no useful power could be developed by 
such harmonics. However, if there are corresponding 
harmonics in the terminal voltage and in the current, 
power can be developed by such harmonics. For 
instance, a 7th time harmonic in the current will pro- 
duce a 7th harmonic space flux wave traveling at syn- 
chronous speed forward, that is, stationary with respect 
to the poles. It could therefore synchronize with the 
7th space harmonic of field flux. In the main, however, 
time harmonics are not of significant importance. 
They may be, of course, in certain rare cases of 
resonance, and in problems of telephone interference. 


Therefore, since the harmonics do not significantly 
influence the regulation and power relations, princi- 
pally to be considered here, they will be neglected. If 
their evaluation, for other purposes, is ever required, the 
foregoing treatment, particularly eqs. (58a) and 
(59a), constitutes a basis for their determination. 


Consider the fundamental voltages. They are due to 


(a) fundamental space component of flux due to the 
direct component of armature m.m.f., 2. e., direct 
armature reaction. 

(b) fundamental space component of flux due to the 
quadrature component of armature reaction. 

(c) 5th space harmonic flux,* rotating backward at 
1/; speed, and due to the direct component of armature 
current. 

(d) 5th space harmonic,* rotating backward, and due 
to the quadrature component of current. 

(e) two corresponding components (7. e., direct and 
quadrature) of the 7th space harmonics, rotating for- 
ward at 1/7 speed. 


tThis is neglected in the present treatment. It is a different 
factor from the ripples due to current concentration, the latter 
being taken into account. The former have been treated by 
Lyon. See Bibliography 7. 

§In most modern alternators the harmonics are practically 
all thus screened out, leaving the terminal generated voltage 
almost a true sine wave. Bibliography 10. 

* Bach of these, 7. e., (c), (d) and (e), comprises two flux 
components: one due to the 5th space harmonic of m. m. Pe 
the other, to the 7th.. See Table I. 


924 


(f) two components of the 11th rotating backward at 
1/11 speed;{ and so on. 

(g) slot leakage flux produced by both components 
(direct and quadrature). 

(h) end-winding leakage flux produced by both 
components. 

(i) fundamental space component of flux due to field 
m. m. f. in the direct axis. 

(j) fundamental space component of flux due to 
field m. m. f. in the quadrature axis. 

Consider these in detail. The terms (a) and (b) 


Vy X ad 


Fia. Eauations. NEGLECTS 


DIAGRAM FROM 
SATURATION 


18—VECcTOR 


are the usual vectors of voltage produced by the flux 
of armature reaction; these are 7%%aq and 74a in 
diagram, Fig. 18. (i) corresponds to the nominal 
voltage eg. (j) is an added similar term eq, Fig. 19, 
for the quadrature axis. (g) is the usual slot leakage 
tq, and 72,%,, Fig. 16D, which is independent of cur- 


When irregular armature windings are used, for instance 
fractional slots per pole, then additional harmonics occur. 
These are important since they may create serious vibration 
in the stator frame; and, in the case of induction motors, may 
significantly increase the leakage reactance. Their computation 
is beyond the scope of this paper. 
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rents in any other slot, and is therefore the same for 
single or polyphase currents for full pitch coils. They 
are, however, different for fractional pitch. It may 
therefore be treated as external reactancef, provided 
the slot contains current of one phase only. Slot 
reactance is obviously the same for the direct and 
quadrature components of current. (h) corresponds to 
the usual end winding leakage reactance 7, x, and ta £., 
Fig. 16p.. There is some mutual reactance between 
phases, and hence it is not the same for single-phase and 
polyphase currents, and hence can not be considered 
as external reactance. It is here assumed to be the 
same for the direct as for the quadrature component of 
current. 

In Appendix C the following expressions for the 
various reactances are derived: 


p2" 


Lad = Dol =F 2 (1c) 
ak ‘ 
ay = Bal — “5 (2c) 
C?; p Mf C; C; 
LT De ae ee 5 7 70 (po + pot!) 
C2, pwll C211 poXt 
CPR waar rr Gh)! 
CaCO. C213 px 
oe RES + p Xt) 4 arr Ber 
(3c) 
ae Cts pov Cs C (px + p¥t) 
Liz tie SF Xe a 25 70 P2 Pe 
C2, pvt C21, pet 
Teed 121 
Gi Ga; C23 poXtl 
Sl eee XIII fel 8 
| (4c) 
La = Laa + Lia (5c) 
Lq = Lag =. Lig (6c) 


REACTANCE AND VECTOR DIAGRAMS 


The most recent contribution relating to the general 
subject treated here is a paper by Karapetoff§ on 
“Variable Leakage Reactance.’’ In his _ historical 
references, attention is called to the fact that in Blondel’s 
diagram, the leakage reactance drop is represented by a 


{The effect of currents of different phases in the same slot, 
as in fractional coil pitch, is accounted for by appropriate factors 
in the calculation of slot leakage. 


§Bibliography 12. 


June 1926 


single vector; and that although other authors* had used 
a different value of reactance for currents opposite the 
pole than for currents between poles, none had ac- 
counted vectorially for the variation of reactance between 
those positions. His treatment asswmes this variation to 
be harmonic, and therefrom he establishes an interesting 
relation, namely that the leakage reactance voltage 
comprises two terms, .one corresponding in phase rela- 
tion to the usual reactive drop, and another whose phase 
relation changes with the phase of the total current. 

The present general treatment justifies his assump- 
tion. Indeed, it is clear from eqs. (58a) and (59a), 
as already mentioned, that the only permeance terms 
which produce fundamental voltages due to harmonic 
flux waves (leakage reactance) are those of zero and of 
second space order, 7. e.,m =0 and m = 2.0. In 
other words, his assumption is one of the necessary 
conclusions of the present treatment. 

However, the impression should not be left that this 
variation in leakage reactance is of a large order of magni- 
tude. Indeed it is insignificant in a large percentage 
of salient pole synchronous machines. In the first 
place, a large portion of the leakage reactance consists 
of the slot leakage and end winding leakage which are 
practically independent of pole position. The rest of 
the leakage consists of the tooth tip and belt leakage 
(comprising the space harmonic fluxes which generate 
fundamental voltage), and most of this is independent 
of pole position, leaving only a very small fraction of 
the total which does depend on pole position. 

From the foregoing, and the results in Appendix C, 
the vector diagram, neglecting saturation, can be con- 
structed. The diagram, of course, will contain the 
same quantities as the well-known Blondel diagram, 
with the rather trifling exception discussed above, 
regarding the leakage reactance voltages.” 

From Table I, the voltages due to armature reaction, 
i. e., to the space fundamentals of flux, are 


1 fi 
ad jA,4 ( Po a= 2 po ) ae aU Lad 


\| 


and 


i re 
ee ee 


The voltages due to leakage reactance, derived in 
Appendix C, are 
—j v4 Lid 
and i 
— Jj ta Lig 
Taking the fundamental flux $14, direct axis, as the 
time reference vector, the vector diagram in Fig. 18 


*Bibliography 5. } 
*In the present treatment, these comprise all fundamental 


: voltages except those produced by the two space fundamental 


flux waves. 
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is constructed. By the convention adopted in the 
equations, %q was taken as lagging with respect to %.. 
This corresponds to a motor load, hence in Fig. 18, 
according to the definition, the power factor angle 0, 


is greater than 90 deg., 7.¢., > =~. Redrawing Fig. 18 


a 


in Fig. 20, the conventional relations are shown, in 
which 7, is reversed, thus a generator load. Also the 
reactances are combined, since saturation is in this 
particular case neglected. 


La = Laa + Lia 
La = Lag + Lig 

The vectors in Fig. 20 are the induced, not the con- 
sumed, voltages. 

Introducing an excitation current in a field winding 
around the quadrature axis, brings in an additional 
voltage ez as shown in Fig. 19. The general power- 
angle relations are derived in Part II from this diagram. 
An approximate method due to Blondel, for taking 
saturation into account, will be referred to in Part II 


Fia. 20—Vuecror Dracram—Usuat ConvENTIONS 


and also in Appendix D, in which Fig. 20 will be inter- 
preted in terms of the familiar Potier diagram for 
cylindrical rotor machines. 

An idea of relative phase and magnitude of voltages 
may be obtained from an inspection of Table I. Re- 
ferring to Fig. 16D, in which the phase relation of the 
various vector voltages of Table I are shown}, it will 
be noted that the only ones which do not have the same 
phase relation with respect to the current which causes 
them, are those which involve products C; C;, Ci: Cis, 
etc.—that is, those terms in which a flux of one space 
order is produced by m. m. f. of another space order. 
The diagrams show nothing above the 7th, since the 
next term involves the 11th and 13th, and is entirely 
negligible. They are, in other words, only those terms 
which involve second harmonic permeance coefficients 
for m.m. f. space orders > 1.0, such as p.’, p.‘", etc. 


{In the diagram, currents are substituted for corresponding 
armature reactions. 
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They are given in eq. (7c) Appendix C. It will be 
observed in Fig. 16D that the only such terms are 
0.014 ta pv C; Cy 
0.014 la oe Cs C; 

These are reversed with respect to the other voltages 
produced by i,. The corresponding terms produced 
by 2a are 

0.014 1a Dv OF Or 

(0.014 tq px! C; C, 
which add on to corresponding voltages produced by 7. 
The vector sum of these four terms* constitutes the 
variable phase J X, vector in Karapetoff’s treatment. 
Its phase with respect to the current causing it, changes 
through 180 degrees as the total current changes from 
all 7, to all ¢a, 7. e., through 90 deg. It thus changes as 
twice the angle between the resultant current and the 
zero reference, as his equation specifies. 

What about the magnitude? The product C; C; 
may be of any value between zero and a maximum 
value = 1.0 for a three-phase machine. It is zero if the 
coil pitch is either +/; or */7, and greatly reduced for 
other pitches.t It is greatly reduced also by coil 
distributiont. The permeance coefficients p.” and 
p.*l are of the order of 50 per cent of po!. Thus the 
maximum possible value of each term is of the order of 
1/. of one per cent of the armature reaction voltage due 
tot ortoiz. This would give a maximum variation in 
leakage reactance voltage with pole position, of the 
order of + 1 per cent of the armature reaction voltage; 
and in many cases, on account of fractional pitch, etc., 
it would be practically zero. Therefore the conclusion 
is that in many salient pole machines the variation 
in leakage reactance with pole position is entirely 
negligible, and is of small magnitude in any case 
approaching the usual design practise. 


PRACTICAL APPLICATION OF RESULTS 


The application of the method given here requires 
numerical data for the zero and second space harmonic 
of permeance for each significant harmonic m. m. f. 
The harmonic m. m. fs. are easily computed, and are all 
expressed in Table I in terms of the fundamental 
m.m.f. component. But the permeance coefficients 
must be determined from field plots§ such as shown in 
Figs. 5,6, 7,8 and 9. From such plots, the permeance 
curves are determined and analyzed to obtain the 
required value of the average and the second harmonic 
coefficients. Partial analysis of these particular plots 
is shown in Fig. 21.. 

*And, if they were appreciable, others involving 11th and 
13th, and 17th and 19th. But the large denominators in these 
terms, Table I, indicate the very small magnitude. 

{Of course it would be zero also for a pitch of either 2/5; 
or */7, ete. 

tC. A. Adams, Bibliography 10. 

§Comprehensive treatments of flux plotting are being 


prepared by engineers of the General Electric Company, for 
presentation at an early date. 
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In order to avoid having to plot, as above, the flux 
distribution for each significant harmonic, including the 
fundamental, an approximation is made as follows: A 
plot is made for the zero harmonic, as in Fig. 5, which 
results are shown also on Fig. 21. In addition, the latter 
shows a curve of “equivalent air-gap,” taken as the 
reciprocal of the perméance for the zero harmonic. 
From this and the curve in Fig. 10, derived in Appendix 
B, the permeance curves for any harmonic can be 
obtained, as in Fig. 11. These are then analyzed for 
the zero and second harmonic. The results thus ob- 
tained for the particular case here illustrated are com- 
pared in Table II with those obtained directly from the 
plots, and are also compared in complete curves in 
Fig. 12. It will be noted that the agreement is very 


EQUIVALENT AIR GAP, AS FRACTION OF MINIMUM GAP 


Fic. 21—PrrRMEANCE DistTRIBUTION DETERMINED FROM FIELD 


Prots. Atso EquivaLENT ArR-Gap 


satisfactory. The only discrepancy worth noting is 
between p..' and p.,', which are, from plots, respec- 
tively 0.43 and 0.47. The value derived from Figs. 10 
and 21 is 0.44. 


The above simplifying assumptions are fully dis- 
cussed in Appendix B. 


The general plan, therefore, is to obtain a permeance 
curve for the zero harmonic for the machine under 
consideration, and from that, the “equivalent air-gap”’ 
curve. Then with the aid of Fig. 10, plot a group of 
curves as in Fig. 11. An analysis of these will give the 
required po” and p”.. 
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II. Steady State Power-Angle 
Characteristics 

The angle-power relations developed in the following 
are Important in connection with the parallel operation 
of frequency converter sets; the natural oscillating 
frequency of machines where the circumstances are 
such as to approach steady state conditions—such 
as high resistance in the field circuit, or very low 
oscillating frequency; and in the problem of stability. 
A future paper will treat the case of transient conditions. 

1. Single Machine on Infinite Bus. Referring to 
Fig. 19, the time diagram for a three-phase generator, 
the following relations may be obtained. 


€a=ecosdt+irertigtg (45) 
and 

€q = t¢Xq— CRINO— tgr (46) 
Since the component of terminal voltage in phase with 
vq 1S e sin 6, and the component in phase with 7¢ is e 
cos 6, the electrical power output of the generator is 


P = e%4,8in 6 + e€1<cos6 (47) 
Solving (45) and (46) simultaneously for 72 and ic 
. 2a (€2 — ecos 6) — r (eg + ein 6) 
bee r+ ta Wa 38) 
and 
Fae Peg BeDS ps + 2a (€q + ein 6) (49) 
(t= oe here 
Substituting (48) and (49) in (47) 
(€@,%q— €€qr) sind + (eegr + € €q Xa) COSA 
Ee 
a oF: (ta— 4a) Sn 26—e?r 
P = 
T? + %a%q 
(50) 


To obtain the mechanical power input, the copper loss 
of the armature must be added. This loss is» 


Pr =@r=Ge+7%2) 19 
Substituting (48) and (49) in (51) 
r (xq + 1?) (€q — € cos 6)? 
+r (x@ + 17?) (ea + ein 6)? 
+ 27? (x4— Xa) (@a— € COS 5) (eq + esin 6) 
oy (7 + La La)? 


(51) 


Ps 
(52) 


The total mechanical power input is then eq. (50) plus 
eq. (52). This equation is rather complex to apply in 
practise. However, the armature resistance, which 
is generally small, has only a small effect on the power- 
angle characteristic, and for practical purposes, the 
armature resistance may be assumed to be zero. 

Equation (52) then becomes zero and eq. (50) 
becomes — = 
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Cea. € eq Cea ana) 
= sin 6 -+| —— Ts erway 
a + = cos 6 + 9 tate sin 2 6 
(53) 


For a given terminal voltage and displacement angle, 
the power thus comprises three independent com- 
ponents. The first is proportional to the excitation in 
the direct axis, the second is proportional to the excita- 
tion in the quadrature axis, while the third is inde- 
pendent of any excitation and may be termed the 
“reluctance power,” due to the salient pole construction. 
Generally there will be no rotor m. m. f. in the quadra- 


ture axis under steady state, 7. ¢., ec is zero. Eq. (53) 
then becomes 
Cea . C(La— La) 
a Oe ee ers 
x, on + aie sin 2 6 (54) 


It may be noted that the first term of this equation 
is the same as would be obtained using the cylindrical 
rotor theory. However, the second, or reluctance 


1.50 
— Machine Constants 
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e4=1.00 
ae x 4=1.00 
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foe 
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term, may be fully as important as the first for salient 
pole machines, and it is due to this fact that the power- 
angle characteristics obtained by the two-reaction 
theory differ so markedly from those obtained by the 
cylindrical rotor method. In Fig. 22, power-angle 
curves are shown for a typical salient pole machine. 

The equations given above have been derived for a 
generator. 

In the case of a motor the angle, 6, is negative. This 
makes the electrical power output negative, 7. @., 
power input to the motor. Thus, with 6 negative, P 
is also negative, but Px: remains positive. That is, 
the copper loss reduces the mechanical power output. 
When there is no resistance, the mechanical power out- 
put as a motor is the same as the electrical power out- 
put as a generator for numerically equal displacement 
angles. Hence, for no resistance, equations (53) and 
(54) apply to operation either as a motor or as a 
generator. 

The first term in equation (54) is that obtained by 
cylindrical rotor theory and has a maximum when 
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6 = 90 deg. However, when the second term is added, 
having its maximum at 45 deg., the maximum value of 
the resultant curve occurs at some other value of 6 
between 45 deg. and 90 deg. 

Differentiating* equation (54) with respect to 6, 
and considering e constant, 7. e., that the machine is 
connected to an infinite bus, 


dP GUrtAs eos ae? (Ga ~~ %a) 6638:2'5 (55) both the leakage reactance in the direct axis and the 
dé va da ta - quadrature axis. 
Since Saturation has also been neglected in the foregoing. 
RO ee Wey a (56) Itis approximately taken into account in Appendix 
Saturation in the pole body does not change the angle- 
dP ea eo area) 5s power relation at the same condition of voltage, load 
‘iy Ee, Tie and power factor. 
2. General Case of a Generator Supplying Power to a 
, ta — %) is Synchronous Motor. From Fig. 23 
pee A yah ep ( ) Lan = Van Simo Vai Cos 6’ (61) 
1a = 11 COs 6! a Vai sin 6! (62) 
The power has a maximum when — = 0 or ea1— tartar + tap Ban C08 5’ — 49a a2 8in 9” = C42 COS 0” 
dé 
(63) 
} ba 201 + tan Dao Sin-6’ + 492 Zao COS 6’ = ea sin 6’ 
eat 
cos? 6 + ah aa C080. = =.0., (58) année : (64) 
€ (La — &a) 2 Substituting (61) and (62) in (63) and (64) 
or @a1 — ta1 Lai + 401 Lap Sin 6’ cos 6’ — Za; Cos? 0’ 
ie — 49, La sin 5’ cos 6’ — 441 Lao Sin? 6’ = eg, cos 6’ (65) 
Tea Wd "i 
cos 6 = Trae 6 taiHor1 +401 %a28in? 6’ — 741% a28in 6’ cos 6’ + 241 Lae COS? 6’ 
+ ta; La sin 6’ cos 6’ = a2 sin 6’ (66) 
1 pitlen LEA Ra Rs Sabet ST eras 
F x x a 
=e (ta— £0) Vedud + 8e ta Ha)? (59) — tar [ cee + ate =a 9 ot cos 2 8! ] 
The two values of cos 6 in equation (59) correspond sw an ee, 
in general to two maximum values of power, the positive + ta 2 sin 26’ = ég2cos6’— ea (67) 
sign giving the first and largest maximum as 6 increases 
from zero. Since we are not interested in the second . La— ta. yee Lao + Lar 
maximum, occurring in the vicinity of 6 = 180deg.,we ~ /@!. 2 sin 26! + ta Ez = 2 oh op Ae 
may take 
a2 — La2 f he'd 
cos § = Tate t Ved tet 4.8 (tam 20)?” gg ¥ 9 cos 26’ J = eas sin 6 (68) 
4e@ ("a— Xa) ; : : 
3 Solving (67) and (68) for 72, and 7a; 
La2— # 
‘ — €a2 (Xa1 + Xa2) Cos 6’ — ey ee) cos 26’ + ea: ( cer, 
dhe : 
69 
~ Va1Xa1 + Lag Vag Gat tu) Go + He) + (Gar = mm “ a2) cos 2 6’ 
> Lax — 
Has €a2 (Nar + Xz) Sin 6’ + ex es 5 sxe) sin 2 6’ 
a1 (70) 


Vai a1 1 Lae Vag + (ai + a1) (Gar + La») a (Cay = Za) (tan — 


2 
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In the above the core loss and friction and windage 
losses have been neglected. These terms introduce 
practically a constant term and may be taken into 
account by making a final correction in the results 
obtained. 

Reactance external to the machine proper, but in- 
cluded between the source of constant voltage and the 
machine, may be taken into account by adding it to 


. %42) og 9 8! 


From Fig. 23, the component of the terminal voltage in phase with 74, is 7 aq, and the component in phase 


with tax is Cia Vai Gave 


a ; : 
The rate of change of power with angle, as given by (55), is usually referred to as “synchronizing power.” 
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Hence, 
un P = (@a — ta1 Hai) tar + Vai Lar Vay (71) 
P = @arta + ta tai (Lai — Lai) (72) 


Substituting (69) and (70) in (71) and (72) 


Cai Cag (Lar + X92) sin 6’ + 


P = 


Cai” 


Dy) (Xae = 


Xoo) Sin 2 6’ 


(Xai — a1) 


A? [ex (Xai + Xoo) sin 6’ + ea; ee) 


(Xa2 


(Lar 
—€ax 


2 


where 


Ay = Xai a+ Lae Geo + 9 


Expanding (73), 


ge (cn: en | (a1 + Xa2) (Yai + Lao) (Wai + Laz) 
i 
wie (Xa1 + a2) (Laz — Lae) (Loi — Lar) ] sin 6’ 


Car” 
v5 2 


€d 


— —F (@a1— Has) (Gar + 202) (te: +e) | sin 287 


(Gao — Lae) (Wai + Lae) (Lar + Laz) 


Cds Ga2 ; 
= ete (a1 — La1)(La2 — La2)(La1 + Xaq2) sin 3 i’) 
Va +2 Ho ay 
=f a ee Te 
2 
La — XL La2 — Lan) 
pe ea) Aha Feely x : =~ cos 2 i’ | (75) 
If 
Lai = Lae. = La 
Lai = Lag = Lg 
€a; = Cay = Ca 


eq. (75) reduces to 


4 ex “La sin 6’ 

(a—Xz)*cos 2 6’—4(x7—40?)cos 6/438 22438 22+2 24 La 
(76) 

3. Special Case of Zero Field Current. The vector 
diagram for this case is shown in Fig. 24. The voltages 
and currents shown are, of course, all for phase 1, and 
under the condition of constant terminal voltage e 
impressed. Although these relations are, of course, all 


= a2) 
REN ee, COSC 5 | 


(Xai + Lar) (Gaz + Lae) 


A 


=e 2 £ ; Lan + Lae 
ations pom 26 ] [e.: (en + gree ) — €az (Xa + Laz) costo’ 


(73) 


(Yar — Lai) (Las — Xa2) 
2 


cos 2 6’ (74) 


included in the general case, they are somewhat ob- 
scure in combination with other quantities. 
The power is 


IP = @ad tq cate Cag La (77) 
but 
Caq = 10% = — ECOSO (78) 
and 
Co = tate = — Cini (79) 
Hence 
2 Cae etat, 
P=e Duke! sin 2 6 (80) 
This corresponds to the third term in (53), that is, 


Fig. 23—Vecror Diacram ror T'wo Macuinzes 


the reluctance term due to salient poles. It is, of course, 

zero if %q = 2a, which is the condition applying to a 

cylindrical rotor of uniform air-gap. 
ACKNOWLEDGMENTS 


The authors gratefully acknowledge the essential 
contributions of Messrs. P. L. Alger and R. H. Park in 


930 


Appendix B, the assistance of Messrs. E. E. Johnson 
and L. P. Shildneck in making and analyzing field 
plots, and of Mr. A. J. Chabot in the preparation of 
data. They wish to express also their appreciation to 


ig 


Fig. 24—Vzectror DiaGRAM FOR A SINGLE MACHINE ON AN 


InFinite Bus, AND WirHovut Fintp ExcrratTion 


Prof. V. Karapetoff for his critical review of the manu- 
script and suggestions. 
Appendix A 
GENERAL EQUATIONS FOR HARMONIC FLUXES AND 
VoLTAGES DUE TO ARMATURE CURRENTS 

A three-phase current which produces a space 
fundamental m.m.f., Ai, rotating in synchronism 
with the rotor and in space phase with the direct axis, 
also produces in general, space harmonics of m.m. f., 


Ana rotating in space at times normal speed, the 


direction of rotation depending on the order of the 
harmonic. The third is absent, the fifth rotates back- 


il i) 
ward in space at speed, the seventh forward at 7 


i) 
speed, the ninth is absent, the eleventh backward at ii 


speed, ete. For any harmonic, the direction and speed 
of rotation may be conveniently expressed by 
kn 
Wan = (la) 
where 
Wan = the speed-of rotation with respect to the 
armature 
n = the order of the harmonic 
and 
Te ee eee Sey 
eS ae (2a) 


The speed of the m. m. f. wave with respect to the 
rotor is the difference between its speed with respect 
to the armature and the speed of the rotor with respect 
to the armature, or 
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pe ro erie (3a) 


Orn = 
The equation for a rotating wave of amplitude, Ana, 
distributed as an nth harmonic in space and rotating 


(n— k,.) > 
ae ae a aaa, 
nN 


Ona = Ana cos [n (a + ¥) + (n— k,) t] 

where 

n w = the angular displacement of a peak of the wave 
from the direct axis when ¢ = 0 and is mea- 
sured on the harmonic base. 

na = electrical angle, reckoned from the direct axis 
in the direction of rotation and measured on 
the harmonic base. 

When t = 0, 7. e., when the axis of phase 1 coincides 
with the direct axis, each rotating m. m. f., due to the 
direct component of armature current, has one of its 
maxima in the direct axis. Hence » = 0 and the 
equation for the wave is 

Gna = Ana cos [na + (n— kn) #] 


at a speed — 


(4a) 


(5a) 


Expansion of equation (5a) gives two components, 
Ona = Anacosn a cos (n— k,)t (6a) 

and 
ana = — Anasinnasin (n— k,) t (7a) 


Equation (6a) is an m.m.f. wave of distribution 
cos n aw and stationary with respect to the rotor. Like- 
wise equation (7a) is stationary with respect to the 
rotor, but of sin n a distribution. Each of these waves 
pulsates in time at a frequency (n — k,,) times normal. 
The m.m. fs., dn’ and ana", will each produce a flux 
wave, 

Bina = Ana Pp” cos n a cos (n— k,,) t (8a) 
and 


B"na = — Ana Ds*sinnasin(n—k,)t (9a) 


where p.” is the permeance series for an nth space 
harmonic of m.m.f. of distribution cos na, and p,” 
is a similar permeance series for an nth space harmonic 
of m. m.f. of distribution sin na. These series have 
been shown in the body of the paper to consist of an 
average term and cosine terms of even multiples of a, or 
De" = Poc™ + Po” coS2a+ pr."cos4a+... (10a) 
Ds” = Pos” + Po" cos2a+pi."cos4a+..., (lla) 

The general terms of these series are Pn.” COS M @ 
and Pms” cosm a, respectively, which substituted in 
equations (8a) and (9a), give 


m= 


A, 
Bina = s oo Dme’ { COS (nN + m) a cos (n— k,) t 
m=0 
+ cos (n— m) a cos (n— k,) t } (12a) 
m =O te 
or > a Dn” { sin (n + m) asin (n — k,) t 
m=0 ; 


+ sin (n— m) asin (n— k,) t } (13a) 
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where m is any positive even integer, including zero. 
Expansion of (12a) and (13a) gives 


m = 
, Ana 
B OC ee 4 Omics 
m=0 


cos|(n-+m)a—(n—k,)t] + cos[(n+m)a+ (n—k,)E] | 


+cos|(n—m) a— (n—k,,)t]eos[(n—m) a+ (n—k,,)t] 
(14a) 


m =o 


” Ana 
fo) nd — > Shee os ° 


m=O 


cos[(n+m) a+ (n—k,)t]—cos[(n+m)a— (n—k,,)t] 


+cos[(n—m) a+ (n—k,,)t]—cos[(n—m) a— (n—k,)t] J 
(15a) 
Collecting similar terms, 


SS ee ( cos[(n+m)a+(n—k,,)t] 

gq (Pme" + Pme”) 

0 ‘ +cos[(n—m) a+ (n—k,)t] 
(16a) 


cos[(7+m)a— (n—k,)t] 


Bna= 


m= 


Ae 
“i > 4 : Dae Dae”) 

m=0 - +cos[(n—m)a— (n—k,)t] 

For any given values of m and n, equation (16a) 
comprises four rotating flux waves. The order of the 
harmonic space distribution is given by the coefficient 
of aw and the speed and direction of rotation with respect 
to the rotor are given by the negative ratio of the coeffi- 
cient of t to the coefficient of a. 

A similar set of flux waves will be produced by the 
quadrature component of armature current. The 
m. m. f. waves produced by this component of current 
will have the same speed and direction of rotation with 
respect to the rotor as the corresponding m. m. f. waves 
produced by the direct component, 7. e., 


% n 


Om = (17a) 
The equation for a rotating wave of amplitude, 
Ang, distributed as an nth harmonic in space and rotat- 


ing ataspeed — —————I1s 


n 
Qing = Ang cos [n (a + vy) + (n— k,) @] (18a) 
where a and w have the same significance as explained 
for equation (4a). When ¢ = 7/2, the quadrature 
component of fundamental m.m.f. and phase 1 are 
both in the quadrature axis and a,, has one of its 

maxima in this axis, 2. €., 
Gag = "Any cos 1 (a -+ 7/2) 

ee girs 
Substituting ¢ = 7/2 in (18a) and equating to (19a) 
 natny—7/2k,+7/2n=na+7/2n (20a) 
or age 


(19a) 
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k, 
y= 1/2 =a (21a) 


Equation (18a) is then 

kn . 
Ong = Ang COS [(« + 7/2 a) + (n— k,) ‘| (22a) 
Expansion of equation (22a) gives two components, 


k,, 
Ong = Ang COS 1 (« a cers ) cos (n— kn) t (23a) 


and 
. k,, . 
Qeng = — Ang Sin N (« + a) sin (n —k,,) t (24a) 
Since 
cos (na + 7/2k,) =—k,sinna (25a) 
and 
sin (na + 7/2k,) =k, cosna (26a) 


(k, is always unity, equation (2a), its sign depending 
on the order of the harmonic considered.) 


Uf — 
Ang = 


— Ang k, sinnacos(n—k,)t (27a) 
and 
(28a) 
These two components of m. m. f. are stationary with 
respect to the rotor and pulsate in time at (n— k,). 
times normal frequency. a’,, is of sine space distri-- 
bution and meets the permeance p,”. @”,, is of cosine: 
space distribution and meets the permeance p,”. 


The flux waves produced by a’, and @”,,q are them 
Bing = — Angkn Ps” Sin na COS (n— kn) t (29a) 
B"ng = — Ang kn D-” cosn asin (n— k,)t (a) 
The general terms of p,” and p.” are Pms” COSMa 
and Pno” COS m a respectively. 
Substituting these terms in (29a) and (30a) 


Ong = — Ang kn.cosn asin (n — ky) t 


m =o 


Ne : 
B'ng = > a a kn Dns” CoS (n— k,,) t [sin (1 — m) @ 
m=0 
+ sin (n + m) a] (31a) 
m = me 
Bong os > 7 s kn Pme” sin (n — kn) t [cos (n — mM) a 
m=0 


+ cos (n + m) a} (32a) 


Expanding these equations, 


ian a sin[(n—m) a— (n—k,)t] 
Bing = >) gn Pa” | +8in[(n—m)at (n—k,)E] 
m =0 +sin[(n+m) a— (n—k,,)t] 
+sin[(n+m)a+(n—k,)t] / 
(33a) 
hd ice sin[ (n—m)a-+(n—k,)t] 
Br ng= DS oe ara —sin[(n—m) a— (n—k,)t] 
betty cw, | +sin[(n+m)a+(n—k,)é] 


—sin|(n+m) a— (n—k,)t] 
(34a) 


Collecting similar terms of equation (33a) and 
(34a), 
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A 
ae ay aes oa, ; 
Z 4 ky Daze =F Pms Ne 


sin[(n— m) a+ (n—k,)t] \ 
| + sin [(n + m) a + (n— ky) ial 


=“ >, os (Dme” — Pms”) 


{ sin[(n— m)a—(n—k,)t] \ 
4 gin [(n + m)a— (n —k,) f] J 


(35a) 
For any given values of m and n, equation (35a) 
comprises four rotating waves. The order of harmonic 
space distribution is given by the coefficient of a and 
the speed and direction of rotation is the negative ratio 
of the coefficient of t to the coefficient of a. These 
waves are in space quadrature (on the harmonic wave- 
length) with the corresponding waves in equation (16a). 
The velocity of a wave with respect to the armature 
is the sum of the speed of the rotor and the speed of the 
wave with respect to the rotor, or 
Wan = 1.0 + Wea (36a) 
By means of this relation, waves rotating with 
respect to the rotor may be readily converted into waves 
rotating with respect to the armature. Consider the 
first rotating wave in equation (16a). Its speed with 


(n— ky) 


ec (36a) its 


respect to the rotor is — From 


speed with respect to the armature is 


— + 1.0 or Kocsis aie 


n+ ™m 
Also at t = 0 it is of cosine distribution with respect 
to the direct axis of the rotor and is also of cosine space 
distribution with respect to the axis of phase 1 since at 
this instant these two axes coincide. The other rotating 
waves of (16a) may be treated in a similar way giving 
the following rotating waves with respect to the 


armature. 
m=O 
Ana 
Bada = i 4 (Pract ai Dima”) . 
m=0 


cos [(n + m) y — (kn + m) t] 
+ cos [(n— m) y— (kn — m) #] 


m=o0 a 
ae > re Dina” oF Dine”) . 
nr 10) 


{ cos [(n + m) y— (2n + m— kn) t] ; 
+ cos [(n— m) y— (2n— m— R,) t] 

(37a) 
where 
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+ = electrical angle reckoned from the axis of phase 1 
in the direction of rotation of the rotor and is 
measured on the fundamental base. 

Similarly the waves of equation (35a) may be con- 
verted into rotating waves with respect to the armature. 
When t = 0, these waves are of sine distribution with 
respect to the direct axis of the rotor and are therefore 
of sine distribution with respect to the axis of phase i 
since at this instant the two axes coincide. The 
rotating waves thus obtained are 


m =o as 
iSnea = > ll ra Dane” aa Das’) . 
m =0 
L +sin [(n + m) y— (kn +m) t] J 
m= ae 
=F > a i) Ginwe ee Das) . 
m =0 


sin [(n— m) y — (2n— m— k,) t] \ 
+ sin[(n +m) y— (2n+m-—k,) 1 
(38a) 
When equation (37a) is expanded, each rotating wave 
gives two stationary components with respect to the 
armature, but pulsating in time. One of these com- 
ponents is of cosine space distribution and produces 
flux linkages with phase 1, while the other is of sine 
distribution and produces no flux linkages with this 


phase. Hence the only terms which induce voltage 
in phase 1 are the cosine terms which are 
m=o Ave, 
6 nda — 4 Gis =f Das) . 
m=0 


cos (n + m) vy cos (kn, + m) t 
+ cos (n— m) y cos (k, — m) t 


ap a a ~ (Dc — Pms") - 


( cos (n + m) y cos (2n+m-— k,)t 
+ cos (n— m) y. cos (2n— m— ky) t ) 


(39a) 


The net flux which enters the armature in a pole 
span of phase 1 is the area of equation (39a). The flux 
contained in a fundamental wave of unit amplitude is 
the area of a cosine wave. Hence the per cent flux 
contained in equation (39a) is 

+7/2 

ifs Bopge d ay n/2 

pate, 1 
Pnaa = Ea eee ce ee. 

JS 10cosyd vy 


—1/2 


= 
Il 
° 


B'naad y — (40a) 


—7/2 


Therefore, 


nda = Ss fet 
m=0 


(Pme” + Dae™)is 
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| sin (n + m) 7/2 cos (k, + m) t Sy Ana . 
| n ait m Cnd = SS 4 (nee aF OO) ° 
m=0 
sin (n — m) 1/2 cos (k, — m) t (ke +m 
| rs We wi Caan ca ma a sin (n + m) 7/2 sin (kn, + m) t 
m=O Ass; (k A; 
+ >: 4 (Dre — Dima”) « +C (nm) ———~ sin (n — m) 7/2 sin (k, — m)t 
m=O (n Ts m) 


sin (n + m) 7/2 cos(2n + m— k,)t 
n+m 


sin (n — m) 17/2 cos (2n— m~—k,)t 
n—™m 


(41a) 
The flux linkages which this flux produces are 


Qraa = Cham Dade (42a) 
where 


Cram = reduction factor due to pitch, distribution, 
and connection of the armature coils for 
the flux distribution considered. It is the 
product of the individual factors and is 
expressed as a fraction of that reduction 
factor which is applied in calculating volt- 
age generated by a fundamental flux wave. 
This differs in general from C,,, the corre- 
sponding factor for the m. m.f., asindicated 
by the subscripts. 

Then, 


m =o 


Les 
AP ae = > te Dae “fs Daa”) . 


m =0 


Cr+m sin (n + m) 1/2 cos (kn +m) t 
nm -+- ™ 


C,.-m sin (n — m) 1/2 cos (kn — m) t 
n—- mM 


ee Ana 
+ AE on me, 
m= 


Crtm sin (n +m) 1/2 cos(2" +m— kn) t 
n+m 


; fae ta (n— m) 1/2 cos (2n— m—k,)t 


n—m 
(43a) 
The per cent voltage induced is 
d Onda 
€nd = — re (44a) 


or 


m = 


+> “ = (Dme" — Pme®) - 


m=0 


(2n +m— k,) 


eee sin (n + m) 


Ghia) 


n/2sin (2n + m—k,)t 
(2n— m— k,) 


+ C(n—m) ai) 


sin (n — m) 


n/2sin (2n— m—k,)t 
(45a) 


In a similar manner, the voltages produced by the 
flux waves in equation (38a) are obtained. When this 
equation is expanded, each rotating wave gives two 
stationary components with respect to the armature, 
but pulsating in time. One of these components is of 
cosine space distribution and produces flux linkages 
with phase 1, while the other is of sine distribution and 
produces no flux linkages with this phase. Hence, 
the only terms which induce voltage in phase 1 are 


m=co 


nq 


B nla — 4 kn (Orses + Dime”) 2 


| cos (n— m) ysin(k,— m)t | 
+ cos (n + m) y sin (k, + m)t 


Ae 
+>- 4 kg Deis? ins ee 


m=0 
cos (n— m) ysin (2n— m— k,)t } 
+cos(n +m) ysin(2n+m—k,)t 
(46a) 


The net flux which enters the armature in a pole span 
of phase 1 is the area of equation (46a). The flux 
contained in a fundamental wave of unit amplitude is 
the area of a cosine wave. Hence, the per cent flux 
contained in equation (39a) is 


Te d ¥ /2 
Pnaa Fe et Se = > i hie ee) Y (47a) 
eee cos yd ¥ —n/2 
Therefore, 
Pnaa ae Fi Kn (Dme” an One’) . 
m=0 
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[sin (n— mm) 7/28 (ke — mm) I f on) Cam = ten) 
| n-m Sey (n — m) 


sin (n — ™) 


2n—m-—k,)t 
sin (n + m) 7/2 sin (kn + m) t a/2 cos (2n— m ) 


ey aD) + Cnt) Sea sin (n + m) 
Ang \ w/2 cos (2n + m— ky )t 
+ SS =F =e Kn Gan Re + Die) . } ( : ae 
es ; Making pne” = Dns” = Pm", as concluded in Appendix 
sin (n — m) 7/2 sin (2 — m— kn) t B, equations (45a) and (52a) become 
n—-™ Me Aw 
: : Cnd = SS D Pm 
sin (n + m) 7/2 sin(2n +m-— k,) t SRT, 
LE 
Desa (kn +m). a 
(48a) Coe Coy sin (n + m) 7/2 sin (k, + m) t 
The flux linkages which this flux produces are 
be Oa UG, an) Pata (49a) et a ~ si Cen ae) etn 
een (53a) 
Qaga =| 4 KR Danek + Daa”) é m =00 a 


nq 
ie Cng = : a 9 Kn Pm” 


Cir-m) Sin (n — m) 1/2 sin (k, — m)t ex (k ’ 
SS a ee ee n—-™m). 
n-™m Ral ROR etd ty ots 
Gigees Dah) sin (n — m) 7/2 cos (k, — m)t 
Cintm) Sin (n + m) 7/2 sin (k, +m) t 
(n+m) CEs sin (n + m) 17/2 cos (k,, mM) 
a re (54a) 
+ > — Ge Pe" — Pms”) « In a square wave the amplitude of any harmonic 
avai m.m.f. expressed as a fraction of the fundamental 
C(n-m) Sin (n— m) 17/2sin (2n—m— k,) t m. m. f. is 
= A 
MES A, = + = (55a) 
C(ntm) SiIn(n +m) w/2sin (2n+ m—k,)t ; 
+ poset . : a \ When each phase comprises more than one coil, this 
must be multiplied by C,, or 
(50a) ae 
The per cent voltage induced is Ae = Gp (56a) 
rye d Qnaa (51a) The sign of A, depends on the value of n and may 
dt be expressed 
eS 1 in vA 
“aN Ag= (=A) GR (57a) 
LS = a i. Kn (Pme™ + Pms”) « vi 
m=0 Substituting (57a) in (53a) and (54a), 
(es i m = Lie a 
C(n-m) ~~ sin (n — m) m/2 cos(kn — m) t ie > =i 2n Cn Pn 
(n - m) m =0 
‘ kn + m) 
+C(n+m) ee sin (n + m) 1/2 cos (kn + m) t Cheta) een sin (n + m) w/2sin (k, + m) t 
(kn — m 


+Cin-m) cme 


m=0 : he 
re sin (n — m) 7/2 sin (k, — m) t 
“ > ze 4 Ka Dme t= na : 
m=0 


(58a) 
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m= 1 ; - 
Sl Le Aig 
Cné aa iL © ; A n 
| =. ( ) 2 n ke ( n Dm . ; 
C (kn — m) | 
(nm) Gian) LORS, sin (n — m) 7/2 cos (k, — m) t 
V 
(ka +m) . 
+C (n+m) ran) sin (n + m) 7/2 cos (kn, + m) t 


(59a) 


where m = any positive even integer, including zero. 
For certain values of m, (n — m) and (k, — m) may be 
negative. Asa result, the subscript of C may be nega- 
tive, which has no significance. However, any other 
negative sign introduced in the equation by such 
values of m is significant and must be retained. 

These are the final voltage equations in terms of 
the space fundamental m. m.f. Although it is possible 
to obtain from these equations all harmonic voltages 
produced, under the assumptions, by the fundamental 
(in time) current, nevertheless the voltages of immediate 
interest are only those of fundamental frequency, 
which thus become a factor in the reactances. 

Table I has therefore been prepared giving all 
fundamental voltages produced by the armature cur- 
rent, their magnitude and phase, and the harmonic 
m. m. fs. and fluxes which produce them. When the 


TABLE I 
FUNDAMENTAL VOLTAGES 
A. Due to Direct Component of Armature Current. 


Order of Amplitude and Phase of 
n m k, |Flux Wave Fundamental Voltages 
1 2 1 1 as A 2 pol 
Pee eel 5 bas? a 
ee athe 1 7 j Als pr 
7 owe 1 7 By ae 
We: 2 1 5 j pe 
11 0 ak 11 a Aid = pet 
tiie HT 13 j TS 
13° | 0 1 13 at ee 
AE lal 1 oe eur A fame ! 


SS a ee 


DOHERTY AND NICKLE: SYNCHRONOUS MACHINES 935 


B. : Due to Quadrature Component of Armature Current 


Order of Amplitude and Phase of 
n m k, |Flux Wave Fundamental Voltages 
1 0 1 1 —j Aia pot 
I 
1 2 1 1 go eet 
2 
5 Aig OC; Dov 
5 0 —1 5 a 
u 25 
A 5 AY 
he PA ye 7 aopgerd autos 
70 
Aq C?, hee 
of 0 1 iis 2 
d 49 
VII 
7 2 1 5 = Aiq Cs Cr P2 
70 
9 XI 
Tie aeolian t ll age aes BUS 
121 
xO 
11 2 =| 13 = Aig Cu Cig P2 
286 
2 XIII 
igse [eG 1 13 pa pea el Laat 
169 
Aiq C13 Ci Siames 
13 2 1 11 SS ae 
J 286 


In the above, Aig = ig and Aig = ig. See ‘‘notation.”’ 
phase of a voltage is given, it is with reference to the 
component of armature current producing it. 


Appendix B 


DETERMINATION OF THE PERMEANCE OF AN AIR-GAP 
OF UNIFORM LENGTH 


When the magnetomotive force of the armature 
winding is divided into sinusoidally distributed com- 
ponents of different numbers of poles, the question 
arises as to whether the permeance presented to all the 
harmonic components is the same. For, if the air-gap 
is of appreciable length in comparison with the pole 
pitch of the magnetomotive force, the flux is not truly 
radial in crossing the gap, but a certain part of it flows 
in a peripheral direction and returns to the armature 
without entering the rotor. 

In order to determine the permeance of the air-gap for 
all harmonics of m. m. f., it is necessary to derive the 
equations for the flux distribution in the air-gap, in 
accordance with Laplace’s equations. It is unneces- 
sary, besides being rather laborious, to determine this 
permeance variation for a salient pole machine, as it is 
an independent phenomenon from the variation due to 
the poles themselves. 

In all that follows, therefore, the harmonic m. m. f. 
will be assumed to act over a uniform gap. With 
these conditions in mind, let 


-R = radius to any point in the air-gap space in cm. 
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R, = radius to armature surface nearest the air-gap in 


em. 

Ry, = radius to rotor surface in cm. 

\ = mechanical angular displacement on armature 
periphery in radians. 

y = electrical angular displacement on the armature 
periphery. 

q = number of poles on the rotor. 

m = order of the space harmonic m. m. f. distributed 


on the armature surface. 
= fundamental pole pitch in cm. 
g radial (constant) length of air-gap in cm. 
A = magnetomotive force in gilberts. 


p = permeance = a 
Bx = radial component of flux density at any point 
in the air-gap in gausses. 
= tangential component of flux density at any 
point in the air-gap in gausses. 
@ = total flux per pole per unit length of core in 
maxwells. 

Knowing that the lines of induction are continuous, 
or that the total flux entering any volume is equal to 
that leaving it, we may derive the fundamental differen- 
tial equation 


Br 


OB» O Br 
Oi +Br+R oR == (i) 


(1b) 


Also, since the line integral of the m. m. f. around any 
area in a cross-section of the air-gap is zero (since there 
are no currents flowing through the area in a direction 
perpendicular to its plane), we can derive the second 


fundamental differential equation 
re) Br re) B r 
ois See > 


This last equation is only true when the permeability 
is constant throughout the area, as in the case of theair- 
gap we are considering. 


. Differentiating (1b) and (2b) with respect to R and X, 


2? 8, Bien 2d? Bx 

Sire) MuAh Mela wataNp asa aoe) 
0” Bx 0 By 0” Be 

Se Eee eer: als, 
0? Br O? Br OBx 

SP Oe oR 6 pee Aad) 
O? Bx Suga Sigs 

ee eek Shae Be Oe eee) 


ee 0” Bx 
Eliminating aU from (3b) and (6b) and 
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ORB ED 
t 
Diode from (4b) and (5b), we ge 
I 0? Br O? Br Z O Br snd See 
RE ON of COT aR POL amen mee 
(7b) 
1b O7 Ox 0? Bx pees) ly 0 Pew 
fer Ee ao OR. OR Rae 
(8b) 
Mean ah 0B» he ae O Br 
Eliminating AN from (1b) and (7b) an ean 
from (2b) and (6b), we get 
1 Oe O? Br 3.000 Ge Be ay 
Renogn a RY JhaRiage.Rae ahaa 
(9b) 
Lr07 6x 0? Bx» eh Br So 
TP SON 0 R? RO OR Rae 
(10b) 


These equations are of the same form and have the 
same solutions. These solutions are 


Be = [(B, R° + C,-*] sin p (A — Aj) (11b) 
Aridie, « 
Bn = [By jeer 4. C.-?-l] sin p (r = d2) (12b) 

At the surface of the armature, 7. e., R = R,, the 


peripheral component of flux density must equal the 
peripheral rate of change of m.m.f., assuming unit 


permeability. Ifthe m. m. f. at the armature surface is 
nq 
ad, = A,cosn y = A, cos 5 (13b) 


then 


[By Re an Cy ne ree ert sin p ( T. Xo) 


nq 
a A, cos 5 ») ng 
= TR. ear ao N Ax eee  (14b) 
From (14b) 
By Re’ + C, Ret =a, ash) 
and 
n 
p(X— ds) = EA (16b) 
When X = 0, \— dy = 0, hence 
Ne = 0 (17b) 
and 
nq 
Bees (18b) 
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Then 
a —nq 


ii aS ae Me 


Nain LOD) 


The potential of the rotor surface is zero at all 
points and hence the peripheral flux density at the sur- 


face of the rotor, 7. e., R = R,, is always zero. Then 
from (19b), 
Ett — ng 
B; ine + Cy Ry z = ) (20b) 
or 
CU, = — B, R,” (21b) 
Substituting (21b) in (15b) and solving for Ba, 
n@ 
B, aa Z q Ax Re “ (22b) 
2 (Rx LA Ry") 
From (21b), 
= ng 
ngA, ke R; (23b) 
2 (KR. — Rj") 


Substituting (22b) and (23b) in (19b), 


nq 


B RUA, ha? 
‘kin 
Eh gg tind dtg*) 
ae ec eee oa Ge 
ies dig Tea | sin ~>5 nN (24b) 
Substituting (24b) in (2b), 
nq 
Cie Sor eA, R.?. 
OX ARR") 
ma =ng_ n 
[R?  4+Re°R? "| sin 4 \  (25b) 
or 
ae nqA,Ra 
ee eee Ry”) 
md 4 =" 
LR? +R"R? 
(26b) 


D must be zero in order that eq. (1b) be satisfied. 
Hence, 


nq 
ae nqA,R,2 
Aa Re RSS 


a 
| R? ‘1. RR cm ~* Jeos 2 (27b) 
Since we are interested primarily in Be at the arma- 


ture surface, 7. e., R = Ra, we get 
Bean neQeAs, Jick ee ng 


reser 28b 
Pee meeemie eters Sai OP) 
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Kq. (24b) and (27b) are true whether R, is greater or 
less than R;. Eq. (27b) shows that the radial flux 
density at any point in the gap has a truly sinusoidal 
distribution exactly proportional to the m. m. f., just 
as would be expected. But, the ratio of the flux density 
to the m. m. f. depends on the order of the harmonic, 
and so it is clear that the permeance of a given machine 
is different for every harmonic m. m. f. 

Since the ratio of R, to the gap is ordinarily very 
large, it is interesting to find the permeance for the 
condition g/R, = 0. The permeance is the coefficient 
of the m. m. f. in eq. (28b) or 


OD A ateg 


(= PR Ree ae R;" (29b) 
Since 
he= he ¢ (30b) 
n q eee a (Ore: +2 gy 
= 1b 
Pp D ee a4 ot (Ri =" g)"4 (3 ) 
g ng 
ee ae 
a nq 
2 Bas 1: (1 Pew ) 
Ba 
Since the fundamental pole pitch is 
fount cet (33b) 
q 
Re Gue AH 
oe candy Cha) 
and 
27rgn 1 
= 5b 
nq a ae (35b) 
eq. (32b) becomes 
g aa n 7 
ng It (0- ae ae 
pi nS adn) 0 Ne ALA a eee La (36b) 
Le es (1 ade) yr ae 
As g/R, approaches zero as a limit, 
—2Trmg 
a =2rms 
l—e ? 
or 
nus aD ies (si ni = g 
Ue T T 
T nag —nTreg 
et—e T 
(38b) 
il hae g- 
rece aren Nome (69 
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This is of the form 
ar . 
j= a y coth y (40b) 


The function, y coth y, is plotted in Fig. 10. 


When R; is zero, corresponding to the condition of 
rotor removed, eq. (29b) becomes 


nq 
p = 1 
p oR. (41b) 
Ry => 0 

or from (34b) 

N 7 

ee (42) 
Ry = 0 


These equations show that, when the air-gap is small 
compared to the pole pitch of the harmonic wave, the 
permeance is simply equal to the reciprocal of the air-gap 
length, as ordinarily assumed. When the air-gap is 
very large, 7. e., Ry = 0, the permeance is a function of 
the order of the space harmonic of m. m. f. as given in 
eq. (41b). 

These are the results which were sought in this 
appendix. It may be interesting, however, to connect 
up the results with some other things that are closely 
related to them. Rudenberg* utilized the same differ- 
ential equations to determine the distribution of flux 
density in an armature core of known radial depth, 
and constant permeability. His initial conditions were 
the same as those used above, except that, instead of 
making 6» equal to zero, he made Br equal to zero, 
when FR is equal to R;. In other words, he considered 
the case of the flux entering a core of high uniform 
permeability within which it was strictly confined, while, 
in this appendix, the case of an air-gap bounded at its 
surface by a circular field structure of infinite perme- 
ability has been considered. Rudenberg’s equations 
were used by Alger and Eksergiant to determine the 
losses In an armature core and the total flux per pole 
produced by a sinusoidal m. m. f. in such a core. The 
results they derived for the case of a zero inner radius of 
core are exactly the same as those here derived for the 
case of a zero radius of field structure. Both investi- 
gations show that the flux per pole per unit length of 
core produced by a sinusoidally distributed m. m. f. 
applied to an air core is exactly equal to the maximum 
of the m. m. f. wave, or 


o=A (43b) 

This is a very interesting result and one that is 
extremely useful in the calculation of the reactance of a 
stator with rotor removed, or of a rotor with stator 


removed. For example, if it is desired to determine the 
leakage reactance of an induction motor which can- 


*H. T. Z. 906, p. 109. 
7Bulletin 31, Vol. 56, Mass. Inst. Tech., Feb., 1926. 
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not be assembled, it is possible for relatively long 
core lengths to measure the reactance of the rotor and 
stator separately and to subtract from each the reac- 
tance indicated by equation (43b), and thus to obtain 
the total leakage reactance of the machine. 

The final form, eq. (39b), for permeance is based on 
the assumption that the ratio of the air-gap to theradius 
of curvature of the armature surface is very small. 

In the application of the results to salient pole 
machines, a curve of “equivalent air-gap”’ is obtained by 
plotting the field distribution for constant magnetic 
potential difference between the armature surface and 
the field pole surface, as shown in Figs. 5 and 21. This 
approximation gives reasonably accurate results when 
applied to the case of zero armature curvature, as shown 
in the results in Table II, derived from the plots in 
Figs. 5, 6, 7, 8 and 9, and shown in Figs. 21 and 18 


TABLE II 


CoMPARISON OF PrRMEANCES OsTAINED Drirectty From 
Fieip Piors, aND Drrivep From Fies. 10 anp 21. 


Values 
from Values Derived from 
plots Figs. 10 and 21 
Doct OLG sep, 
| 0.66 p°, 
Pos! 0.67 p%, 
Pre! 0.43 py 
| 0.44 p, 
Pre 0.47 ps 
Doe’ 0 . 74 De 
| OnSap%G 
Dos” 0.73 Pg 
Docv 0 38 Pg 
| 0.37 p%, 
Pos” 0.37 p, 
min. gap 26 0 pole pe he 2 
pole pitch pole pitch 3 
max. : 
: gap = 1.5 Pg’ = 1.5 po 


min. 


If the ratio of the maximum equivalent air-gap to 
the radius is less than, say, 0.15, the error in the calcu- 
lated permeance will probably be less than 10%, the 
calculated value being too low. If the ratio is greater 
than 0.15, eq. (29b) should be used. However, only a 
few machines—such as 4- or possibly 6-pole machines— 
require such special treatment. 

It might seem that the permeance series for a space 
harmonic m.m. f. would be considerably different for 
cos n a and sin n @ distribution. However, as already 
shown, the permeance for a uniform gap is constant for 
a given order of harmonic, 7. ¢., it is the same at a given 
point on the armature surface regardless of the manner 
in which the harmonic m.m.f. is distributed with 
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respect to that point. Hence, if any variation of 
permeance along the armature surface is introduced by 
salient pole construction, it would seem reasonable 
to assume that such variation is a function of only the 
physical dimensions and more or less independent of 
the manner in which the harmonic m. m.f. is distri- 
buted with respect to the rotor. This assumption 
should, of course, be checked by a study of actual 
cases. Figs. 6, 7, 8 and 9 show field plots which have 
been made for sine and cosine distribution of funda- 
mental and fifth harmonic m.m.fs. For the fifth, 
analysis of the permeance distribution shows that the 
series is practically identical for either sine or cosine 
distribution. For the fundamental m. m. f., the agree- 
ment is not quite so good, but, for the case assumed, is 
quite within practical limits of accuracy. These 
results for the first two terms of the permeance series 
are shown in Table IJ. For higher harmonics, the 
agreement would be practically perfect since, as the gap 
becomes larger in comparison with the wavelength of 
the m. m. f. considered, the effect of salient pole con- 
struction on the permeance becomes less pronounced as 
shown in Fig. 11. 

In view of results which have been obtained, it seems 
justifiable to use the same permeance series for either a 
cosine or sine distribution of m. m. f. or 

Do = Ps 
Appendix C 


REACTANCE EQUATIONS 

General equations have been derived in Appendix A 
for oltages induced in the armature due to the fact 
that the armature winding is not sinusoidal. Since 
only fundamental voltages enter in the calculation of 
reactance, these have been tabulated in Table I and 
expressed in terms of the space fundamental m. m. fs. 
On the percentage basis, 4:2 and Ai are numerically 
equal to i, and i, respectively. Hence the coefficients 
of A, and A, are per cent reactances (expressed as a 
fraction). _ 

In this treatment, voltages induced by space funda- 
mental m.m. fs. existing within the limits of the 
armature core are taken as the reactance voltages of 
armature reaction and voltages produced by space 
harmonic m. m. fs. within these boundaries are classed 
as leakage reactance voltages, ordinarily referred to 
as due to tooth tip and belt leakage. 

The first two terms of parts A and B, Table I are 
voltages induced by space fundamental m. m. fs. 
Hence the equivalent reactances of armature reaction 
in the direct and quadrature axes are 


po 


Lad = pot ae 2 (1c) 
px 
Lag = Dot = 2 ’ (2c) 


All other terms in Table I are produced by space 
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harmonic m. m. fs and are thus leakage reactance volt- 
ages. In addition there are also leakage reactance 
voltages due to slot and end turn fluxes which are 
independent of rotor position. Designating slot and 
end turn leakage reactances by x, and x,, the total 
leakage reactances in the two axes are respectively 


ee # C; Dov C; C; 7 aT 
Heh == C0 Le SF 25 =a 70 (pe a po ) 
C?, Dou C24 port Cu Ci3 2 
miek4 eos ah ae 
C213 pox 
169 eo 
C, Dov C; Cy 


Yig = Vs eee 25 + 70 (p.* ae j=) 


C, Die C2, pol Cu C3 
eee UL, pele EE RE ae Pee ae XIII 
C213 pot) | 
169 oS) 
Fig. 25—Suowine THE Satient Porm DrAGRAM IN TERMS OF 


THE CyLInDRIcAL Rotor Diagram. Furi Linn VECTORS ‘ARE 
FOR SALIENT Potes. Dorrmnp VECTORS ARE FOR A CYLINDRICAL 
Rotor MAcuHine or HQUAL xq 


The total reactances in the two axes are 
Ce= Lad a vie (5c) 
and 

Lq = Lag + Lig (6c) 


Subtracting equation (3c) from equation (4c) 


C5 Cy 


Lig— Lia = aro (po + p2""t) 


": C11 Cis 


143 as) 


(pXt + p XM) 4+... 


The order of this difference is in general quite small 
and is discussed in the body of the paper. 
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Appendix D 
‘COMPARISON OF EXCITATION CALCULATIONS BY THE 
CYLINDRICAL ROTOR AND TWO-REACTION ‘THEORIES 


Fig. 25 illustrates both methods of calculating 
excitation. The solid lines refer to the two-reaction 
method and the dotted lines refer to the cylindrical 
rotor method. Since the axis of ea is perpendicular 
tothe axis of 7, and since 7 x, is perpendicular to 2, 


Fie. 26—ExciraTion DiaGram CoNSTRUCTED FROM 


Potipr DiraGRaM, NEGLECTING SATURATION 


THE 


the angle a’ is equal to the angle ¢. The projection of 
4%q on the axis of eg is thus 7 %4cosa’ = 124 COS G. 
But 7 cos o = iz. Hence the projection of 7 7q on the 
axis of €giS 7a Za, and ey is the projection of ea) (nominal 
voltage for a cylindrical rotor machine) on this axis. 

Since the angle between ez and é, is usually small, 
the cosine of the angle differs only slightly from unity; 
hence e, will be very nearly equal to eo. 

It may be seen from the diagram that the intersection 


Fig. 27—Exciration Diagram Taxkine nto Account, Ap- 


PROXIMATELY, THE Errnct or SATURATION 


A—Voltage diagram 
B—Corresponding m. m. f. diagram 


of the line ez with the line 7 x, occurs at a point distant 
in amount 7 %q from the base of the 7 x, vector. This 
construction affords a simple and rapid method for 
determining the true diagram by modification of the 
cylindrical rotor diagram. 

Although the effect of salient pole construction on the 
magnitude of required excitation is very small, neverthe- 
less, its effect on the displacement angle is important. 
This effect is discussed in Part II of the paper. - 

The construction of the salient pole diagram from the 
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diagram for the cylindrical rotor may be made clearer 
by the following: construct the usual Potier diagram, 
for the case of negligible saturation, shown as the dash 
lines in Fig. 26. Locate on the 7 x4 vector the point 
m, distant from the end of the 7 r vector by the length 
ia. The line om gives the direction of the actual 
nominal voltage e,. Its length is determined by drop- 
ping a perpendicular to it, from the end of the vector 
€a. Hence the magnitude of e, is practically the same 
AS €do- 

Effect of Saturation. The plan is to find the total direct 
component of flux—. e., the component which passes 
through the pole body, linking the field winding. 
Then the effects of saturation in the pole body may be 
approximately taken into account, as in the following, 
but it is assumed that the saturation in the armature 
iron and in the cross field path is negligible. This isa 
reasonable assumption in the usual machine, since most 
of the saturation is in the pole body. Where there is 


Fic. 28—Fuiux Distrisution SHowine DiIsTorTION FOR 


a =x /4. 


saturation in the other paths, a more complicated 
method, still an approximation, and due also to Blondel* 
may be utilized. 

Fig. 274 shows the same voltages as Fig. 26, and, in 
addition, the direct and quadrature components. Fig. 
27B shows the corresponding diagram in terms of m. m. 
f. The total actual flux in the main axis is proportional 
to the virtual voltage ez’. This would require, without 
saturation, a field excitation Fz’, Fig. 27B which is 
proportional to e,’; and the armature reaction, repre- 
sented by the difference between e, and e,', would 
require the field excitation F’,, as usual. If saturation 
exists in the pole body, a field excitation larger than 
F,' would be required to sustain the flux necessary for 
eq’ in the saturated path. Hence, in addition to Fy’ 
and F',, there must be an excitation F’, supplied to 
compensate for the m. m. f. drop in the pole body, thus 
maintaining at the pole face the same magnetic potential 
with respect to the armature as existed in the case of no 


saturation. Therefore the total field excitation would 
be F ae 


Itis interesting and important to note that the satura- 
tion in the pole body does not, under the assumptions, 


*Bibliography (11) and (13). 
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change the displacement angle 6 under the same con- 
ditions of terminal voltage, current and power factor. 


NOMENCLATURE 


A,a = Amplitude of the nth space harmonic of m. m. f. 


produced by the direct component of the 
armature current, and is expressed as a frac- 
tion of the amplitude due to normal current. 


A,jq = Corresponding amplitude for the quadrature 


a 


C., 


ta 


component of armature current. 


= Instantaneous values of m. m. f. at a given time 


and point. 


= Reduction factor due to pitch, distribution and 


connection of the armature coils. It is the 
product of the individual reduction factors for 
the pitch, distribution and connection; and is 
expressed as a fraction of that reduction factor 
which applies in the calculation of voltage 
generated in the armature winding by funda- 
mental flux wave. 


= Voltage expressed as a fraction of normal volt- 


age. Subscripts have the same meaning as 
those for flux densities. 


= Fundamental, “nominal” voltage due to current 


in the field winding, direct axis. 


= Corresponding voltage for current in a winding, 


quadrature axis. 


= Total reactive voltage due to direct component 


of armature reaction, 7. e., the voltage 7, xq. 


= Corresponding voltage, quadrature component. 
= Nominal voltage of a cylindrical rotor machine, 


corresponding to e, on a salient pole machine. 


= Nominal voltage of machine 1. 

= Nominal voltage of machine 2. 

= Virtual voltage. 

= Electrical frequency, in cycles per second. 

= Current in the field winding, expressed as a 


fraction of the current which will produce 
normal fundamental voltage on open circuit. 


maximum instantaneous value of the direct 


component of armature current, expressed 
as a fraction of the maximum instantaneous 
value of normal current. 


= Corresponding value for the quadrature 


component. 


= Component of current in the direct axis of 


machine 1. 


= Component of current in the quadrature axis of 


machine 1.. 


= Component of current in’ the direct axis of 


machine 2. 


= Component of current in the quadrature axis of 


machine 2. 


= Coefficient = + 1.0 depending upon value of nN. 
= Order of space harmonic of permeance coefficient. 
= Order of the space harmonic m.m.f. When 


used with p, as p”, it is expressed as a Roman 
numeral to avoid possible confusion with use 


as an exponent. For the fifth harmonic, 
p” Is p". 

Power expressed as a fraction of some convenient 
value of k-va. chosen as a base. When deal- 
ing with a single machine, the rated kv-a. is 
usually taken. In any case it must corre- 
spond to the voltage and current on which the 
reactance percentages are based. For in- 
stance, for two unlike units, the base may be 
taken as the sum of the two ratings, and the 
per cent reactances determined accordingly. 

= Permeance, expressed as a fraction of that 

permeance, which, multiplied by unit m. m. f. 
gives unit flux density. 

= p for the cosn a term of the nth space har- 
monic m. m. f. 

p for the sin n a term of the nth space harmonic 
is Mitel, 

Permeance at minimum air-gap, for constant 
m.m.f. (zero harmonic) along the armature 
surface, expressed as a fraction of unit 
permeance. 

Time expressed as a fraction of the time to 

pass one electrical radian at fundamental 
frequency. It is therefore also the time 


angle. Unit time is thus er; 
Synchronous reactance, direct axis, expressed as 
a fraction of that reactance which would 
consume normal voltage with normal current 
flowing. 
= Synchronous reactance, quadrature axis, ex- 
pressed as a fraction on the same basis as x4. 
= Leakage reactance of armature, direct axis, 
expressed as a fraction as in the case of xj. 
Leakage reactance of armature, quadrature 
axis, expressed as above. 
= Effective reactance of that armature reaction 
~ -. which is due to7zz. Armature reaction flux is 
understood to be that portion of the funda- 
mental flux wave which exists within the 
length of the armature core. This excludes 
any portion due to current in the end winding, 
- ‘the latter being classed as end winding leakage. 
That is, tog + Xia = La 
= Corresponding value for iq. That is, Gag + 219 
= Xa. 
= Reactance of machine 1 in the direct axis. 
= Reactance of machine 1 in the quadrature axis. 
= Reactance of machine 2 in the direct axis. 
= Reactance of machine 2 in the quadrature axis. 
= Total leakage reactance of the armature, neglect- 
ing the leakage due to second harmonic 
permeance terms. (See discussion under. 
Reactance). 
= Electrical angle reckoned from the-axis of the 
pole in the direction of rotation, and is ex- 
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pressed as a fraction of one radian, funda- 
mental base. 

8 = Flux density, expressed as a fraction of the 
maximum density of a unit fundamental flux 
wave. 

— Flux density produced by the nth space har- 
monic m. m. f. due to the direct component of 
armature current. 

— Stationary component, cos n a distribution, of 
Bnde 

B"na = Stationary component, 
of Sn de 

= Corresponding flux density for the quadrature 
component of armature current. This. has 
stationary components corresponding to those 
of Br de 

y =Space angle in terms of the fundamental, 
reckoned from the axis of phase 1, Fig. 14, 
and expressed as a fraction of one radian. 

6 = Electrical angle, expressed as a fraction of one 
radian (fundamental base), by which the 
terminal voltage @ lags behind the nominal 
voltage z. It is the “displacement angle.” 

6’ = Displacement angle between ea and ea. 

e = Angle by which ‘lags behind @.. 

@ = Angle by which the terminal voltage leads the 


sin n a distribution, 


current. cos 6 = power factor. 
t, = Pole pitch of nth harmonic. 71 = unity. 
& = Maximum value of the instantaneous flux ¢. 
@ = Fraction of the flux contained in that funda- 


mental flux wave which corresponds to normal 


voltage at normal frequency. Instantaneous 
value. 
y, = Electrical angular displacement (on fundamental 


base) along the armature surface, of the 
maximum of the nth harmonic m. m. f. wave 
from the axis of phase 1 at ¢ = 0. On the 
harmonic base it would be n y. 

Q = Flux linkages, expressed as a fraction of the 
linkages, which, at normal frequency, would 
generate normal voltage. 

w = Fraction of normal electrical angular velocity. 
Normal angular velocity = 2a f where f = 
normal frequency. 
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Discussion 


C. A. Adams: In nearly every piece of electrical machinery 
we have two or more magnetomotive forces. There are two 
general methods of dealing with these m. m. fs. They may either 
be combined into a resultant m. m. f. and the corresponding 
flux computed therefrom, or the several fluxes produced by the 
several m. m. fs. acting separately may be computed and combined 
into a resultant. These two methods yield the same result, 
provided the reluctances of the magnetic circuits in which they 
act are constant. 

In the part of the machine under consideration—namely, the 
air-gap region—reluctances may be assumed approximately 
constant, although varying from point to point along the air- 
gap. 

I have never quite liked the method of dealing with the total 
apparent reactance of the armature of an alternator, either for 
the salient-pole or the non-salient-pole machine, since it deals 
with a hypothetical flux in a very complicated magnetic circuit. 
I much prefer the method in which the field and armature 
m. m. fs. are combined or compounded. In the case of the non- 
salient-pole machine, this method may be applied as follows: 

Leaving the local variation of gap reluctance, due to the pres- 
ence of the teeth, to be considered separately in terms of the 
resultant tooth harmonics, the air-gap permeance may be con- 
sidered constant from point to point around the periphery. 
First, compute the peripheral distribution of field m. m. f. and 
resolve this into its space fundamental and space harmonics. 
Combine this space fundamental with the space fundamental 
of the armature m. m.f. in their proper space-phase relation. 
The resultant sinusoidal space distribution will yield a sinu- 
soidal flux which determines the fundamental of the armature 
e. m. f. 

The space harmonics of the field m. m. f- will yield correspond- 
ing harmonic fluxes, which will generate harmonics e. m. fs. 
in the armature, the magnitude of which will depend otherwise 
upon the nature of the winding. In most non-salient-pole 
machines these harmonic e. m. fs. should be small, particularly 
in three-phase machines with an armature coil pitch of about 
86 per cent. 

The harmonies of the armature m. m. f. distribution considered 
separately will yield space harmonic fluxes revolving at speeds 
inversely as the orders of the harmonics; that is, they will induce 
in the armature winding e. m. fs. of fundamental frequency. 
Moreover, as these fluxes are proportional to the armature 
current, the resulting e. m. fs. will be in quadrature with the 
armature current and therefore reactive e.m.fs., the sum of 
which is nothing more nor less than what has been called the 
belt-leakage e.m.f., as Mr. Doherty has already pointed out. 
The question as to whether this includes the tooth-tip leakage 
e. m. f. depends upon the definition of tooth-tip leakage. Per- 
sonally, I prefer to consider the tooth-tip leakage as involving 
only that flux which passes between the tops of two adjacent 
teeth by way of such iron surface as may partially close the cir- 
cuit on the other side of the air-gap, which in large alternators 
is usually small and may be included as an extra term in the 
individual slot leakage. ; 

This method would leave only three items for the reactance 
voltage of the machine: the slot leakage, including a small 
amount of tooth-tip leakage above described; the coil-end leak- 
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age; and the belt leakage, which is nothing more than the 
e. m. f. induced in the armature conductors by the space harmon- 
ics of the armature m.m.f. This latter in a three-phase machine 
with balanced load and 5/6 coil pitch is a fraction of 1 per cent. 

In the case of the salient-pole machine, there is no method 
available superior to Blondel’s two-reactance method, although 
the method outlined above can be applied with certain rather 
crude approximations to take account of the lack of uniformity 
in air-gap reluctance in different parts of the periphery. 

Mr. Doherty’s amplification or extension of the Blondel 
method is certainly a very interesting and valuable contribution 
to this important subject. 

P. L. Alger: There are three points about this paper on 
which I think it is worth while to enlarge somewhat. In the 
first place, the paper is very long and it might appear that it 
would be possible to combine all these long series into a few 
terms and get shorter equations which would be simpler to use. 
The answer to that is that we have a great many problems 
which require very complete analyses and others which require 
only incomplete analyses, so that we need a theory which will 
satisfy either demand. 

The old approximate theories are sufficient for ordinary 
problems, but if we have to abandon them and go to another 
extensive theory for special problems, it is too inconvenient to 
tolerate. Therefore, by developing the whole problem in terms 
of series in which the first few terms are important, later terms 
less important and the last terms very unimportant, we 
ean solve all problems by the same method, no matter how 
complicated they may be, by carrying the calculations only as far as 
each case demands. Thus we have a complete theory for all 
purposes and yet the work done in each ease is suited to the 
particular need at hand. So I think this method of carrying 
the whole analysis out in infinite series is by all means the best, 
and the one which should be followed in most problems of a 
similar degree of complication. 


The second point I should like to enlarge upon is that of showing 
the need for such extended solutions in every-day life. Now- 
adays we try to make a study of the conditions and make a 
machine to fit those conditions. Thus we have a great many 
freak machines or machines that are not at all good electrically, 
but yet are so designed as to serve a particular purpose most 
economically. For example, in manufacturing we desire to 
have only a few dies, and to keep in stock only a few sets of 
punchings, and yet to be able to apply these to all cases. This 
requires that we have fractional slots per pole on almost all 
machines. We put up with the inconvenience of having irregu- 
larities in the winding to get the greater convenience of manu- 
facturing simplicity. a 

This leads to the result that our armature windings are some- 
times unbalanced by a small amount, and also they are nearly 
always irregular. 

Messrs. Doherty and Nickle assume throughout that each 
pole is like every other pole; that is, that the number of slots per 
pole is integral. We actually have a variation of armature 
_ reaction around the periphery which makes each pole different 
from its neighbors, but which balances around the whole machine. 
These variations lead to additional harmonics and other things 
not touched upon by this paper. 

But the method is such that these features can be added at 
any convenient time by simply calculating the variation of 
armature reaction around the periphery and treating that as an 
additional source of harmonics, additional fluxes and voltages 
without disturbing the structure of the whole theory. 

One case where a practical problem to which this 
theory lends great aid arises is in making a synchronous machine 
without external excitation. We ordinarily think of synchro- 
- nous machines as requiring some supply of d-c. excitation from 
outside, although by making a salient-pole machine such as Mr. 
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Nickle has shown, a synchronous speed can be obtained with a 
certain amount of power without external excitation. 

Suppose we make a machine with one large harmonic in addi- 
tion to the fundamental in its m. m. f. distribution, and with a 
variable permeance as well. By so selecting the harmonics of 
the m. m. f. and permeance distribution that the flux made by the 
fundamental m. m. f. acting on a permeance harmonic will have 
the same number of poles as the harmonic m. m. f. acting on the 
average permeance, we can produce a new type of machine. 

For this machine will have two separate revolving fields 
produced by different sources whose relative speeds depend on 
the speed of the rotor, and will synchronize at a certain rotor 
speed. That will give a synchronous machine operating with 
quite a large torque without any external excitation. It can 
be done, to be sure, only if the machine operates below the 
synchronous speed for the fundamental itself, which leads to 
high losses; but it is quite feasible for small motors such as those 
used for driving control instruments, so that there is quite a 
field for this kind of machine. 

This paper gives a theory which explains and enables us to 
solve quite completely many of these special problems. 

The final point which I should like to bring out is that touched 
upon by Professor Adamsand Mr. Doherty; this is the problem of 
calculating the reactance due to the slots. Both Professor 
Adams and Mr. Doherty have given the impression that the 
reactance due to the slot harmonies, themselves, is very small; but 
if we build a machine with very few slots per pole, this reactance 
may become a large part of the whole, and a very important 
feature of the machine. 

In the case of an induction motor, the theory in the articles 
such men as Arnold and Professor Adams have worked out and 
published, involves the calculation of the effect of the slot 
openings, as that of the average overlapping. These formulas 
are rather hard to apply, and they are indefinite in the case of a 
large ratio of slots. By taking another point of view, a much 
simpler and more accurate solution can be obtained. This 
point of view is to consider that each coil in a slot makes a 
rectangular m. m. f. wave and a corresponding flux distribution, 
and to show that the total flux is simply made up of the sum of 
all the various rectangles made by all the coils. It is evidently 
possible to calculate the total voltage made by each rectangle of 
flux, and hence the total voltage produced in the winding by the 
total air-gap flux. Subtracting from the total the voltage due to 
the useful or fundamental flux, which is easily calculated, the 
difference gives the reactance voltage due to all the harmonies of 
the air-gap flux. 

The formula so derived for the total zigzag leakage reactance is 


very simple. It is this: 
Tr ( (Pp? P ) 
3 SS xX 


where P is the number of poles, S; and Seg the number of 


primary and secondary slots, respectively, and Xy is the mag- 


netizing reactance corresponding to the fundamental of the air- 
gap flux. 

By zigzag leakage I mean the harmonies of air-gap flux pro- 
duced by the localization of the m. m. f. in slots, which are the 
harmonics that have distribution and pitch factors equal to the 
corresponding factors for the fundamental. 

This formula shows the reactance due to the tooth harmonies 
in the flux, obtained by subtracting the useful from the total 
e. m.f. produced by the air-gap flux. The analysis assumes, of 
course, that the slot m. m. fs. are concentrated at points rather 
than distributed across the slot openings. 

In the infinite series of air-gap flux harmonics, those which 
have unity values of distribution and pitch factors with respect 
to the fundamental are included in my formula. They are 
much more important usually than the other harmonics which 
correspond to the true belt leakage. 
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The belt leakage is due to the winding arrangement as regards 
pitch, and number of phases; and is nearly independent of the 
zigzag reactance with which I have been dealing. It is best to 
separate the two and keep them distinct. 


By taking the same idea of a rectangular m. m. f. applied over 
the permeance distribution worked out by Mr. Doherty, we 
hope to obtain a similar formula for the tooth-tip leakage 
reactance of synchronous machines. We know this reactance 
may be large and in some eases we find it is a vital element in the 
design of a machine. So, by utilizing these ideas of permeance 
distribution calculated from flux plots, and m.m.f. waives 
made up of certain totals and certain useful fundamentals, we 
hope to derive simpler formulas for the reactance than have 
heretofore been available. If our plans go well, a paper along 
these lines will be presented to the Institute in the near future. 

Cc. A. Adams: Mr. Alger must have misunderstood what I 
was saying. I was referring exactly to that same point of view. 
I spoke of the armature combination of magnetomotive forces 
and the separation of the total magnetomotive forces and the 
fundamentals. Those harmonic fluxes are proportional to the 
currents and generate reactance voltages, but it was a cross-gap 
flux to which I referred when I spoke of the particular case of 
less than 1 per cent. 


M.I.Pupin: An alternator or an a-c. motor may sometimes 
look like a queer machine, depending upon the purpose for which 
you wish to use it. 


Now I shall give a brief description of an alternator that I 
have been working with for a number of years. Consider an 
alternator with suitably laminated field and armature cores. 
Send a small direct current through the field coils and rotate 
the armature, the armature being short-circuited. What do we 
get? We get alternating electromotive forces in the armature 
as well as in the field coils, not one of them but an infinite series 
in each; the components of the series are harmonically related 
to each other. 

I have treated this scheme mathematically and find that, 
mathematically, the problem can be solved. You get two 
beautiful series, each of which is convergent. The coefficients of 
the various harmonics are also infinite convergent series. 


Suppose I want to use that machine for the purpose of modify- 
ing the feeble field current by a cable signal. As long as you 
have a constant current in the field the machine will generate an 
alternating high-frequency current of constant amplitude. 
Now superpose the cable signal and you will have an alternating 

’ eurrent with amplitudes varying in accordance with the variation 
of your cable signal. The machine generates a high-fréquency 
e.m.f. modulated by the cable signal and it is obvious that it 
offers a means of amplifying low-frequency cable signals. It 
works beautifully except for some of the difficulties the gentle- 
men brought out this morning. 


If the air-gaps vary, or if the field core and the armature core 


vary from point to point, then you get fluctuations, even without: 


the cable signals. Therefore, when rectified, you will not get a 
straight line but a wavy line, and that is absolutely useless for 
cable signaling purposes. It may be useful for some other 
purpose, but not for cabling. Experimentation with a machine 
of that kind will show how difficult it is to make an alternator 
which will give a constant electromotive force of definite fre- 
quency and amplitude. It is practically impossible as long as 
you use iron in the field and in the armature. I have tried it and 
failed. 

Then I did this: I used an alternator without any iron in the 
field or in the armature. There you don’t get any variations due 
to the material of which. the magnetic field is made; the variation 
due to the variation of the air-gap is negligibly small because the 
oe machine is an air-gap. 

‘You will say that this is a very inefficient machine. It is, 
ie it does the trick, and you don’t care how inefficient it is 
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because you can use the amplifier and amplify to any desirable 
limit. 

R. W. Wieseman: I should like to say a few words about 
the graphical solution of plotting magnetic flux distribution as 
shown on the fifth and sixth pages of this paper. 

It is sometimes thought that the predetermination of flux- 
density curves is purely a theoretical operation. On the con- 
trary, it is a very practical problem and it is used extensively in 
the design of dynamo machinery. A number of flux-distribu- 
tion coefficients ean be obtained by the graphical solution and 
their values check test results very closely. A good example of 
this is the predetermination of the characteristic curves of a two- 
speed, salient-pole, synchronous motor.! 

In the near future, I shall present a paper which will show 
the practical application of the graphical solution of plotting 
flux-density curves to the design of synchronous machines. 


R. D. Evans: I should like to suggest to those interested in 
the matter of space and time harmonics, comparison of the 
method presented in this paper with that given by C. L. Fortes- 
cue in his paper on Symmetrical Coordinates.” 

With reference to the variation in leakage reactance caused 
by the non-cylindrical rotor construction salient-pole machines, 
I note that the authors pointed out that the variation is quite 
small. In such investigations that I have carried out for other 
purposes, my experience would indicate that such variations are 
small. 

In regard to the power-angle diagrams, which are quite im- 
portant for such studies as stability, the use of a two-reaction 
method of some sort is, of course, very necessary. Otherwise, 
as pointed out, large discrepancies in the relation of rotor 
position to terminal voltage would arise. The use of a two- 
reaction method seems to be particularly desirable for transient 
investigations because the paths of the direct-component flux 
and the cross-component flux are physically different and the 
resolution into two parts would permit taking them into account 
separately. In connection with the determination of the re- 
lation between rotor position and terminal voltage and excitation, 
Mr. Wagner and I carried out some investigations measuring 
the rotor position by another machine on the same shaft. We 
obtained very close cheeks of rotor position relative to terminal 
voltage from test results with the classical method of Blondel.® 

John F. H. Douglas (communicated after adjourn- 
ment): This paper is an important step forward in the theory 


_ of synchronous machines, since it considers for the first time 


the effects of the harmonics in the magnetomotive force wave, 
upon the characteristics of the machines. One striking con- 
clusion of this paper is the fact that the reactance and reaction 
coefficients can be obtained from the analysis of the wave of 
air-gap permeance. Another, shown by Figs. 5-11, is that the 
permeance in the interpolar regions of these machines, is con- 
It is not generally appreciated that the permeance 
of the air-gap is different for field and armature magnetomotive 
forces, and that it is different for different orders of the armature 
harmonics of m. m. f. 

The accompanying Fig. 1 shows a method of testing air-gap 
permeance used by the writer and E. W. Kane of Marquette 
University. While our tests gave waves of the zero order, 
our values check closely with those given by the authors of this 
paper. It is noteworthy that Table II in conjunction with 
equations (le) and (2c) yield a ratio of transverse to direct 
reaction of approximately 50 per cent. This ratio is substan- 
tially higher than that obtained by those authors who neglect 
the permeance of the interpolar regions. 

Itis a fact that in predicting reactance, the flux paths assumed 
lead to values less than the experimental value. Considerable 


1. A.J. E.E. Trans., 1925, p. 436. 

2. A.I.E. E. Trans., 1918, p. 1027. 

3. Studies of Transmission Stability, by R. D. Evans and Sas F. Wagner 
I. , 


A. I. E. E. Journat, April, auee Dp. 374. 
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discrepancy exists between rational and experimental values of 
reactance. It is to be noted that the third and fifth terms in 
eq. (Sc) may in some cases increase values of reactance caleu- 
lated by some 30 per cent. Thus the refinement in theory is 
well justified, if more accurate estimates of reactance can be 
obtained. 

Some of the results of this paper are negative. For instance 
eq. (Z) indicates that direct and transverse reactance are sub- 
stantially equal. This conclusion, however, is based on the 
definition of reactance as due to local fluxes, and fluxes in relative 
motion to the field structure. A more useful definition is that 
“reactance”? and ‘“‘reaction’’ are those vectors proportional to 
the current in the e.m.f. and the m. m. f. diagram respec- 
tively. Since only tests can determine this question, the exis- 
tence of a “‘variable leakage reactance” must still be regarded as 
an open question. 

The authors say, “‘The effect of salient poles on the magnitude 
of required excitation is very small.’’ While this is generally 
the case, there are exceptions under conditions of abnormal 
conditions of operation, as for example in the ‘‘nose’’ region 
of the synchronous-motor characteristic and near the unstable 
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point of generator operation. Consider Fig. 2 herewith for a 
generator carrying heavy charging current of a transmission line 
and no other load. The drop J Xq is less than the terminal 
voltage, and this in turn is less than the drop J Xqg. The 
Potier diagram gives a positive, the Blondel, a negative exci- 
tation. Fig. 2 also shows the complete zero-leading power- 
factor characteristics predicted by both methods. 

Fig. 27 is based on three assumptions; saturation in the arma- 
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Leading 


Pole I; Potier 


Eo Blondel 

IXq Ey Potier 

Fig. 2—Comparison oF BLonpEL AND Porisr DiAcRams 
Near UnstaBLe REGION 


ture and cross field negligible, and a transverse reactance identi- 
eal with direct reactance. In deciding whether a given 
component of the effect shall appear in the m. m. f. diagram 
the question is whether experiment shows this factor as more 
constant as an e.m.f. or an m. m. f. vector. The writer 
knows of no way to settle this point theoretically. It is conceiv- 
able, for example, that all the cross fluxes, not only those repre- 
sented by Xag but those of X1g, might be affected by saturation. 

The data given by the writer in a paper on “Synchronous 
Motor Characteristics’? indicated at least that Xaq is greatly 
affected by saturation. 


4. Douglas, Engeset and Jones, A. I. E. E. TRANS., 1925, p. 164. 
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Quentin Graham (communicated after adjournment): 
Messrs. Doherty and Nickle have dealt in a comprehensive 
way with a problem that is treated usually in a much less rigorous 
manner. The method of harmonic analysis is certainly the only 
one that is adequate for the treatment of many of the more com- 
plex problems of synchronous machines. It seems to me that 
the chief usefulness of the paper is not in a refinement of reactance 
and reaction calculations, with which Part I is concerned, but 
rather in the solution of innumerable special problems in which a 
similar method of attack is required. 


Since the assumption of uniform permeance is a common one 
in considering synehronous-machine performance, it may be well 
to emphasize some of the differences that a variable permeance 
produces. Itis shown in the paper that fundamental voltages are 
set up in the armature conductors by the following fluxes: 


a. The flux which results from the fundamental of the 
armature m. m. f. and the zero-order component of the permeance 
series. 

b. The flux resulting from the fundamental of the armature 
m. m. f. and the second-order component of the permeance 
series. 


ce. The flux resulting from the combination of any higher 
harmonic of the armature m.m.f. and the zero-order of the 
permeance wave. 


d. The flux resulting from the combination of any higher 
harmonic in the armature m. m. f. and the second-order term in 
the permeance wave. 


e. The fundamental component of the no-load field form. 


In a machine having a cylindrical field member with uniform 
permeanee the fluxes 6b and d are absent. There is left then the 
flux a, which is the usual armature reaction flux, and ¢ which is a 
wave of short span traveling at slow speed whose effect is more 
conveniently grouped with the reactance fluxes. With the 
assumption of uniform permeance, that is, with only the zero- 
order term present in the permeance expression, we may say 
that all harmonics in the armature m. m. f. wave, including the 
fundamental, set up fluxes which generate fundamental voltage 
in the armature. Further, no voltages of other frequency are 
generated or, expressed differently, no time harmonies appear. 


The introduction of salient poles and variable permeance 
is responsible for the flux b, which adds to the armature reaction 
flux, and d whose effect is grouped with the reactance. The 
fluxes under d are of various wavelengths but travel at such 
speeds as to give fundamental voltages. In addition, there are 
the various fluxes having combinations of wavelength and speed 
of rotation such as to produce frequencies which are multiples 
of the fundamental. It is the variable permeance that is 
responsible for the presence of time harmonics except, of course, 
those that are due to the shape of the field flux form and which 
are present even though there is no current flowing in the 
armature. 

These facts are all contained in the original paper but are 

repeated here in different form and with a slightly different point 
of view. 
- There are two points of possible importance which the authors 
appear to have omitted in their paper. The first is the effect of a 
damper winding on the magnitude of the various harmonic 
fluxes. Any m.m.f. wave which has a velocity other than 
synchronous may set up secondary currents in the rotor which 
will have the effect of reducing the magnitude of the flux waves 
set up by that m.m.f. The paper contains a discussion of the 
induced currents in the field winding and concludes that they 
may be neglected. It is probable that the same conclusion was 
reached concerning the induced currents in damper bars al- 
though I believe these currents should be considered in cases 
where particular time harmonics are of importance. Their 
effect on reactance in the steady state is probably 
imperceptible. 
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The other point to which I wish to call attention is the phase 
sequence of the fundamental voltages generated by the various 
fluxes. Since the fifth space harmonic, for example, travels 
against rotation and produces a flux wave with the same direc- 
tion of travel, the voltage induced in the three-phase armature 
winding has opposite sequence to the main induced voltage. 
This negative sequence voltage which is grouped among the 
reactances appears at the terminals as an unbalance in the 
three voltages. In Fig. 15 of the paper, @5a7 and @€5q7 are 
voltages produced by positively rotating flux while esq, and 
€5q5 are the result of fluxes rotating negatively. The same is 
true of part of the fundamental voltages arising from the 11th 
and other space harmonies of the armature m.m.f. It is surely 
incorrect to add these various voltages in the final reactance 
equation just as though they were all induced by positively 
rotating flux waves. I realize that the voltages calculated are 
for one phase and that equations (58a) and (59a) could give 
correct values for the voltage of, say, phase 1. But since the 
time relation of between voltages induced by positively rotating 
and negatively rotating fluxes is different for phase 2 and phase 3, 
the same equations would not apply. 


I have been particularly interested in the footnote on the 
thirteenth page which refers to the harmonics of irregular 
windings since I have in the course of preparation a paper which 
covers in some detail the calculation and the effects of these 
harmonies. 


R. E. Doherty: Professor Adams has said that it is im- 

material, so far as final results are concerned, whether fluxes or 
m. m. fs. are superposed. When saturation does not exist, such 
quantities which exist at the same point may be superposed. 
Allarmature m. m. fs. are distributed along the armature surface 
and hence may be superposed. The field m.m.f., however, 
is located at some distance from the armature surface and 
hence cannot in general be superposed directly with armature 
m. m. fs. 
_ I am just raising the point that every now and then we are 
likely by habit to superpose quantities that properly cannot be 
superposed. If we assume a fictitious m. m. f. which, if located 
at the armature surface, would produce the same effect as the 
actual field winding, then of course we may superpose this 
fictitious m. m. f. with those due to the armature since they are 
now at the same point. In eylindrical-rotor machines, this 
fictitious m. m.f. would be practically the same as the actual 
m. m. f. and it would be immaterial which we use. In salient- 
pole machines, however, the fictitious m. m. f. would be greatly 
different from the actual m. m. fs. In such cases it becomes 
much simpler to superpose fluxes than to attempt to obtain the 
correct m. m. f. to use. 

As to the question of fractional slots which Mr. Alger has 
brought up, we especially stated that the treatment of this is 
beyond the scope of this paper. I hope that some one in the 
future—perhaps Mr. Alger—will treat this case. 

Mr. Graham has stated that the fifth-harmonice flux, rotating 
backward with respect to the armature, will induce a negative- 
sequence fundamental voltage in the armature winding. For a 
fundamental wave, phases 1, 2, and 3 are located at 0 deg., 120 
deg. and 240 deg. respectively. For a fifth-harmonie wave these 
angles become 0 deg., 600 deg. and 1200 deg. which of course are 
the same as 0 deg., 240 deg., and 120 deg., respectively. This 
phase rotation for a fifth harmonic is thus opposite to the phase 
rotation for the fundamental. Hence it is necessary that a 
fifth-harmonic flux wave travel in a direction opposite to that of 
the fundamental wave in order to generate fundamental voltages 
having the same sequence as the fundamental. 


Mr. Graham also raises a question regarding the effect of a 
squirrel-cage winding. The present paper does not cover this 
ease. However, it is important to call attention to the fact, as 
Mr. Graham has done, that squirrel-cage currents may have an 
important effect on the value of the harmonic flux waves, and 
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therefore upon the leakage reactance of the machine, even under 
steady-state conditions. It is the authors’ opinion that the 
effect of such currents is not negligible, and an appropriate 
approximation would have to be made in case a squirrel-cage 
winding is present. 

Waldo V. Lyon (communicated after adjournment): This 
paper by Doherty and Nickle is interesting to the writer 
since it applies, as they courteously say,‘‘the same general 
method of attack’ that he used in his 1918 paper on harmonic 
analysis. It is particularly gratifying to have this method 
which he had come to believe of academic interest only, taken 
down from its dusty shelf and developed in such a comprehensive 
manner. 

Although the general methods of analysis that have been em- 
ployed in these papers are the same, the-fundamental physical 
principles upon which they rest are somewhat different. Thus 
it is of interest to compare the methods critically so that we may 
the better determine the advantages and disadvantages of each. 
The writer depended upon the principle of the superposition of 
magnetic fields, whereas the present authors depend upon the 
principle of the superposition of distributions of magnetic po- 
tential—two principles which are of course closely allied. In 
his 1918 paper, the writer’s statement of the former principle was 
as follows: ‘‘If a constant magnetizing force produces at any 
point a certain magnetic flux density when it alone is acting, and 
another constant magnetizing force produces at. the same point 
another flux density when it alone is acting, then when both 
magnetizing forces act together the resultant flux density at the 


point in question is the vector sum of these two flux densities, 
provided the permeability at every point in the region concerned 
is the same in each of the three eases.’’ A similar statement of 
the latter principle might be made as follows: If the entire 
boundary of a given region is fixed and the magnetic permeability 
at every point in the region is constant, the resulting magnetic 
field within the region due to a distribution of magnetic potential 
on the boundary which is itself the sum of two component dis- 
tributions is.the same as the vector sum of the individual 
magnetic fields produced within this region by the independent 
action of the two component distributions of magnetic potential 
along the boundary. It is assumed, of course, that there is no 
current within the given region. 

Fig. 1 is drawn to show how these two principles may be applied 
to the analysis of the flux distribution in a synchronous machine. 
By an application of the first principle we know that the re- 
sultant flux density at any point in the air-gap, or in the field or 
armature iron if that is desired, due to the joint action of any 
field or armature coils, is the vector sum of the flux densities 
at the point due to the individual actions of the same coils. By 
an application of the second principle we know that if there is 
produced on the surface of the field and armature a given dis- 
tribution of magnetic potential which is itself a sum of component 
distributions of potential, the resulting flux density at any point 
in the air-gap is the vector sum of the flux densities produced at 
that point by the individual action of these component distribu- 
tions of magnetic potential. If it be permissible to assume that 
the field current is concentrated in conductors that lie in the 
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surface of the field poles as indicated in Fig. 1 ina manner similar 
to that in which the authors assume that the armature currents 
are arranged, then the writer cannot agree with the authors when 
they say, ‘‘Hence the superposition of the armature and field 
m.m.fs.° is not permissible.” The writer believes, however, 
that it would not be advisable to apply the principle of super- 
position to the field and armature distributions of magnetic 
potential. It is much better first to determine and then to com- 
bine, as the authors have done, the component flux distributions 
due to the field and armatue distributions of potential. 


Let us now examine in detail the two methods of analysis. 
Consider Fig. 1. Imagine that the armature coil a—a’, when 
opposite a pole, has a sufficient m. m. f. to establish a distribution 
of flux in the air-gap, the maximum density of which is unity; 
(see author’s definition of unit flux density). Determine the 
normal flux density at the surface of the armature either by ex- 
periment or by the methods that the authors describe. Analyze 
this distribution of flux for its harmonic components. In this 
first position of the coil there will be only sine components due 
to the symmetry of the magnetic circuit. Move the coil to some 
new position such as b—b’ and again determine the sine and 
cosine harmonic components of the flux density. For each new 
position of the coil there will be new sine and cosine harmonic 
components. Plot the amplitude of each of these components 
against coil position and analyze the variation of each of these 
amplitudes for its harmonic components. It is in this way that 
the writer determined the a and c coefficients of his 1918 paper. 
Refer again to Fig. 1. The flux density, B, at any point zx in 
the air-gap due to this one armature coil is: 


B=ZA,sin, (& — wt) + 2 Cy cos g (& — wt) 
The amplitudes of the sine and cosine components are: 
Ag =GgotGq COS 2ut+aqcos4wt+.. 
Cq= cq sin 2-wi+ ¢ gasin4d wt +. 


Cp COS Ape (UU) 
. Cqp SiN 2p wt (2) 


Under the same conditions as laid down by the authors, only the 
coefficients ago, 4g: and ci need be determined. If it is deemed 
permissible to neglect all of the terms in (1) and (2) beyond 
cos 8 wt and sin8 wt then these necessary coefficients can be cal- 
culated from plots of the flux density due to the single coil when itis 
successively placed in the positions marked 0 deg., 30 deg., 60 deg. 
and 90 deg. Let Ago, Ags, Agso, and A goo be the amplitudes of 
the sine components of the qth harmonic flux density at the given 
coil positions. Also let C30 and C's be the amplitudes of the 
cosine components of the gth harmonic flux density at the 
corresponding coil positions. Then it may be readily shown that 


ye 
1 

Ago = 6 Ao + 2A g20 + 2A g60 ae A 490 
1 

An 3 Ago + Agso — Ageo — Ago 


5. The writer understands that the authors use the term ‘‘m. m. f.”’ 
in the same sense that he uses the term ‘“‘magnetic potential.” 
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V3 
Thus the required coefficients are determined readily by plotting 
the flux density in the air-gap due to a single armature coil 
placed at four different positions with respect to the field poles. 
For this reason the writer cannot agree with the authors’ com- 
ment on the computation of these coefficients when they say, 
“Hence the resulting series contain coefficients which would be 
very difficult to determine.’’ The difficulty is at least no greater 
than would be experienced in determining the corresponding 
coefficients that the authors use. 

An approximate correction for the effect of saturation of the 
field poles can be made by assuming that it reduces the flux 
distributions due to the armature coil in the 0-deg. and 30-deg. 
positions but does not affect the distributions at the 60-deg. 
and 90-deg. positions. Saturation would thus increase the 
relative magnitudes of the Ags, Ags and Cg coefficients. 
In his 1918 paper the writer gave a numerical estimate of the 
approximate effect of saturation on the values of the required 
coefficients. From a theoretical standpoint the authors should 
take into account the effect of saturation by recognizing that 
while the distribution of m.m.f., or magnetic potential, due 
to an armature coil carrying a fixed current is the same when the 
coil is opposite a pole as when opposite the interpolar space, the 
polar surface is at zero potential when the coil is in the latter 
position but not when it is in the former position. It would 
probably be preferable, however, to make some simpler approxi- 
mate correction, such, for example, as the authors have suggested. 

There is a problem of some interest that the authors did not 
mention. It is that of a synchronous generator which, when 
feeding an open circuited transmission line, loses its field excita- 
tion. If R and X represent the equivalent resistance and re- 
actanee of such a line on open circuit then it is readily shown 
for this ease that 

(R +1)? = — (X +24) (X + za) 
This shows that X is capacitive and lies between x, and xq. 
Since the values of x, and xq depend upon the saturation, a 
graphical solution of the forgoing relation can be made which 
will determine the saturation, and from that the terminal voltage 
can be found. 

After all, the particular method of arriving at a given solution 
is not of paramount importance so long as it follows generally 
accepted physical principles. Both the authors and the writer 
have shown different methods of obtaining the same result. 
The necessary numerical constants can be determined equally 
well for one method or the other. Whether or not one of the 
methods seems to arrive at the solution in a simpler way depends 
a good deal upon the scientific bringing up of the user. 

No doubt this idea of a multitude of harmonic distributions of 
flux of different wavelengths—the writer has called them phan- 
tom poles—rotating in different directions at different speeds is a 
difficult phenomenon to visualize. It is a powerful method of 
analysis, however, and the authors are to be congratulated on the 
effort they have made to present it in such a comprehensible 
form. 


Ca (Cqs0 ae C'q60) 


Some Graphical Solutions of A-C. Circuits 


Founded Upon Non-Euclidian Geometry 
BY F. W. LEE: 
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Synopsis.—1. A graphical method for the solution of alternating-current circuits is developed and discussed. 
2. The application of these transformations is shown graphically by numerous examples. 
3. Certain characteristics of circuits are identified which greatly simplify the graphical solutions of circuits. 


INTRODUCTION 


HE purpose of this paper is to show how, with the 
a aid of simple functional transformations, it is 
possible to obtain a mental picture of the limita- 
tions, as well as the influence, of each factor in an a-c. 
circuit upon the resultant voltages and currents. 
Steinmetz first explained how the influence of the indi- 
vidual factors of a circuit may be computed with the 
aid of his complex operator. Arnold also indicates how 
they may be used for constructing loci diagrams. The 
usual representation of an electric circuit is by the 
impedance or the admittance diagram; these operate 
upon the current or voltage in question and also 
determine the relative phase relations and magnitudes 
of the voltages and currents in the circuit. The method 
of analysis now presented has the limitation of the 
admittance or impedance diagrams for its objective. 

Fundamentally, this idea embraces the operation 
carried out upon a function instead of a particular value. 
The function has all particular values as special cases. 
Also, if the functional transformations are simple, the 
individual operations may be traced after each func- 
tional change has been made. In this particular dis- 
cussion the functions are circles and each particular 
solution may be followed with great rapidity. The 
effect of each functional change may be seen and any 
alteration of each particular factor visualized under 
various circuit conditions. 

The nature of these solutions all have circles for their 
functions, but the parts of the circle which are physi- 
cally operative may be greatly attenuated by circuit 
limitations. Nevertheless, the circle has a very well 
defined physical, and also a mathematical, relation to 
the circuit in question. Although the following trans- 
formations transform into similar figures, the circle, 
as will be seen, is a natural consequence in alternating 
circuit modifications. This operation upon a circle 
may take various forms; these are best understood 
when the equation of a circle is considered. 


OPERATIONAL CHANGES. 


The function for simplicity is taken as an impedance 
and is represented by Z. It may also, however, take 
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the value of a voltage, a current, or an admittance, as 
conditions require. In Fig. 1, a circle of radius |r | is 
shown. 

The equation of this circle is Z = |r|’. Every 


¥ 


P 
x a x 
Y 
infer, al 


point on this circle is uniquely defined; for example, 
Z, =\|r|e". Thecenter of the circle coincides with 
the X X and Y Y axis. Certain operational changes 
may be made upon this function Z which will give rise 
to another function W; for example, a constant complex 
value a = | a| e’** may be added to every point upon 
the circle shown in Fig. 2. 

W=Z+a 
or 

W=a+|r|e’’. (1) 

From Fig. 2, it is seen that the diameter of W is 

the same but the center has been shifted for O to O’. 


Here it may also be seen that W is a more general 
expression for a circle. 


Again consider the circle Z = |r| €’’ but let it be 
multiplied by «’". The new function W now is 
Wa Ze rf eo 8 ee pe 2) 


This is shown in Fig. 3; the circle has the same 
radius as in Fig. 1, but the points have all been dis- 
placed by 6; deg.; or the circle has been rotated in a 
positive sense. 
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Had Z been multiplied by | 6 | e7%, 
as demonstrated by Fig. 4, 
then 


Wa rex bb red et: (3) 
The original circle Z, having a radius | r |, will change 


Wa ible 


into circle W, having aradius|r| X | 6 |, or the product 
of the radii. The circle W would also be rotated with 
reference to Z by an angle of 6, degrees. Point a 
will go into a’, ete. 

If a more general equation for a circle had been 


considered, as Z = a + |1| e’’, where a is a complex 
number, as shown in Fig. 5, and had Z been multiplied 
by 6 =|b| &’%, the circle Z would have gone into 


W ="Z|b| @ = [la] + |r| ef") [|b] ] 
| a | | b | ¢7( 9a + 9) ap |r| | b | e169 + 9) 

=c+ | r! EO +40) | ‘ (4) 
Notice that the circle Z has been moved through an 


angle @, and has also been revolved about its center 
by 63. Its new radius r’ = |r| X |b| and its new 
distance from the origin c = |a| X | 6|. 

To define a circle, three factors are necessary after a 
transformation, viz., (a) the radius or diameter, (b) 
the distance and direction from the origin, and (c) the 
value of 0, or its zero reference point. ; 

Another equally important transformation is the 


in the much smaller are A’ B’C’. 
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reciprocal of a circle presented by Fig. 6. Z = |r| &? 
is a circle-about the origin. 
Then 
et ee i ae 
7 Or te lete. Neary ir (5) 


From this equation a new circle arises, having a 


radius 


Ih 
Pa a | with angles taken in the negative sense. 


Circle Z will go into circle W and vice versa; point a 
would correspond to a’, a circle inside of the unit 
circle will fall outside, and a circle outside will fall 
inside, upon inversion. The unit circle will invert 
into itself but the points on it will not coincide. Should, 
however, the center of the circle not coincide with the 


origin, Fig. 7, then the inversion will also transform the 
circle into another circle. 


Here 
Z =|a| e+ |r| €? 

1 1 ' “ff 
We= Sp Ou | en fate tee 


“Hie Shee 
(6) 


6 and 6’ bear no linear functional relationship. 
This transformation may be proved from similar 
triangles upon elemental portions of the two circles. 
The angles, however, do not transform uniformly as a 


linear relation since the interval A BC is compressed 
Thus, if the circle 
were considered as a rubber band, this would mean that 
the band had shrunk and that the tension in the band 
was no longer uniform; 7. ¢., some points would be 
stretched and others compressed. The location of 
this circle is best determined from a line drawn through 
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the center of circle A BC D from the origin. After 
the transformation, this ray will also embrace the 
diameter of the new circle. The angle 0, will give the 
direction, since, after the transformation, the angle 
changes into — @,. The radius of 


el 1 1 ] r 
i olf epee pero — aa? 
ae (7) 
The distance of the center from the origin of W is 
a 
2 oo raesresrenemeel ora? 


It should be remembered that for every point on the 
circle Z there always will be a corresponding point 
upon the circle W, and that the points are continuous 
on the circle. 

If the circle touches the origin, Fig. 8, and lies on the 
X X axis, the reciprocal will be the straight line A’. 
Since point a will go into a’ and 6 will go to infinity, 
the radius will be one-half of infinity; hence A’ will be 
a circle of infinite radius, or a straight line. 


Circles inside of the unit circle, Fig. 9, will go into 
straight lines outside of the unit circle, since the recip- 
rocal of a is greater than unity. Also a circle outside 
of the unit circle will go into a straight line within the 
unit circle. All of these circles (Fig. 8 and Fig. 9) 
touch at the origin O, or have one point in common; 
hence after the transformation they again will have 
one point in common or the parallel straight lines will 
touch at one point, at infinity. 

Other circles A, Fig. 10, located at an angle 6 with 
respect to the origin, will transform as a reciprocal, 


into the straight line A’. oh 


The distance 0a’ = 
is determined by the diameter oa. An interesting 
case of these transformations is shown in Fig. 11. 

As before, circle A will go by inversion into the 
straight line A’ and circle B into the line B’. Also the 
point of intersection between the two circles a will, 
after the transformations, have the point a’ in common, 
or the intersection of the lines A’ and B’. Since the 
circles intersect again at the origin the two straight 
lines will intersect again at infinity, from which it 


LEE: GRAPHICAL SOLUTIONS OF ALTERNATING-CURRENT CIRCUITS Transactions INS MEAD, Dp 


follows that two straight lines intersect at two points 
and that the direction of infinity from the origin is 
not definite. 

The converse of this is also true; a straight line by 
inversion will go into a circle represented in Fig. 12. 

The reciprocal of the perpendicular distance oa 
will determine the diameter oa’. The direction of 
the diameter is determined by the angle 6; therefore, 
the length o a and its direction are immediately deter- 
mined by the circle locus. 


APPLICATIONS 


Consider the very familiar circuit of Fig. 18 which 
has a reactance X in series with a variable resistance R. 
The equation of the current in the circuit 


I= E neo ee 
"REG aR ke re 


where FR ranges from O to infinity. 


The locus of R is shown by the line O A, beginning 
at the origin and extending in a positive direction to 
the right; Z = R+ 7X is shown by the line aB. 
This line a B may be continued to the left; this would be 
a negative resistance and therefore not a physical part 
of the problem. The equation of I shows that Z 
occurs as a transformation in that it must be inverted 
(see equation 6). It is very obvious that the inversion 
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of the straight line a B is a circle, Fig. 14, with a di- 


ameter 0 a’ = mee ; 
0a 

The region shown by the full line corresponds to the 
portion of the straight line a B and the dotted portion 
to a B’ which latter portion has only an interest in 
carrying through the transformations. 

This value of 1/Z must be multiplied by E/9 which 
will give the locus of I. Thus the diameter of 1/Z is 
changed and the circle is turned by 6 degrees, as shown. 
This gives the resultant value of current and shows that 
a circuit in general which has a straight line as a func- 
tion or a circle as a variable will lead to other circles, 
after transformations have been made. 

The circuit as explained may be modified so that it is 
composed of an impedance in series with a resistance 
(Fig. 15), as, for example, a non-inductive load on a 
feeder circuit. 


Z,=0.3-j08 R 
E (0-120%/0 ; 


In this case, as before, draw O X, the locus of R, and 
to this locus add at every point Z,; this is the impedance 
Zi+R. 


Now I = E/0 from which it is seen that 


Z.+f 
Z, +R must be inverted. Extend the line.¢ B to B’ 
and at the point.a let it cut the Y Y axis. The recipro- 
cal of this inversion is the circle whose diameter is 
Oa. The line only has physical significance from C 
on toward B. This corresponds to R = 0 at C, and 
R = o at B. The point C upon inversion will deter- 
mine the active part of the circle. Notice that C’ 
on the circle has the same angle as Z; here in the nega- 
tive sense and the range is from C' to O. This circle 
must be multiplied by E/0 to obtain the current whose 
diameter is O A’’ and whose limitations are again 
between the points C’’ and O. 

The voltage on the load is deduced from the relation 
Ex = load voltage = E—IZ. Instead of a particular 
current the loci circle I is multiplied by — Z; and then 
added to E/0, as shown in Fig. 16. 

From the foregoing it is seen that this method of 
analysis is applicable to all types of circuits which may 
be reduced to a simple equivalent circuit. 
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A further illustration is shown in Fig. 16A of a cir- 
cuit similar to that of Fig. 15 in which the inductive 
reactance is equal to twice the resistance of the circuit. 
It is desired to reduce the short-circuit current by one- 
half with added reactance from a choke coil and to 
compare the maximum current possibilities at various 
power factors. 

The impedance vector Z, corresponds to the circuit 
before the reactance a b has been added and Z, repre- 


sents a distance numerically twice as long as Z,;. Draw 
a circle about Z, as a diameter and also one about Z, 
asadiameter. These circles are the loci of all minimum 
impedances possible with any desired power factor of 
load Z:. Consider the general case, here represented as 
50 per cent p. f. leading; the lines 0k and om are 
perpendicular to a k and b m respectively and represent 
the shortest resultant impedance of line and load. 
Before the reactance is added, the current in the circuit 


1 1 
FETE and afterwards to ONE 
where, for example, Z: is taken asa 50 per cent power 
factor locus. 


is proportional to 


Added Reactance 


‘Locus of Minimum Impedance 
for all Power Factors 


Locus for 50 ® P.F. Leading 


C’ Max./Current 
Locus (Zs) 


Fia. 164 


It is evident that there is a short-circuit current for 
Z. = 0, but from the diagram it is seen that this may 
not be the maximum current possible in the circuit. 
For a definite range of power factors touching the cir- 
cles between akc and b mc, maximum currents greater 
than the short-circuit current are possible. The inver- 
sion of the circles A and B indicates the locus of these 
maximum currents which are the straight lines a’ c’ and 
b’c’. These two lines intersect at c’, corresponding to 
the intersection at c of the two circles which is the 
resonant point in both instances. For this point the 
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ratio of the short-circuit currents corresponding to 
UP ms A Orce 
line impedance Z, and Z, is rer 


= 1; for Z: = O the 


, 


0 : 
ratio is Saat 0.5; at 50 per cent power factor leading 


if 


ok’ 


it is = (0.633. Here again the dotted portions of 


the loci represent the mathematical possibilities and 


it B= 26.6 + j 308.4 


AL 
p. f.=80% 
Lagging 


glo Yr 0. “ors. i saa p 
127 Kv. Veh eek ali 


the full lines the physical limitations. The points c 
and c’ are the same for any reactances which may have 
been added to Z,; hence they may be called invariant 
points in the comparison. 

Another example is the location of the generator 
current locus for a high-tension transmission line, in 
this case the 500-mile line described in the JOURNAL 
of the A. I. E. E. for September, 1924. Fig. 17 (I) 
shows the line reduced by the simple reduction formulas 
of Dr. Kennelly. It is loaded at a constant power 
factor of 80 per cent lagging current at the load. The 
equation of the current at the generator is 


1 aay, 

l= Cee tas Tha Be + Y, E/0 . 

so Z 

Yi. + Y, es 
The successive operations which are necessary are 
indicated in this equation. The variable Y: is the load 
admittance; the other factors are constants which are 
indicated as per Fig. 17, (I). The graphical operations 


are accomplished in the order in which equation (1) 
is derived and are indicated as follows: 


Y.and Y: + Y, [Fig. 17, (II) ] 


(10) 


1 1 : 
Yay, 2 yy, + 2 (Fig. 17, (ID) ] 
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“one Mae and 7 + Y, 
aap oes Z aoe ee 
Me 25 Mo = Y.+ Y, 

(Fig. 17, (IV) ] 
‘il ‘ 
TenO Se aaa alee 17, (V) | 
Yi.+ Y,. ah 


It will be seen from Fig. 17, (V) that the current is a 
minimum at P. In order to determine the exact value 
of load Y: for this minimum current, this value of P 
may be traced through each transformation and is 
indicated by P on every locus. 

From purely physical considerations of this circuit 
it is evident that the voltage at open circuit is the same, 
irrespective of the value of admittance Yx as gradually 
decreased to zero. Also, the voltage at a short circuit 
is zero irrespective of how Y: was increased to infinity. 
Hence there are two invariant points in this system 
common to any kind of loading, that for open circuit 
Yu = Y,, and’ that. for: short; ereuit=Y v=). All 
of the current loci will intersect at these two invariant 
points. 


DISCRIMINANT LOCI 


Certain loci may have something In common with 
other loci which allow the rapid evaluation of a large 
number of loci by the use of this locus. A locus which 
can be used in this manner may be called a discriminant 
locus. For example, suppose it were desired to com- 
pute all the generator current loci for all power factors 
of loading Fig. (18) and of circuit Fig. 17 (I). 

Here are shown various power factors of loading 
Y. = 50 per cent leading, Y, = 86 per cent leading, 
Y. = 86 per cent lagging, and Yz = 50 per cent lag- 
ging as illustrated. It would be, with the above 
simple method of current evaluation, rather tedious to 
carry through each evaluation as per Fig. 17. From 
Fig. 18 (II) it is seen that Y: + Y: produces, for every 
power factor, a circle locus 128056; this circle has one 
point in common for every power factor in addition to 
the invariant points Y) and Y,; it is a discriminant 
locus. Now by treating this circle as a special type of 
load and carrying it through as per Fig. (17), a locus of 
I is found, Fig. 18, III. All power factors, Y,, Y:, Y., 
and Yq, have the points 5, 6, 2 and 8 respectively, on 
this circle. Since the current loci must also pass 
through Y, and Y,, in addition to a point on this locus, 
it is possible to draw a new circle through these three 
points, for example, point 2, Fig. 18 (IV), to deter- 
mine the current locus ‘at 86 per cent power factor. 
The small shaded area shows the change from 80 per 
cent power factor of Fig. 17 to 86 per cent power 
factor, or the range of generator current due to change 
of power factor at the load. The phase angle of the 
current I at the generator and the voltage E/0 can be 
obtained directly from the diagram. Because all 
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current loci have their centers in line M N, this line 
is also a discriminant locus. It can be seen from Fig. 
18, (V), that a change of load power factor from 50 
per cent to 80 per cent, leading, corresponding to loci 
Y, and Y,, produces a much greater change of current 
at the generator than a similar change from 50 per cent 
to 86 per cent lagging, or circles Y, and Y4q. 


In order to determine the voltage Ex at the| load, 
the relation 


Weg ha Ta 0 /02Y,. 17 (10) 


is used, and the transformations are followed as indi- 
cated in the equation, (see Fig. 19). All of the genera- 
tor current loci of Fig. 18 (V) were operated upon as 
indicated in equation (10). The discriminant line 
MN of Fig. 18 (V) transforms into the line M,N’ and 


allows a very rapid determination of the voltage at the 
load E.. - This diagram shows what values of Y: must 


‘be chosen if the system is to have a constant voltage at 


the load end in conjunction with a constant voltage at 
the receiving end of a transmission line. 

The well-known asynchronous machine can be 
graphically visualized with these transformations. 
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The standard circuit of the induction machine is shown 
in Fig. 20 (I). 


Remembering that the slip 


(OS (4h) 
s=—— (11) 


Wi 


in which w, is the synchronous speed and w,. the speed 
of the rotor, in the equivalent circuit, 


Te 


ly ae a2) 
or 
Le 
R = ( : )-r, (13) 


where r. is the rotor circuit resistance and FR is the 
resistance equivalent to the mechanical load on the 
rotor. 


i Zy=%, +51 Zo=m% +jx 
Ua Rat 
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Induction Motor 
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b Zi+Z2eR* Yo 
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Induction Motor 


Induction Generator 
(II) 
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The range of speed for the induction motor is 
0<02.< Ww) 
for which R varies from 0 to @ resistance. 
The range of speed for the induction generator is 
+o >+ WW > w1 
for which R varies from — r; to—.~. 
The range of the frequency converter or brake is 
— 2 < <0 
for which R varies from — 72 to 0. 
Here the critical locus is R, which has all values from 
4+ o to — » with singular points at O and{— r2 as 


shown in Fig. 20 (II). The effect of adding the pri- 
mary and secondary impedance is shown in the line 


KL. Upon inversion the circle through the origin,is 
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realized and the points R = + © and R =— — are 
the same point at O. 

The current delivered to or from this circuit is shown 
in Fig. 20, (IIT) 


1 
r=[ Fa Mek 


The voltage is chosen at 90 deg. to make the diagram 
similar to the conventional representation of the 
Heyland diagram. 

Further application of these methods to transformers, 
generators, filter circuits, vacuum tubes, etc., is obvious, 
once the view point is ascertained. 


R +¥, | 2/90. 


CONCLUSIONS 


This analysis indicates how, with the aid of a few 
elementary transformation theorems, the operation of 
electric circuits, machinery, and vibrations of all kinds 
may be visualized and their limitations and possibilities 
discerned without the aid of extensive mathematical 
formulas. 

It indicates a method for the computation of charts 
showing changes upon individual units comprising the 
system. It will show, for example, how a system may 
be operated with greatest efficiency or flexibility and 
what units added to this system will give best results. 

The writer wishes to acknowledge the many kind 
suggestions of Dr. Whitehead and the careful compari- 
sons of the proof by M. W. Pullen. 


Discussion 


M.I. Pupin: This paper recalled to my mind the first paper 
which I read relating to an a-c. circuit in which a simple harmonic 
force is impressed and the resulting current is complex harmonic. 
It was a paper written by the late Professor Rowland of Johns 
Hopkins, about thirty-eight years ago. 

He pointed out—and I think he was among the first to do so— 
that in a cireuit in which one of the reactions is not simple har- 
monic, you may get a current which is complex harmonic al- 
though the impressed e. m. f. is simple harmonic. He considered 
the case of an induction coil with an iron core going through a 
eycle of magnetization and de-magnetization. Since the mag- 
netic property of that core goes through a complete cycle 
in which the core does not act the same at any two consecutive 
stages on account of the variable permeability, you have a 
reaction due to an inductance which varies periodically. All 
you can say about that reaction is that it is a harmonicfunction 
having a fundamental period—equal to that of the impressed 
motive force. By Fourier’s theory, you can expand that 
function in an infinite series of harmonics which are odd mul- 
tiples of the fundamental. 


We have a great many cases like that in electrical engineering— 
cases of circuits in which one of the electromagnetic constants is a 
harmonic function of the time. For instance, in an induction 
motor the mutual inductance between armature and field is a 
periodic function of the time which is determined by the speed of 
the motor. You cannot treat this case in the same way in which 
you treat ordinary a-c. circuits, although many engineers do 
when they employ the graphical method. ; 

I do not use the graphical method in that way and I explain 
to my students—graduate students, to be sure—why I don’t use 
it,—because it is misleading and does not give the real physics of 
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the reactions of the operation of the induction motor. That is 
true of the single-phase induction motor, and to a great extent of 
the polyphase induction motor. You can’t treat these circuits 
the same as you treat circuits in which all of the electromagnetic 
constants remain invariable. You can, by the use of a graphical 
method, get approximately good results, but you don’t get 
exact results. Exact results demand going back to Maxwell and 
a treatment of the circuits in the Maxwellian fashion. To be 
sure, that is not the way to avoid complicated mathematics. 
But it may be complicated for some people and not complicated 
for a student who has been tolerably well trained in mathematical 
operations, and we have quite a number of them. 

In our discussion of electrical circuits we deal with differential 
equations. The equation of reactions is a differential equation 
and it is the fundamental equation in the theory of electrical 
circuits. It is a linear differential equation with constant 
coefficients as long as resistance, inductance and capacity are 
constant. I think a sophomore can handle such an equation. 

Some of us have an idea that all equations expressing the law of 
actions and reactions in electrical circuits are differential equa- 
tions with constant coefficients. That is not the case. Very 
often in some very important problems, asin induction motors, 
the law of equality of actions and reactions does not lead to 
differential equations with constant coefficients. They are 
linear but with variable coefficients and demand a different 
treatment. You cannot treat them by the graphical method, 
with all due respect to the excellency of the graphical method in 
some Cases. 

You can’t apply it in all cases, as you know, of course, and the 
only object of my talk is to call your attention to that as for- 
cibly as I can in order to avoid giving the student the impression 
that he can treat all a-c. problems by the graphical method. 
It cannot be done. 


There is one very interesting case I shall mention here, which 
probably will not be familiar to all of you, and it is this: It is a 
vacuum-tube oscillator in wireless telegraphy. There is a new 
piece of apparatus which is just as important as any generator. 
Why? Because it is the foundation of radio broadcasting, and 
that is a great thing. That is one of the great achievements of 
the electrical engineer’s profession. The ability to transmit 
the spoken word from any place in the United States to any other 
place in the United States, and perhaps to any other place in the 
world, is a great achievement—a tremendous achievement, and 
it is made possible by the-vacuum-tube oscillator invented by a 
student of mine, Armstrong, in my laboratory at Columbia. 

Another student of mine, of the General Electric Company, 
came almost as near to it as Armstrong did. I think that is due, 
to a certain extent, to my talking to them about circuits that 
cannot be treated by the graphical method. In fact, I lectured 
about a method of creating a-c. oscillations of different fre- 
quencies by means of induction machines. Armstrong was 
listening intently and when I got through one day he came to me 
and said, ‘‘Professor, your theory is very fine, but I can do the 
same thing in a much simpler way by using the vacuum tube.—”’ 
And he did. J decided that he was right and my mathematies and 
machine could go into the scrap heap. 

I think that particular case justifies me in wanting you to 
impress upon the students and your friends that there are a-c. 
circuits which cannot be treated by the graphical method. 


W.P. Dobson: Mr. Lee has described methods admitting of 
a wide variety of application, a feature which most graphical 
methods do not possess. 

In La Cour and Bragstad’s “Theory and Calculation of 
Electric Currents,’’ Chapter III, methods similar to those of Mr. 
Lee, are described. Impedance and admittance are represented 
by vectors and the operations 7. Z and Y. EF are earried out 
graphically in essentially the same manner as indicated in 
Figs. 1 to 5 of Mr. Lee’s paper. Thus the voltage curve at the 
terminals of a constant impedance is similar to the current curve 


> hatte he 
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but corresponding vectors are displaced by the angle g = tan 

- 
and the lengths are in the ratio Z:1. If new axes be chosen 
rotated in the negative direction through an angle ~@ and if 
suitable scales for current and voltage be chosen then the current 
curve will be the voltage curve referred to the new axes. In the 
ease of a circuit having variable impedance La Cour and Brag- 
stad make use of the geometrical principle of inversion. Thus 
the admittance curve is the inverse of the image in the axis of 
reals of the impedance curve. In Mr. Lee’s first example, 
Fig. 14, the circle o a’ is the inverse of the image of a B. This is 
the admittance curve. It will also be the current curve (to a 
suitable scale) referred to a new set of axes displaced 30 deg. in 
the negative direction. The same curve may also represent the 
voltage on the load E— IZ. Referring to Fig. 15 it may be 
shown that if c! is taken as the origin and c! 0 the axis of reals, 
the curve c! o will represent, to a certain scale, the voltage on the 
load. This renders the construction in Fig. 16 unnecessary. 
The utility of La Cour’s method lies in the fact that only one 
diagram is necessary. There are two sets of axes, one for voltage 
and the other for current. 

The application of graphical methods to the calculation of 
electric circuits is often unsatisfactory unless power can be 
represented on the diagram. La Cour and Bragstad obtain 
constructions for both power and efficiency. 

The chief advantage of graphical methods in most eases lies 
in the power of visualization which they supply. For numerical 
work they seldom offer any advantage over arithmetical methods. 
They frequently do not yield sufficiently accurate results and 
their application is limited by the quantities which we desire to 
investigate. An excellent example of the utility of graphical 
methods is Mr. C. H. Holladay’s chart for transmission lines! 
in which yoltage, currents and power are represented on the same 
diagram. 

C. A. Adams: [I have been tremendously interested in what 
Dr. Pupin has said and agree that in our engineering teaching we 
are apt to-slur over the more exact methods of analysis in favor of 
approximate methods. I think it is safe to say that nearly all 
methods of solving engineering problems as presented to students 
of engineering are approximate methods and in most cases very 
crudely approximate. Moreover, the student, in ninety-five 
cases out of a hundred, doesn’t know that the solution is approxi- 
mate or what the approximations are. The solution is good for 
a narrow range within the desirable practical degree of accuracy. 
When he gets outside of that range, he is lost. That this is so has 
been proved time and time again by the failure of the better 
engineers to solve satisfactorily fairly simple problems pre- 
sented to them. Sol am in hearty sympathy with the spirit of 
Dr. Pupin’s remarks. 

I wonder, however, if in the case of the induction motor and 
other pieces of electrical machinery, it ishumanly possible to be at 
all exact in our analysis? You may try to take account of the 
variability of some of the factors we ordinarily assume constant. 
They vary in some cases in a manner which can be expressed 
only by a long series of terms, and even then only approximately. 
The properties of the materials are never known accurately. 
No mathematical analysis, however complicated, can predeter- 
mine with accuracy the core losses or the magnetic-circuit 
relations in a piece of rotating electrical machinery. It is 
merely a question of degree, and a question of judgment as to 
whether a more extended mathematical analysis is warranted by 
the resulting gain in accuracy. 

The mistake we make in engineering education is in failing 
to emphasize the approximations, in failing to provide the student 
with a scientific foundation on which he can build his own solu- 


tions and make his own approximations with his eyes open and 


with full knowledge of the errors involved and the range of 
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practise within which these errors are of negligible importance. 
Then when he gets into some other range of experience he will be 
able to carry his refinements farther, or make different 
approximations. 

Of the approximate methods of analysis and visualization, 
some are tremendously valuable; as, for example, the circle loci of 
Mr. Lee’s paper. In this connection I refer Mr. Lee to a series of 
articles I wrote for the Harvard Engineering Journal in 1905- 
1906, in which I discussed the circular loci of induction motors 
and incidentally used almost identically the game method as 
that employed by Mr. Lee. These loci are very useful in pro- 
viding a simple method of visualizing the approximate relations 
between the constants of the motor and its operating 
characteristics. 

As long as the student or engineer, in making his applications, 
knows where the approximations have been made, the magnitude 
of the resulting errors and how accurate it is necessary to be in his 
solution, he can use mathematics or graphical methods 
intelligently. 

That is really the important point at issue, and the mistake 
which we have made in the past is exactly that pointed out so 
clearly by Dr. Pupin. We earry our students through a lot of 
superficial approximation methods of solving problems without 
sufficient emphasis on the approximations and without giving them 
the ability to go more deeply into the analysis. In fact, in 
many cases they have a notion that they are getting a deep, 
theoretical treatment of the subject. Most of them think it is 
too theoretical, when as a matter of fact the old complaint of the 
employers in industry that our men were too theoretical was all 
nonsense. The only difficulty was that really they were not 
theoretical enough, because had they been more so they would 
have obtained good practical results. 


D. C. Prince: We have had two general points of view 
presented as to methods of solving problems. One is that we 
take our problem and divide it up into the form of an infinite 
series. The other is that we take the outstanding phases of it 
and produce a graphical solution for them. 

The principal advantage of the graphical method is that it 
gives a general picture which you are very likely not to get by 
infinite series. The advantage of the infinite series is accuracy, 
but at the same time you set up your equations and get out 
certain results which are all right provided your series is truly 
convergent and has been properly taken. 

For instance, Doctor Pupin has raised the question of applying 
a series to the vacuum tube. I have seen a great many of those 
analyses, and as long as the current does not stop, it is possible to 
make a very nice convergent series which will cover the case. 
If you press the output and go in the direction of a highly 
efficient oscillating cireuit where the current is in the form of 
jabs occupying only a few degrees of are, you find you have 
repeated points of discontinuity appearing, which present points 
of difficulty. If the current is zero for a considerable time, we 
then have in our series a large number of different waves, all of 
which add to zero and therefore all of which are not there for a 
considerable part of the time. 

Therefore there are problems which seem to demand coming 
back to a more or less laborious first principle in which you work 
the thing out. Ina paper in the Journal of the Radio Institute? 
we presented such an idea of going after in a more or less graphical 
way the method of working out the oscillator because the series 
methods, if sufficiently developed to be exact, seemed to lead off 
to a point where you could not tell which terms were valuable 
and which were not. 

M. I. Pupin: 
Armstrong could. 

D. C. Prince: Yes, but he is working almost altogether with 
cases where he does not press efficiency to a point that strikes 
discontinuity. 


Somebody couldn’t tell, but others could. 
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M. I. Pupin: Discontinuities such as a man can make with 
his voice are discontinuities which happen after the stationary 
state has been reached and you don’t care about them. You are 
dealing then with the stationary state. The hand of man is slow 
and his voice is slow and these oscillations go perhaps a million 
times per second. You are dealing with a stationary, state there 
anyway. 

D. C. Prince: I referred particularly to discontinuities that 
occur at the frequency of the oscillation. 

M.I.Pupin: But there are no discontinuities of that kind, so 
far as I know. 

D. C. Prince: In the ordinary amplifier you always have to 
provide for proportional current so you may get some sort of 
current variation which will be a continuous procedure with 
harmonics of various sorts. As soon as you begin to chop the 
waves down to zero so the current actually flows for a small 
part of a eycle, then you have discontinuity repeating as fast as 
the cyclic variation. These intervals of zero current last as 
long as three-quarters of a cycle or more. In oscillating circuits, 
if you make an analysis of the possible circuit efficiency, it ap- 
proaches 50 per cent on the basis that the waves shall come down 
- and be tangent to the axis. We get efficiencies of 80 per cent and 
more. 

M. I. Pupin: Those are periods that are equal periods and 
follow others of equal intervals of time. That gives you simply 
another series which is a continuous series. 

D. C. Prince: You can produce a continuous series, but 
what it means is that you are making out of ablank a continuous 
series of waves which is not there at all. 

M.I.Pupin: That doesn’t make any difference. 

Harold Pender: Not long ago I was talking to the repre- 
sentative of one of the leading publishers of technical books in 
this country. Iasked him why he didn’t publish some really good 
textbooks on electrical engineering. His reply was that his best 
books on electrical engineering subjects did not sell. This is 
typical of the present tendency in engineering teaching. Ap- 
parently what is desired by a great many teachers is a type of 
book which will make the teaching of electrical engineering easy; 
a book that will require a minimum amount of thought on the 
part of the student and a minimum amount of effort on the part 
of the instructor. That.is one of the reasons why graphical 
methods are so much in vogue. The teacher seems to wish to 
find a mears of getting over the difficult fundamental part and to 
give the student something with which he can play; some nice 
little vectors with which he can juggle as he would with toys. 

Over and over again in teaching the elements of alternating 
currents I have seen that the students find great difficulty in 
understanding the basic theory based on the instantaneous 
values. But just so soon as they think they understand the 
vector representation of alternating currents, everything (to 
their mind at any rate) becomes extremely simple and easy. 
I think if we can get the student to think of things as actually 
happening and not to think of alternating currents, for example, 
as so many vectors which he must draw on a sheet of paper and 
by some juggling get an answer, the more thoroughly will the 
student understand what it is all about. 
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There is a book which appeared about twenty years ago, by 
Professor Bedell, on alternating currents. I think it is used still 
at one university, although I am not sure of that. I know it was 
in use afew years ago. Most people think that that book is very 
old-fashioned. I would suggest that some of the men who are 
teachers get a copy of the book and read it. The author of the 
book is a man who grew up on instantaneous values. He knows 
his subject and he is not inclined to avoid difficulties by using 
vectors and graphical solutions. 

R. E. Doherty: I should dislike to have the idea firmly 
entrenched in the minds of people here that graphical methods are 
in general of no very great use. I agree completely with Dr. 
Pupin, Mr. Adams and Dr. Pender in what they have said with 
respect to graphical solutions, and with their idea of what should 
be given out in general to students; nevertheless, I wish to say, 
that I have found graphical solutions of problems to be of great 
help. I understand that Dr. Pupin refers specifically to quanti- 
ties which vary as sine waves; that is, sinusoids. 

M. 1. Pupin: To circuits which contain variable elements— 
variable reactions. 

R. E. Doherty: Differential equations, of course, which 
cannot be solved by any functions familiar to us can sometimes 
be found very conveniently by carrying out graphical 
construction. 

F. W. Lee: Dr. Pupin’s points are well taken because or- 
dinary circuit analysis does not consider the variation of resis- 
tance with the frequency and the current density in a conductor; 
also it neglects the variation of energy dissipation and change of 
induction with variable magnetic intensities, nor will it account 
for changes of capacity and power factor as well as previous 
cyclic conditions of condenser systems. It has been the custom 
to: combine these phenomena into effective resistances and 
reactanees, taken sufficiently large to insure safety. At best 
the linear differential equation with constant coefficients is an 
approximation. 

I am sure that the electrical profession would be delighted to 
have a new system of mathematics which takes cognizance of all 
these facts and which would be able to give quick accurate 
solutions. It should not be forgotten, however, that although 
the solution of the linear differential equation with constant 
coefficients as presented by Rowland, was available before Dr. 
A. E. Kennelly first introduced the complex vector in 1893 in a 
paper on ‘“‘Impedance,’’’ this, followed by the application of the 
complex vector to Kirehhoff’s law and electrical machinery by 
Dr. Steinmetz, did more to clarify and simplify the understand- 
ing of a-c. phenomena than any other single factor. Most 
engineers are very loath to abandon the electrical analysis 
founded upon these conceptions unless something simple and 
better is offered as a substitute. 

Also I do not wish to detract from the classical work of 
Dr. Arnold upon graphical presentations of a-c. circuits. Suffi- 
cient amount of fundamental material was introduced in 
order to give ample background to a clear understanding of the 


complete contents of the paper. 
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Synopsis.—This paper describes a unit type of distribution sub- 
station which has been designed for a metropolitan district. Al- 
though of much lower capacity than other stations on the same 
system, its cost per kv-a. is approximately the same as the larger 
stations. The station is unattended and all operations are con- 


| Pas New York and Queens Electric Light and 
Power Company serves four wards in the Borough 

of Queens, New York City, covering approxi- 
mately 100 sq. mi. This territory is developing very 
rapidly both with industrial establishments of all types 
and sizes and residences varying from small one-family 
houses to very large apartment buildings. 

Energy is purchased from the United Electric Light 
and Power Company at 18,200 volts and 26,400 volts 
and is stepped down for 2300/4000-volt, four-wire, 
distribution in substations located in Long Island City, 
Flushing, Maspeth and Jamaica, the ultimate capacity 
of these stations being 75,000 kv-a., 40,000 kv-a., 
60,000 kv-a. and 30,000 kv-a. respectively. 

In 1925 it was necessary to provide additional sub- 
station capacity in the district supplied by the Jamaica 
Substation, and three means of accomplishing this were 
considered—first, to increase the size of the present 
substation at Jamaica; secondly, to build another similar 
attended station; and thirdly, to build a smaller un- 
attended station for automatic operation or remote 
control, and to provide for future growth by the erec- 
tion of other similar unit unattended stations. 

A study of these plans indicated that the cost per 
kv-a. of a large attended station and a small unattended 
station with automatic features or remote control was 
approximately the same due to the greater simplicity 
of the smaller station and the possibility of using 
switches of lower interrupting capacity than would be 
required in a large substation where the concentration 
of power would be greater. It was also found possible 
to resort to bus regulation in the smaller station, be- 
cause of the shorter distribution feeders which would be 
supplied by it, while in the large station it would be 
necessary to install regulators on the individual feeders 
with the attendant complication of spare feeder equip- 
ment and transfer bus. 

If operators were employed the operating cost per 
kv-a. of the smaller station would, of course, be greater 


than that of a large station but, if unattended, the 


operating cost per kv-a., considering periodic inspec- 
tions which must be made, is estimated to be less than 
that in the large attended station. 

1. Of the New York and Queens Electric Lt. & Power ‘ Co., 


Long Island City, New York. } 
Presented at the Annual Convention of the A. I. E. E., White 
Sulphur Springs, W. Va., June 21-26, 1926. 


trolled from a distant attended station. The cost of operation 
per unit of capacity is no greater than for a much larger attended 
station. Remote control was adopted rather than . automatic 
operation because of the nature of the load and territory served 
where service with minimum interruption ts demanded. 


In considering whether an automatic or a remote- 
controlled substation would be built, the governing 
factor was the quality of service to be supplied. As 
demanded in a metropolitan section, it has always been 
the company’s policy to furnish service as nearly free 
from interruption as possible. Also, the increasing 
demands upon electric service for such devices as oil- 
burning equipments, electric clocks, operation of radio 
and other uses are beginning to make the furnishing of 
service with 100 per cent continuity imperative. An 
automatic substation without supervision and control 
from an attended station would not give the quality of 
service demanded, and, in order to supply such service, 
it was decided that all of the operations in the substation 
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should be under the direct and immediate control of an 
attendant at some point on the system. With such 
supervision, it was not considered necessary to install 
automatic features in the station, and the final decision 
was to build a station with all switches remote-con- 
trolled from the nearest attended station and with all 
operations indicated at that station. 

The first substation of this type was erected in Wood- 
haven at a location about 214 mi. from the Jamaica 
substation. Three 3750-kv-a., three-phase, oil-insu- 
lated, self-cooled transformers were installed and the 
rated capacity of the station is 7500 kv-a., one trans- 
former being a spare. The station is fed by a 13,200- 
volt, three-phase, 500,000-cm. underground cable 
from the Jamaica substation and a similar cable from 
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the Maspeth substation approximately 514 mi. away. 

Referring to the wiring diagram, Fig. 1 will show 
that each incoming cable is connected through oil 
circuit breakers to a 13,200-volt bus, which is sectional- 
ized at its midpoint by an oil circuit breaker. One 
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transformer is connected to each section of this bus 
through oil circuit breakers, and the third transformer 
is arranged with double breakers for connection to 
either section of the bus. The switching connection 
on the 4000-volt side of the transformers is similar to 
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Fig. 3—PiLan or WoopHAvEN SUBSTATION 
that on the primary side, with the exception that the 
4000-volt bus is operated in two sections without a tie 
breaker. There are four 4000-volt loop distribution 
feeders, the two ends of each feeder being connected to 
opposite sections of the 4000-volt bus. Three 135-kv-a., 
single-phase, automatic induction voltage regulators 
are connected in the secondary leads of each trans- 
former. The distribution feeders are rated at 400 
amperes for a loop feeder, although the switches on 
each end of the loop have a capacity of 600 amperes. 
Each transformer bank is protected by differential 
relays and the bus sections are similarly protected so 
that any fault on the bus or its connections will open 
all breakers connected to the section in trouble. With 
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the loop arrangement of feeders, this will cause no 
interruption to service. 

The bus and switch structures were greatly simplified 
by the installation of single-phase, truck-type, oil 
circuit breakers, grouped according to phases both on 
the 13,200-volt bus and the 4000-volt bus. The trans- 
former switches and 13,200-volt switches are controlled 


fi rag Feeder 


Feeder [7 
OCB 


I} 
>) Trans. 
“0.0.8 


= rFrom Trans, 0.C.B. Trans, Prim. 


S008. 


< outgoing Feeders 
4000 V. Feeder 0.C.B. Compt’s. 


Inc. 13,200 V. Feeder_——>, To Feeder 0.0.8. 


13,200 V. Pothead and 0.C.B. Compt's. 


V, 
Switchboard te 


2 


From Trans, 0.C.B.S. 


g + {Thi} SP-0.C.B, 
a kee i = Se 
Section above P, : Fs 
4F ex Feeder ican) Som Ree to Tran, OCB.) > 


Fig. 4—SeEcrions or WoopHAVEN SUBSTATION 


as three-phase units, by electrically connecting the 
solenoids. 

The 4000-volt feeder breakers are operated single- 
phase. As will be noted from the sectional drawings of 
the switch compartments, the grouping of all the 
switches on one phase makes it unnecessary to install 


three buses and avoids the usual connections from the 
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bus to the switches which must, in the case of two of the 
phases, cross other buses if they are arranged in 
vertical formation. 

Fig. 2 is a diagram of the control connections, in the 
design of which consideration was given to the fact 
that the station would be unattended and that therefore 
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continuity of the d-c. supply was essential. Two 
banks of station light and power transformers are fed 
from two 4000-volt feeders, tied to opposite bus sections. 
The secondaries are connected through an automatic 
throw-over switch to a 220-volt, three-phase bus from 
which two 5-kw. motor-generator setsarefed. Normally, 
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one set is in Operation, trickle-charging the battery, 
and relays are provided which, in case of failure of this 
set, will immediately place the other set in operation. 


Fic. 7—Supervisory Conrrot RELAY CABINET AT JAMAICA 
SUBSTATION FOR WOODHAVEN CONTROL 


. 


A one-kw. motor-generator is provided to supply the 48 


volts, direct current, required to operate the super- 


visory control system. In case of failure of this set, 
connection is automatically made* to a 48-volt tap on 
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the station battery. The motor-generator set is used 
for normal operation instead of the battery tap to avoid 
unequal discharge of the battery. 

Sectionalizing switches, but no fuses, are used in the 
d-c. connections to the oil circuit breaker compartments 
and all wiring is insulated with 5/32-in. special rubber 
compound, so installed that grounds or short circuits 
are practically impossible. This plan was adopted 
because the blowing of a fuse in an unattended station 
would probably not be discovered until an attempt was 
made to operate a breaker and a serious interruption 
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might result if the d-c. supply to a trip coil was open at 
the time of a feeder short circuit. 

All operations in the station are controlled from a 
panel in the Jamaica substation shown in Fig. 5.4. This 
panel is made of furniture steel and the control keys 
and indicating lamps are arranged in accordance with 
the wiring diagram of the Woodhaven station. The 
control is the Westinghouse Synchronous Relay Visual 
System, which was described in a paper by Mr. Chester 
Lichtenberg, presented at the Midwinter Convention 
in New York, February 8-11, 1926. The relay cabinets 
at the Jamaica and Woodhaven stations are shown in 
Figs. 6 and 7. The control cable, which is installed in 
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underground ducts throughout, is ten pair No. 19 B&S, 
paper-insulated and lead-encased. 

The supervisory equipment controls 21 single-pole, 
13,200-volt breakers and 12 single-pole, 4000-volt 
breakers, in groups of three, but with single-pole in- 
dication at the Jamaica station and 24 single-pole, 
4000-volt feeder switches with single-pole indication 
at the Jamaica station. 

It is also possible to read at Jamaica the current 
and voltage of each transformer in the Woodhaven 
station and to operate the regulators from Jamaica to 
equalize the voltage on the transformers when one is 
being cut into service. 
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Indication is given at Jamaica of high temperature in 
the transformer windings, ground on the d-c. control 
system, the operation of the battery charging motor 
generators and the opening of the station door. 

The Woodhaven station has been in operation only a 
few months and therefore no definite conclusions can 
be drawn as to the operation of the supervisory equip- 
ment. The installation is probably the most extensive 
and complicated that has yet been placed in service 
and there was naturally a number of difficulties en- 
countered in starting it. These were mostly matters of 
relay adjustment and changes in connections which 
were found to give back feeds or sneak paths which 
caused incorrect relay operations. These have been 
corrected and it is believed that the reliability of opera- 
tion will be at least equal to that of an attended station. 


Construction of a similar station at Hollis approxi- 


mately eight miles from Jamaica has been started and 
while the connections and arrangement are substan- 
tially the same as at Woodhaven, certain changes have 


been made which are considered improvements in the 


design. ; 
The Hollis station will have twice the capacity, or 
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15,000 kv-a. supplied by two 7500-kv-a. transformers 
with one 7500-kv-a. spare unit. The diagram of 
connections is shown in Fig. 8. Each transformer 
will be supplied by a 18,200-volt incoming feeder with 
no high-tension bus. With this exception the connec- 
tions are the same as at Woodhaven. There are, of 
course, eight-instead of four-loop, 4000-volt feeders. 

The arrangement of the bus and switch structures 
shown in the plan Fig. 9, is slightly different and a con- 
trol board has been provided at the end of the 4000- 
volt bus structure on which are located the control 
switches for the feeder breakers which at Woodhaven 
are located on the panels directly above the breakers. 
The relays for each feeder are located on panels above 
the breakers as at Woodhaven but these panels have 
been faced in the opposite direction so that access is 
had from the top of the bus structure instead of from 
ladders in the switch aisle. 

The supervisory control equipment is identical with 
that used at Woodhaven and the control panel will be 
placed alongside the Woodhaven panel in the Jamaica 
substation. 

The growth of load in the Borough of Queens is taking 
place in a number of communities or centers some of 
which are widely separated and it is probable that the 
growth will be served by the erection of stations similar 
to those described above, at or near the load centers. 
Supervisory control equipment, although it has pro- 
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gressed rapidly in the past few years, has been de- 
veloped principally along the lines of supervision and 
indication of the operations of automatic stations and 
has not been depended upon entirely for the complete 
operation of stations. Much more reliable equipment 
is needed when the station is not arranged to operate 
itself automatically in case of failure of the supervisory 
equipment and while the equipment now available 
may prove to be satisfactory, it will probably be found 
necessary to change its design in some respects to make 
it more sturdy before the reliability of operation which 
is demanded in metropolitan districts, is fully realized. 


control in cost and complications. 
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Discussion Within the last two years we have added two automatic 


C. M. Gilt: The load and service requirements in the 
metropolitan districts are such that there has been some hesi- 
taney in the introduction of purely automatic stations. In 
these territories it is common practise to maintain crews on 24-hr. 
duty for the promptest possible restoration of service in case 
of feeder outages. It is therefore important that the repair 
crews learn of the outage of any particular feeder as quickly as 
possible after it has occurred. 

The purely automatic station does not provide this information 
without special indicating equipment approaching remote 
In some eases indicators 
have been installed to show that a feeder in a particular sub- 
station is out and in other cases the indication has shown in 
addition which feeder is open. 

The remote-control equipment not only indicates which 
feeder has gone out for any cause, but makes it possible for the 
operator to reclose the breaker under directions from the repair 
crews as soon as they find the trouble or sectionalize the feeder. 
It also provides some indication of load characteristics and 
distribution as well as voltage conditions which frequently are 
of great value in maintaining proper service. 

As indicated by this paper, equipment is available for ac- 
complishing the results over comparatively few wires, and in 
spite of the fact that it appears light and delicate to the man 
accustomed to powerhouse equipment, it seems to have a re- 
markably satisfactory record of performance. It is to be hoped 
that the manufacturers will continue their efforts in developing 
simpler and more sturdy devices for this very important type of 
control. 

F. B. Johnson: Mr. Blackwood spoke of bus regulation and 
if I understand him correctly, that refers to bus regulation on the 
4000-volt side of the substation. I would like to ask him how 
large blocks of power are regulated through bus regulation? 

Chester Lichtenberg: The remotely-controlled substations 
which have been described seem to be only an intermediate step 
in the development of the art. They seem to be merely an ex- 
tension of the manual operation of substations and, therefore, 
are only a step towards the ultimate which probably is a com- 
pletely automatic system. 

In many parts of the country, central station companies 
have adopted the use of automatic substations for the class of 
service described by Mr. Blackwood. Some of the stations are 
remotely supervised where this has been deemed necessary. 

A consideration of remotely-controlled substations brings 
with it a very important question. It is the hazard introduced 
if equipment designed for supervisory purposes is uséd for 
remote-control purposes. 2 

Remote-control equipment in common use today has a dis- 
tinctive feature. It is provided with at least one wire between 
the controlling point and the outlying station for each device to 
be controlled. Supervisory equipment, on the contrary, uses 
only a few wires for controlling a number of devices in an out- 
lying station. It uses these wires in a predetermined fashion and 
as a result there may be quite an appreciable time lag between 
the operation called for by a supervisory equipment and the 
functioning of the devices at the remote end. Besides, this time 
interval may vary from one to two seconds up to eight or ten 
seconds. It is therefore difficult to operate a supervisory 


system as a remote-control system unless the limitations of the 


supervisory equipment are realized. 

G. O. Brown: We have advanced beyond the remote- 
controlled substations by the use of entirely automatic 
substations. s 

In about 1920 the Kansas City Power & Light Company 
put in two substations entirely automatic and during the next 


year added only the indicating part of the supervisory control 
~ go the load dispatcher would know what was going on in those 


stations. 


substations of the same type and this fall we shall convert the 
last two of our manually operated stations into automatic. This 
will make all substations within Kansas City entirely automatic. 

Our experience with this method of operation, using the super- 
visory-control devices for indication only, has been highly satis- 
factory. There have been less interruptions, and the time re- 
quired to restore service has been much less than in the manu- 
ally controlled stations. 


EK. K. Huntington: Our experience has been somewhat 
similar to that mentioned by Mr. Brown, in having two fully 
automatic, a-c. substations built about three years ago. Later 
we installed a simple form of remote indication which advises 
the system operator of trouble in the stations. This indication 
divides the trouble into three classes: transformers and station 
equipment; feeder circuits; and street-lighting circuits, so that 
the proper gangs may be sent out. Inasmuch as we have to 
rely upon cireuits available from the local telephone company, 
I fear that at times entire control of the station by this means 
would be rather unsatisfactory. Much better service could be 
obtained by the use of a direct line, preferably underground, 
between the substation and system operator’s office. 


I fully agree with what Mr. Lichtenberg has said in connection 
with the automatic station having a number of advantages over 
the station which is entirely remote-controlled with no automatic 
equipment whatsoever in the station. 


R. J. Wensley: The two stations described by Mr. Black- 
wood presented many new problems in design of the supervisory 
control equipment. The requirements of the induction-regula- 
tor control and of the single-pole breakers on the three-phase, 
four-wire circuits presented the most difficult problems. In the 
solution of these and other new problems incident to the remote 
control of the stations described, it is believed that a reasonably 
satisfactory solution of a complex problem has been obtained. 

The author gives as his conclusion that supervisory control 
equipment should be made more sturdy. He is misled by the 
belief popular among engineers used to dealing with heavy 
power equipment, that size constitutes sturdiness. There are 
many cases where increase in size or weight of parts actually 
makes the device less suitable for its duty. 

In his discussion of the Lichtenberg paper on the subject 
of supervisory systems, (presented at the Midwinter Convention, 
February 1926), F. R. MeBerty, President of the North Electric 
Manufacturing Co. and a telephone engineer of many years’ 
standing, gives an excellent brief for the telephone relay as a 
reliable device. He shows that the design tests on this class of 
equipment run into many millions of continuously successful 
operations. In the equipment described by Mr. Blackwood, 
the telephone-type relays have been improved by the addition 
of twin contacts. These operate on the halves of a split spring, 
each half of which is free to move independently. The chance 
of failure due to simultaneous contact trouble is small. This 
twin-spring construction has been standard with one manu- 
facturer for about three years. 

The upward swing of the sales curve of supervisory control 
equipment is so pronounced that it is felt that the idea is now 
well established and that there is a large future for this class of 
equipment. So many possibilities in the flexible and economical 
control of power distribution systems are revealed when these 
problems are examined as potential applications of supervisory 
control that many large power systems are being studied to 
determine where this new art may be used to advantage. An- 
other year will undoubtedly show a great increase in number of 
equipments in service as well as some improvement in general 
design. This improvement will probably show mostly 1n sim- 
plification rather than in change in design of essential parts. 


W. C. Blackwood: I shall close by answering the question 
as to the blocks of power which are bus-regulated. In the 
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Hollis Station we have three 7500-kv-a. transformers and the 
total station load of 15,000 kv-a. will be bus-regulated. The 
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area served by the station is approximately a circle with a radius 
of from about 2 to 2 144 miles. 


The High-Speed Circuit Breaker in Railway 
Feeder Networks 


BY J. W. McNAIRY: 


Non-member 


Synopsis.—A method of isolating grounded sections of extensive 
feeder networks supplying power to railways without disturbing the 
power supply to other sections has long been desired by railway 
engineers. This has been successfully accomplished by utilizing the 
inherent characteristics of the magnetic type of high-speed circutt 
breakers in the manner described in this article. These character- 
istics are (a) high-speed operation, (b) discriminating characteristic, 
(c) reduction in trip point with reduction in line voltage, (d) polar- 
ized characteristic. 

A description of an experimental investigation on an equivalent 


network for a representative section of feeder system, made up by 
using reactors and resistors, has been given. Complete selective 
operation, isolating defective feeder without disturbing the power 
supply to interconnected feeders, was obtained for all locations of the 
short circuit. 

Breakers of the type used successfully on d-c. networks can be 
applied to a-c. networks and the advantages of high-speed protec- 
tion realized on this type of system. High-speed operation is very 
effective in reducing telephone interference during short circuits on 
the a-c. railway system. 


INTRODUCTION 


HE development of the high-speed circuit breaker 
als and its application to the d-c. railway system has 
contributed greatly toward reduced maintenance 
and increased reliability of the power supply of this sys- 
tem. The effectiveness of the high-speed operation of 
this device in reducing the duration of short circuits 
and limiting the current, thereby eliminating flashovers 
of commutating apparatusand reducing the damage from 
ares at points of fault, has been well recognized for a 
number of years. The elimination of flashovers and the 
reduction in the damage to windings of motors and 
other apparatus, connecting cables and mechanical 
equipment coming into contact with fallen contact 
lines or faulty cables, has reduced to a minimum the 
duration of power interruptions from this source. 

With a few minor exceptions, high-speed circuit 
breakers applied to d-c. railway networks have been of 
the magnetic type, one form of which is shown by Fig. 1. 
This type involves the principle of a contact arm held 
in the closed position against a strong spring by a 
holding armature across the poles of an electromagnet. 
A tripping coil is interposed between the holding coil 
and the armature and is so connected that current 
through this coil exerts a m. m. f. to reduce the flux in 
the retaining armature, at the same time increasing 
the flux through a suitable magnetic by-pass circuit 
without an appreciable change in the flux through the 
core of the main holding coil. As the tripping current 
is increased, the flux is shifted in this manner from the 
holding armature to the magnetic by-pass circuit 
without the necessity of changing the flux interlinking 

1. Railway Equipment Engineering Department, General 
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Presented at the Annual Convention of the A. I. E. E., 
White Sulphur Springs, W. Va., June 21-25, 1926, 


the main holding coil. The effectiveness of this ar- 
rangement is such that the armature is released practi- 
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cally instantaneously when current in the trip coil 
reaches a predetermined value, regardless of the rate 
at which this current is increasing. 


June 1926 


There are certain inherent characteristics in this type 
of circuit breaker which introduce possibilities for 
selective operation between breakers applied to a d-c. 
railway network, in case of short circuits, in such a way 
as to isolate defective feeder sections without the inter- 
ruption even momentarily, of the power supply, to 
interconnected sections. The results obtained by 
proper utilization of these characteristics are com- 
parable to those obtained on the usual a-c. networks by 
selective relay systems of the various well-known types. 

The remainder of this article furnishes a detailed 
explanation of these characteristics and the methods of 
utilizing them, together with a description of the results 
obtained during an experimental investigation on a 
representative network. 


CHARACTERISTICS OF THE MAGNETIC TYPE HIGH- 
SPEED CIRCUIT BREAKER 


The following inherent characteristics of the magnetic 
type of high-speed circuit breaker contribute most to 
the solution of problems of selective operation on a 
d-c. railway network: 

a. High-speed operation, 

b. Discriminating characteristic providing a reduc- 
tion in the trip point during a rapid current rise, 

ec. Reduction in trip point with a reduction in line 
voltage, 

d. Polarized characteristics. : 


I. HIGH-SPEED OPERATION 


In order to fully protect commutating apparatus in 
the d-c. railway substation, machine breakers must 
operate sufficiently fast to prevent flashover in case of 
short circuits inside of the station. While short cir- 
cuits inside of station feeder breakers occur infrequently, 
without high-speed operation of protecting breakers, 
the current is relatively great and the resultant damage 
to substation apparatus is likely to be serious. This 
consideration automatically precludes the use of relays 
or any other selective system which delays the operation 
of such circuit breakers even slightly under short-cir- 
cuit conditions. 

The selective operation of the magnetic type of high- 
speed breaker is based upon an arrangement whereby 
the current is limited by the breaker or breakers supply- 
ing the faulty feeder directly, before the trip point of 
similar breakers supplying interconnected feeders, 
or the machine breakers in the substation is 
reached. During d-c. transients with an initial current 
rise of hundreds of thousands of amperes a second, the 
speed of operation of the breakers feeding such a short 
circuit must be relatively high. This is essential in 
order that advantage may be taken of conditions or 
arrangements whereby the trip current of one breaker 
is reached in advance of the others. These breakers 
must operate fast enough to limit the current before 
the trip point of the remaining breakers is reached. 
The speed of operation of the magnetic type of high- 
speed breaker designed to operate sufficiently fast to 
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prevent flashovers of commutating substation apparatus 
is sufficient for such an application. 


II. DISCRIMINATING CHARACTERISTIC 


The discriminating characteristic of themagnetic type 
of high-speed circuit breaker is obtained by connecting 
an inductive shunt in multiple with the tripping coil, 
the total current through the breaker being distributed 
between these two circuits. The distribution of a 
slowly rising current between the trip coil and shunt is 
determined by the resistance, (and of a rapidly rising 
current by the inductance,) of the two parallel circuits. 

The trip point of a circuit breaker so equipped can 
therefore be made a function of the rate at which the 
current is increasing. 


CALCULATIONS OF CURRENT DISTRIBUTION BETWEEN 
TRIPPING COIL AND ITS SHUNT 


Where the constants of the external circuits are 


Ro le 


Fig. 2—GRaApHICAL REPRESENTATION OF THE RESISTANCE 
AND INDUCTANCE OF THE TRIP Corn or a Higu-SpereD Circurr 
BREAKER IN PARALLEL WITH ITS SHUNT AND THE COMBINATION 
IN SERIES WITH A FEEDER 


known, the current through the trip coil at any instant 
can be calculated as follows: 


Referring to Fig. 2, 
L, = Inductance of tripping coil 
L,. = Inductance of tripping coil shunt 
L = Inductance of the external circuit 
R, = Resistance of tripping coil 
R; = Resistance of tripping coil shunt 
R = Resistance of external circuit 
I, = Final current external circuit 
E/R where E applied voltage 


II 


t = time 
Cay I 
LR, +l,G7 =P + Ls =e (1) 
I, =I-TJ, (2) 
dl, dl al; 5 
pend jes (3) 


L,, Ls, R, and R, are negligibly small in comparison 
with Land Rk; 


ete 
No Taper atc Lasse tae) (4) 
Substituting (4) in (2): : 
Tele veo e se I (5) 
Also from (4): 
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Substituting (6) in (3) 


lI, | (Sette dl 
sae = Ib iG e rt! —— (7) 


Substituting (5) and (7) in (1): 
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tle (L, R— R,L) e Lt STE ES Sans aby (8) 


Solving for I,: 
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The curves of Fig. 6 were calculated in this manner. 


TRANSIENT CURRENTS DURING SHORT CIRCUITS AND 
UNDER NORMAL LOADS 


The ratio of inductance to resistance of the usual 
railway circuit fed by a given circuit breaker involving 
the motors of cars or locomotives under maximum nor- 
mal load conditions is usually considerably higher than 
that of the feeder circuit alone when a short circuit 
occurs at the maximum distance from the circuit 
breaker. A typical comparison is shown by the curves 
of Fig. 3. By taking advantage of this difference the 
magnetic type of high-speed circuit breaker can be 
equipped with an inductive shunt proportioned to trip 
the breaker at current values considerably lower than 
the steady load setting with a short circuit through the 
maximum length of feeder without danger of too 


frequent operation by transient currents encountered 
under normal load conditions. 

In addition, the mechanical speed at which the mag- 
netic type of circuit breaker opens after the trip point 
is reached is affected, to some extent, by the amount 
the trip coil current is increased in excess of that re- 
quired for tripping the breaker. The force for accel- 
erating the contact arm of the circuit breaker is the 
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difference between the tension of the main springs and 
the holding effect of the armature flux. As the current 
through the tripping coil is increased, a greater resultant 
force is available for accelerating the contact arm 
mechanically. The curve of Fig. 4 shows this relation 
between the force available for accelerating the contact 
arm and the current through the trip coil. 

The inductive shunt in multiple with the trip coil is, 
therefore, not only effective in reducing the trip point 
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of the circuit breaker under short-circuit conditions, but 
is also effective in forcing a greater percentage of the 
line current through the trip coil after the trip point is 
reached with a consequent greater mechanical speed of 
operation of the circuit breaker under conditions where 
selective operation is desired. 

A breaker of this type can be made to poe fast 
enough, in many instances, to limit the maximum cur- 
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rent during a short circuit to a value below the normal 
overload setting. Such a breaker will “discriminate”’ 
between normal overloads and short circuits, and this 
characteristic is frequently referred to as the discrimi- 
nating characteristic of the circuit breaker. The 
amount of discrimination is limited only by the transient 
currents, encountered under normal load conditions. 
This discriminating characteristic contributes greatly 
to the selective operation between breakers, both in 
substations and in the complete feeder network. 


SELECTIVE OPERATION BETWEEN 
MACHINE BREAKERS 


FEEDER AND 


For selective operation in the substation, it is the 
practise to equip the feeder breakers with inductive 
shunts which impart a decided discriminating character- 
istic. The high-speed breakers for machine protection 
have no discriminating characteristic; that is, their trip 
point is independent of the rate at which the current is 
rising. A short circuit on the feeder of a substation so 
equipped, in most cases, will be cleared by the feeder 
breaker without tripping the machine breakers and 
interrupting power to the station bus and other feeders. 


R=0.2030hms 4 L=4.05M.H. =3.65M.H. -R*0.158 Ohms 
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Fig. 5—EHQuIvaLENT NETWORK FoR A TypicaL DOUBLE- 
Track, 1500-Vout, D-C. Ratnway System, SHOWING LOCATION 
oF CrrcuIT BREAKERS 


This statement applies for a majority of short circuits 
where only one machine is operating in the substation 
and both machine and feeder breakers carry the same 
short-circuit current because of the reduction in trip 
point and faster operation of the feeder’ breaker. 

Where the total machine capacity connected to the 
station bus is considerably in excess of the capacity of 
the feeder as is usually the case during important traffic 
periods of the large systems, short circuits within several 
hundred feet of the station on the ordinary feeder will 
open the feeder breakers without operating the machine 
breakers. 


SELECTIVE OPERATION BETWEEN BREAKERS IN THE 
EXTERNAL NETWORK 


By examining Fig. 5, the function of the discriminat- 
ing breaker in the external network may be better 
understood. 

Nos. 1, 2, 7, and 8 are substation feeder breakers and 
Nos. 8, 4, 5, and 6 are sectionalizing tie breakers. 

Assuming a ground occurring at S on feeder B near 
the tie station, the rate of increase of current and the 
current at any instant through breaker No. 38, due to 
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the short circuit, will be the sum of currents through the 
three breakers, Nos. 1, 7, and 8. Breaker No. 3 will, 
therefore, trip at a very much lower value than that 
required to trip either of the three breakers Nos. 1, 
7, or 8, and will operate fast enough to limit the total 
current to a value considerably below the total required 
for tripping any of these three breakers feeding the 
short circuit through the tie station. 

The short circuit, under such a condition, will be 
cleared by breaker No. 3 at the tie station and breaker 
No. 2 at the substation without interruption of power 
to feeders A, C, or D. The discriminating character- 
istic is effective under these conditions in reducing the 
trip point and in speeding up the operation of breaker 
No. 3 so that the short-circuit current is limited to a 
value considerably below that necessary for tripping 
the other feeders. 

It also reduces the trip point of breaker No. 2 suffi- - 
ciently to operate it even though the resistance of the 
feeder limits the current to a value below the steady 
overload setting. 

It can be stated in general that as the number of 
feeders interconnected through a tie station is increased, 
the selective operation between the breakers feeding a 
short circuit directly and the breakers feeding inter- 
connected feeders is more easily obtained. This may 
be explained as follows: With a certain number of 
interconnected feeders, when a short circuit occurs on 
one feeder a certain proportion of the current on this 
feeder will flow from each other feeder. With a larger 
number of interconnected feeders, the current in this 
feeder will be larger in proportion to the current in each 
of the other feeders. Also the current in this feeder 
will more quickly rise to the tripping point of this 
feeder’s breaker. And this in effect means that the 
selective action of the system increases when the 
number of feeders is increased. 


ele IN TRIP POINT WITH REDUCED 


LINE VOLTAGE 


REDUCTION 


The holding coil of the magnetic type of high-speed 
breaker can be excited from the main feeder circuit 
when desired. When so connected, the trip point is a 
function of the line voltage. When breakers having 
their holding coils so excited are connected in the 
feeder network at some distance from the substation 
during a short circuit, the trip point of any breaker will 
depend on its distance from the fault, the nearest 
breaker having the lowest trip point. Breakers which 
are identical in every respect, connected in the same 
feeder at some distance from each other and subjected 
to the same short-circuit current, can be operated 
selectively in this manner in such a way that only the 
breakers adjacent to the fault open. 

Under such conditions when a short circuit occurs at a 
sufficient distance from the substation to include a 
sectionalizing breaker, such as on a feeder near the 
sectionalizing tie station of Fig. 5, the current rise is 
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sufficiently slow to allow time for the desired change 
in the holding-coil current and results in the operation 
of thetie breaker before the short-circuit current reaches 
the trip point of a similar breaker near the station, 
the holding-coil current of which is not appreciably 
affected by the short circuit. 

The curves of Fig. 6 may be taken as typical and 
apply to the system shown by Fig. 5 with a short circuit 
on feeder A, with power fed from station No. 1 only, 
breakers No. 1, 2, 3, and 4 only closed. 

The rate at which the holding current is reduced 
under such conditions is easily controlled by regulating 
the time constant of the holding-coil circuit, and by 
choosing the portion of the saturation curve of the 
holding-coil magnetic circuit over which the breaker 
operates under normal conditions. The breaker can be 
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designed with a highly saturated holding magnetic 
circuit, so that the trip point is not greatly affected by 
voltage reductions occurring in normal service, but 
will have its trip point lowered very rapidly by voltage 
reductions in excess of a predetermined maximum. 

In general, exciting the holding coils from the line 
does not place objectionable limitations on the transfer 
of power through a tie station. Referring again to 
Fig. 5, this point may be illustrated by the following 
limiting cases: 

(1) With a tie station at the extreme end of adouble- 
track system, stub-end feed, the tie breakers will carry 
only one-half the load under the worst conditions when 
the load is all on one feeder. 

(2) Ona large system with many feeders intercon- 
nected through a tie station, an excessive load on any 
one feeder will not greatly reduce the voltage at this 
point because of the large number of feeders in multiple. 


McNAIRY: HIGH-SPEED CIRCUIT BREAKER 


Transactions A. I. E. E. 


(3) Where heavy loads occur on all feeders near a tie 
station simultaneously-—a condition which results in the 
greatest voltage reduction—the exchange in current 
through the tie breakers will besmalland thereduction in 
trip point willnot beobjectionable. The effects of reduc- 
tion of voltage at the tie station under normal conditions 
on the trip points of breakers the holding coils of which 
are excited from the line is therefore of no great impor- 
tance for the usual applications. — 


PROTECTION OF EXTREMELY LONG FEEDERS 


In addition to the selective possibilities of such an 
arrangement when applied to large network, reduction 
in trip point with reduction in line voltage is useful for 
applications involving unusually long feeders where 
short circuits at the extreme distance from the station 
may result in a current rise and a final current no greater 
or even less than that encountered under normal load 
conditions. If such a feeder is sectionalized at some 
distance from the station by a high-speed breaker with 
holding coil excited from the line, the trip point will be 
lowered sufficiently to operate on short circuits at the 
extreme end of the line, thereby preventing annealing 
of feeder copper or other damage which might other- 
wise occur if the short circuit is allowed to persist. 


IV. POLARIZED CHARACTERISTICS 


The direction of current required for tripping the 
magnetic type of breaker is fixed by the polarity of its 
holding coil. 

Referring again to Fig. 5, all of the holding coils 
of the sectionalizing tie breakers 3, 4, 5, and 6 are 
excited from the station bus. The polarity of these 
breakers is fixed so that they trip on current flow 
from the tie bus to the feeder only. A short circuit 
occurring in the vicinity of the sectionalizing tie station, 
such as at S, reduces the trip point of all breakers 
located at this point. The direction of the short- 
circuit current is correct to trip No. 3 breaker, but 
assists in holding in breakers 4, 5, and 6. The short 
circuit under such conditions will, therefore, be cleared 
by breaker No. 3 without having interrupted the tie 
between feeders A, C, and D. The polarized character- 
istic is, therefore, of great assistance in preventing the 
operation of the breakers feeding power to the tie bus. 


TESTS ON EQUIVALENT NETWORK 


A series of tests was made on the equivalent network 
of Fig. 5 to demonstrate the selective possibilities of the 
magnetic type of high speed circuit breaker on a repre- 
sentative system. 

For approximately uniform spacing between sub- 
stations and sectionalizing tie stations, selective opera- 
tion is more easily obtained on networks of the general 
form of Fig. 5 as the number of tracks and feeders 
increase. The transient current through that section 
of the individual feeders between the substation and the 
fault is not greatly affected by the number of parallel 
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feeders, and the performance of station feeder breakers 
clearing short circuits on the feeder to which they are 
connected is therefore not affected. At the sectional- 
izing tie station the ratio of current rise in the breaker 
feeding the short circuit direct to the current rise in the 
several feeders feeding the short through the tie station 
is Increased as the number of feeders is increased, this 
greater difference resulting in more positive selective 
operation. 

The section of double-track system, the equivalent 
circuit for which is shown on Fig. 5, was, therefore, 
taken as representative of the more difficult type of 
system for selective operation and was used for the 
experimental investigation. 

Equivalent circuits were set up for each feeder using 
cast-iron resistors and air-core inductance coils. 

While both mutual and self-inductance of the parallel 
copper conductors comprising each feeder of network 
are easily calculated, calculations of inductance of the 
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Fic. 7—Cross-SEectTion oF A FEEDER, TROLLEY WIRE AND RaILs 
IDENTIFIED FOR CALCULATING THE RATE OF CURRENT RISE 


rails of the track return are difficult because of skin 
effect and variations in magnetic permeability. 

The values on which the calculations for the equiva- 
lent network were based were taken from the data 

obtained during a series of short-circuit tests on an 
actual system involving a rate of increase of current 
of the same order of magnitude as that of the equiva- 
lent system. The method consisted in calculating the 
inductance of the copper conductors of the feeder on 
which the tests were made and determining the induc- 
tance of conductors which at the rail locations gave a 
total inductance equal to that shown by initial current 
rise. 

Air-core inductance coils were necessarily used to 
represent the total inductance of the positive and nega- 
tive sections of the feeders. 

The self-inductance of these coils was pad to 
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give a counter e.m.f. of inductance on the initial 
current rise equivalent to the total calculated induced 
voltage of the complete feeder with the same current 
rise. This voltage is generated both by the self-induc- 
tance of the conductors and by the mutual inductance 
from the other conductors. 

The rate at which the current increases in each 
conductor was determined by solving the following 
simultaneous equations. 

Referring to Fig. 7,,in which the conductors are given 
numbers that are used as subscripts in the following 


equations, let H = voltage, L = self-inductance in- 
definite radius, M = mutual inductance: 
aw; als dl; di, 
Ly dt + M,_» dt + M,_ 3 wae + M,_ 4 Ve 
Litre dl, dl dls dl, 
dls ab dls dl, dl, 
CEN oes a Re eRe OE 
dl, dl Oo d I; 
=) 0, dt 5 seme eI  ars + M,_; ae (2) 
dls dy. dls dI, 
TE ee Suc Crp et 3.2 oe 
Ika Oh Ms, dl, d 3 
+-De dt al) el dt + M4». ae + M43 dt (3) 
dl, dl, dl; dl, 
dt Circ t dt (4) 


The inductive voltage in the positive and negative 
conductors is then calculated and the air-core coils 
adjusted for an equal voltage during the initial current 
rise. 

The equivalent circuit involving air-core inductance 
and cast-iron resistors approximates the actual circuit 
only because, in the actual system, the time constants 
of the individual parallel conductors are not exactly 
the same and as a result the voltage induced by the flux 
of mutual inductances varies as the current increases. 


The rate of change of current —— decreases more rap- 


a 
dt 
idly in those conductors having a relatively high 
resistance than in those of lower resistance. This is 
apparent since the voltage for increasing the current is 


dl, 
aot 
The mutual inductance (M) is relatively small. H = 
voltage applied to any conductor and I = current. 

The error introduced by the approximate method of 


using the self-inductance of air-core coils to represent 
the total inductance of the feeder is well within the 


dl, 
H.=E-RI+M,“7 +M 
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limits of accuracy of calibration of commercial breakers 
for the circuit in question. 

Separate calculations for each location of the short 
circuits were made because of differences in magnitude 
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and direction of the mutual inductance effects with short 
circuits at different locations. The air-core inductances 
were adjusted accordingly for each test. The values 
given on Fig. 5 apply for short circuit at the tie station 
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and were modified slightly for short circuits at other 
locations. ; 

During the tests the holding coils of substation feeder 
breakers were excited from an independent constant 
potential source while sectionalizing tie breakers were 
excited from the line. 

The resistance of the individual feeder of this network 
is such that the maximum current through each feeder 
with a short circuit at the sectionalizing tie station is 
less than the normal load setting required (6000 
amperes). The maximum load condition in the indi- 
vidual feeders on a single breaker determined from the 


Fig. 10—OscttLtoGrams OBTAINED WHEN APPLYING A SHORT 
CircUIT TO THE EQUIVALENT NETWORK SHOWN IN Fia. 5. 
Directiy In Front or Susstation No. 1 on FrnpErR B, witH 
ALL BrEakERS CLOSED. BreakeEeRS Nos. 2 AND 3 OPENED BY 
THE SHORT CrrRcvuIT 


train schedules is encountered when restoring power 
to a dead feeder on which two ten-car trains are stand- 
ing immediately in front of the substation with their 
controls in the first point series. The transient cur- 
rents for these two limiting conditions are shown by 
the curve of Fig. 3. The current rise when closing the 
circuit of the two ten-car trains with the control in the 
first point was interpolated from oscillograms obtained 
during a series of tests made on a 600-volt system. 
Breakers having identical constants were selected for 
all locations on the experimental network. The 
sectionalizing tie breakers were duplicates of the sub- 
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station feeder breakers with the exception that their 
holding coils were excited from the feeders, the holding 
coils of substation feeder breakers being excited from 
an exciter bus. 

A 1500-kw., 1500-volt generator was used as a power 
supply for each substation. All breakers were set for a 
steady overload of 6000 amperes. Selective operation 
completely isolating the faulty feeders without inter- 
rupting power supply to interconnected feeders was 
obtained for all locations of short circuits applied to the 
experimental network during the series of tests. 

Referring again to Fig. 5, the most important loca- 
tions tested were as follows: 

1. Short circuits on all feeders both directly in front 
of substations and the sectionalizing tie station, 

2. Short circuit on feeder B at the tie station while 
carrying a 2000-ampere load in the center of feeder D, 

3. Short circuits one-half way between substations 
and tie stations, 

4. Short circuit at the substation and at the tie 
station with a stub-end feed from a substation to the 
tie station. 

The curves of Fig. 8 were taken from oscillograms of a 
short circuit at S of Fig. 5. Several of the actual 
oscillograms are shown on Figs.9and 10. It is interest- 
ing to note that as the short is disconnected from the 
the tie bus the current increases rapidly through 
breaker No. 2 speeding up its operation. ~ 

While it was not possible to simulate all of the con- 
ditions of load and short cireuits encountered during 
the operation of such a system, the results of the tests 
indicate that it is possible to obtain a high degree of 
selective operation on d-c. railway feeders by the proper 
utilization of the inherent characteristics of the mag- 
netic type of high-speed circuit breakers. 

Several important installations involving a complete 
equipment of high-speed breakers designed for selective 
operation based on the principles discussed in this 
article have been made in the last few years. 


THe HIGH-SPEED CIRCUIT BREAKER IN A-C. RAILWAY 
: NETWORK 


The discussion in the preceding paragraphs of this 
article has been confined to the d-c. railway network. 
A method of operation has recently been developed 
whereby the same type of high-speed breakers applied 
successfully to the d-c. railway system for a number 
of years may be applied to the a-c. network. 

By the proper application of a-c. breakers of this 
type many of the advantages of high-speed protection 
can be realized on a-c. railway feeder networks. The 
duration of short circuits and resultant damage to 
apparatus, particularly in case of anarc, can be limited to 
a small percentage of that resulting under similar con- 
ditions with the usual slow-speed protective apparatus. 
High-speed protection is also of particular value in elim- 


_ inating telephone interference during a-c. short circuits. 


Furthermore, by taking advantage of the character- 


istics of the magnetic type of high-speed breaker, a 


Z 
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high degree of selective operation can be obtained on 
a-c. circuits, isolating short circuits in a fraction of the 
time required with the usual type of protective sys- 
tem involving slow-speed breaker, inverse time relays, 
pilot wires, and the like. 


Discussion 

J. J. Linebaugh: Very few engineers other than those 
actively engaged in railway substation and distribution work 
appreciate the great advance made during the last few years in 
the protection of substation apparatus and railway networks, due 
to the development of the high-speed breaker. 

It should be appreciated that the high-speed breaker operates 
and opens the circuit so quickly that practically all of the 
phenomena regarding amperes, volts, ete., are actually transients. 
This opens up possibility of obtaining selectivity and protection 
which has not been possible in the past. 

Another important feature of the high-speed breaker de- 
seribed by Mr. McNairy is the characteristic that it only operates 
with current in one direction. This feature makes it possible to 
obtain maximum selectivity in railway networks under short 
circuits. 

It is now possible to tie as many tracks together as desired, 
utilizing all the copper in regular operation to the best advantage, 
and isolate any section if it should become grounded or short; 
circuited without disturbing other tracks or sections. This 
is particularly applicable and advantageous on systems of two or 
more tracks. 

The high-speed breaker has practically climinated short 
circuits as we originally knew them on substation apparatus 
and distribution systems; that is, the breaker operates so 
quickly after short circuit occurs that the current is prevented 
from reaching dangerous values which would cause serious 
damage. This is due to the speed with which it attacks the 
circuit rather than the speed or time of rupturing the circuit 
which is about the same as with an ordinary breaker. 

The advantages of high-speed breaker protection are becoming 
more evident as their use is extended. Figures now available 
indicate that they very materially decrease locomotive and 
substation maintenance. 

Chester Lichtenberg: The circuit breakers described have 
been of the so-called magnetic type. In addition, there is the 
latched-in type of high-speed breaker. Emphasis is laid upon 
the difference between these two types because in applying them 
different parameters must be recognized. Those of the latched-in 
type were the first high-speed circuit breakers developed. The 
magnetic type followed. Both have been very successful where 
their inherent characteristics were recognized and applications 
correctly made. g 

A prime characteristic of the latehed-in type is that it will 
always trip at a definite current depending upon the setting of its 
overload feature. It always trips at the same current whether 
the rate of rise of current is slow or rapid. 

The magnetic type described in the paper has a quite dif- 
ferent characteristic. It is provided with a so-called bucking 
bar, which gives it a discriminating characteristic; that is, if set 
for tripping at a definite, steady current, it will trip at a 
lower current. The difference between the point of tripping 
and the point of setting will depend upon the rate of rise of the 
current. ; 

This characteristic can be and sometimes has been incorporated 
in the latehed-in type of high-speed breaker and wherever this 
discriminating feature is incorporated in the breaker, allowance 
must be made in its application. 

This point is quite important in the application of high- 
speed breakers because if they are not correctly adjusted or set, 
they will open when they should not. The discriminating 
characteristic is a point of very great importance because it 
extends their application. 


Regenerative Braking for Direct-Current 


Locomotives 
BY A. BREDENBERG, JR. 
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Synopsis—This paper gives a comparative study of several 
d-c., regenerative braking systems now in successful operation, 
The general characteristics of regenerative braking, including 
advantages, limitations and functions, are briefly discussed. The 
principal points covered in the descriptions of the various systems 
are: method of field excitation during regeneration, compensation for 
sudden changes in line voltage or grade, method of control, operating 
characteristics and relative complication of equipment. 

Several systems are described in which the regenerating motor 
fields are excited by a separate generator provided for that purpose, 
and then other systems are described in which the fields are excited 
by one or more of the traction motors. Under the former heading are 
included C. M. & St. P. freight locomotive with a line driven motor- 
generator set for excitation, the Mexican locomotive with a dyna- 


motor-driven, motor-generator set for excitation and the axle genera- 
tor system. The applications described under the latter heading are 
the C. M. & St. P. gearless passenger, the Paulista and the Spanish 
Northern locomotives. 

A comparison is made of these two methods of field excitation, 
based on a six-motor, two-speed, 3000-volt locomotive. Curves are 
included illustrating the speed-braking characteristics and also the 
motoring characteristics. The conclusions drawn from this com- 
parison are that, in general, the separate excitation system is to be 
preferred on account of the greater braking effort and greater speed 
range provided. Since the motor excitation system can be pro- 
vided with less additional expense, it is desirable to consider 
this method when the expense of the separate excitation system does 
not seem justifiable. 


discussion of the question of regenerative braking, 

but to make a comparative study of some of the 
systems now in successful operation on direct-current 
locomotives. 


le is not the purpose of this paper to givean exhaustive 


GENERAL CHARACTERISTICS 


Whenever it is proposed to electrify a railroad, 
where grades exceeding 0.6 per cent form an appreciable 
part of the line, usually the possibility of applying re- 
generative braking is considered on account of its marked 
advantages. These are, briefly, as follows: (a) Re- 
duced wheel- and brake-shoe wear; (b) increased safety 
due to reduced tire heating and brake-shoe wear and to 
the fact that duplicate braking systems are provided; 
(c) higher average speed descending grades, since a 
very uniform speed can be maintained; (d) elimination 
of delays due to inspections, worn-out brake shoes, etc.; 
(e) saving of power returned to the line, and (f) in- 
creased comfort to passengers as a result of the uniform 
speed and elimination of noises and shocks caused by 
the air-brake system. Against these advantages must 
be balanced the increased weight, cost, and main- 
tenance of the equipment. 

Although regenerative braking may be used to 
reduce train speeds to a certain extent, and systems have 
been designed to slow down a train or car to very low 
speeds, yet the primary purpose of this method of 
braking as applied to heavy traction service is to hold 
the train at a uniform speed on a given down grade. 
Regenerative braking should not be overemphasized 
as an emergency braking system. This method of 
braking can only be applied to the locomotive, whereas, 
in the air-brake system, the brakes may be applied to 
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every car in the train. Therefore, regeneration does 
not replace the air-brakes or lessen their required 
reliability but it should be considered as a means of 
braking, supplementing the air-brakes with some very 
decided advantages as outlined. 

Of course, regenerative braking is_ particularly 
applicable to long heavy mountain grades and is 
generally used in such service because of its obvious 
advantages. It is applicable to comparatively light 
or short grades provided the results obtained are 
commensurate with the extra cost incurred. 

In order to raise the voltage of a d-c. series motor 
to make it return power to the line, it is necessary to 
excite separately the series field and to control this 
excitation so that smooth operation is obtained re- 
gardless of changes in line voltage or grade. 


METHODS OF FIELD EXCITATION 


There are two general methods of exciting the motor 
fields and both of these have been successfully applied. 
One method is by the use of a generator which may be 
driven by a motor operating from line voltage or from 
a dynamotor. Also, it might be mechanically driven 
from an idle axle of the locomotive. 

The other method is to use one or more of the traction 
motors to excite the fields of the remaining motors. 
This method may be subdivided further according to 
the method of controlling the exciter field. Thus, in 
one case, the exciter field is controlled by contactors, 
resistors, etc., especially provided for that purpose, 
while in the other case, control of the exciter field is 
obtained by means of the same contactors and resistors 
that are used in accelerating the locomotive. 


C. M. & St. P. FREIGHT LOCOMOTIVES 


The method of exciting the regenerating motor fields 
by means of a motor-generator set operated from the 
line voltage was first put into commercial use on the 
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Chicago, Milwaukee and St. Paul 3000-volt freight 
locomotives. By reference to Fig. 1, which shows the 
regenerative connections of one-half of one of these 
locomotives, it may be seen that the exciter is so con- 
nected that the exciter armature current is the sum of 
the motor field current and the regenerated current. 
Control of the exciter field is obtained by means of a 
motor-operated rheostat, automatically controlled by a 
current-limit relay which is connected in the exciter 
armature circuit. The current-limit relay thus is 
responsive to the sum of the motor armature and field 
currents. Control of the braking speeds is obtained by 
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Fig. 1—Dzacram or C. M. & St. P. FreigHr Locomotive 


changing the setting of the current-limit relay by means 
of the braking handle on the master controller. 

Compensation for sudden surges in current, due to 
changes in line voltage or grade, is obtained by a 
combination of several factors, viz., the differential 
series field of the exciter, the exciter armature reaction, 
and the resistance drop in the exciter armature circuit. 
For example, assume a sudden decrease in line voltage. 
This will tend to rapidly increase the regenerated cur- 
rent and consequently the current through the exciter 
armature. The compensating factors will then operate 
as follows: The differential series field and the exciter 
armature reaction will tend to weaken the exciter field 
and reduce the exciter voltage, thus reducing the motor 
field current, while the increased resistance drop will 
cause the exciter armature circuit to absorb more of the 
exciter voltage and thus further reduce the field current 
and generated voltage of the traction motors. Like- 
wise, a sudden decrease in regenerated current will be 
compensated for in just the opposite manner. Thus, 
the inherent characteristics of the exciter circuits 
prevent excessive surges of current and torque and 
allow time for the circuits to readjust themselves to the 
changed operating conditions. 

MEXICAN LOCOMOTIVES 

Another application of the method of exciting the 
motor fields by means of a separate motor-generator set 
is that of the Mexican Railway, 3000-volt locomotives. 
In this case, the regenerative exciter is driven by a 
1500-volt motor, which is connected to the midpoint of a 
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3000/1500-volt dynamotor. Connections for this loco- 
motive are shown in Fig. 2. Here the exciter carries 
the motor field current only. Control of locomotive 
speeds is obtained by adjusting the exciter voltage by 
means of a variable resistance in the exciter field circuit. 
This adjustment is obtained directly by means of the 
braking handle of the master controller. 

Compensation against sudden surges in line current 
is provided for by balancing resistances which carry the 
sum of the field and armature currents. Thus, if 
the line voltage drops suddenly, it will tend to produce 
a rapid increase in regenerated current. The increase 
in current causes an increased voltage drop across the 
balancing resistance which causes a decreased voltage 
and current in the motor field circuit. This reduces 
the regenerated voltage of the motors, thus preventing 
an excessive change in regenerated current. Similarly, 
when passing from one control step to another, the 
balancing resistance aids in producing smooth operation 
by reducing current and torque increments between 
steps. 


COMPARISON OF C. M. & ST. P. AND MEXICAN 
LOCOMOTIVES 
By comparing these applications, it will be seen that 
in one case the exciter carries the sum of the motor 
armature and field currents while in the other case the 
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Fig. 2—Draqaram or Mexican Locomotive 


exciter carries the field current only. This means that, 
in the latter case, the exciter armature current will be 
halved. At the same time, the exciter voltage will be 
increased as the exciter must overcome the voltage 
drop in the motor fields and also in the balancing 
resistance. Experience has demonstrated the fact, 
however, that the drop through the balancing resistance 
can be held to such a value that the net result is a 
reduction in kilowatt capacity required of the exciter. 
In the first system described, compensation is ob- 
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tained by means of exciter differential field, armature 
reaction and resistance drop. In the second system, a 
resistance alone is used since tests and operating data 
have demonstrated that a very effective compensation 
can thus be provided. The second system will tend to 
be less efficient on account of the losses in the balancing 
resistances. A much simpler control is thus provided, 
however, and furthermore it is very easy to make ad- 
justments by providing taps in the balancing 
resistances. 


Compared with the other type, the system used on 
the Mexican locomotives has the characteristic of rela- 
tively small changes in speed with regard to changes in the 
braking effort required. The result is that changes in 
grade or curvature will cause smaller speed changes in 
this case than in the C. M. & St. P. System. In brief, 
the Mexican system tends toward a constant speed 
characteristic while the C. M. & St. P. System tends 
toward a constant torque characteristic. 


The ideal characteristic for regenerating motors 
would be a characteristic similar to that obtained in 
motoring operation with a series motor where the 
armature and field currents are equal throughout the 
operating range. This would give a very stable 
electrical characteristic but an extremely unstable 
speed characteristic, as the braking effort would decrease 
very rapidly with increases in speed. 


The ideal characteristic from a mechanical stand- 
point would be one in which the speed on any controller 
notch is held constant regardless of changes in braking 
effort required. Such a characteristic would be 
approximated with constant field excitation. Such a 
system would be very unstable electrically, however, 
as very large changes in armature current would occur 
with small changes in speed. This would ke par- 
ticularly undesirable at high speeds on account of the 
relatively weak fields required. 


In practise, a compromise must be made between 
these two extremes. From the standpoint of train 
operation, it is very desirable to obtain a uniform speed 
for any given controller notch. Some speed variation 
must be allowed, however, in order to obtain the de- 
sired stability of the motors. Such is the case with the 
two systems described above. In each case, for any 
given controller notch within the regenerating range of 
the motors, with increases in speed asufficient increase in 
braking effort is obtained to give mechanical stability, 
but, at the same time, the speed regulation is not 
made so close as to sacrifice the desired electrical 
characteristics. 


With the more constant speed characteristic of the 
system used on the Mexican locomotives, very little 
manipulation of the master controller is required to hold 
the train at a practically constant speed. This has 
been demonstrated in actual operation on the Mexican 
Railway. The electrified section of this railway is 45 
kilometers long and regeneration is obtained for about 
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two-thirds of this distance, the grade being about 4.7 
per cent the greater part of the way. 

The principal advantage of the Mexican system is its 
simplicity. Compensation for line-voltage changes is 
obtained by means of a simple resistance, and control 
of the regenerating speeds is obtained by hand control 
of a resistance in series with the exciter field. No 
relay or motor-driven rheostat is used. This will 
reduce the first cost of the system and keep the main- 
tenance required down to a minimum. 


DEVELOPMENT OF METHOD OF CONTROL OF EXCITER 
FIELD 

The steps in the development of the method of con- 
trolling the exciting generator field included experiments 
with the sensitive type of regulator used with station- 
ary units. Later, the motor-operated field rheostat was 
used and finally direct hand control of the field was 
adopted, compensation against voltage and speed 
fluctuations being obtained by the inherent character- 
istics of the motor field circuits without the addition 
of any regulator or moving parts. 


AXLE GENERATOR SYSTEM 


The axle generator system may be considered as a 
motor-generator set system in which the motor of the 
motor-generator set is replaced by the axle driving 
mechanism. ‘The same method of control may be used 
in either case. 

The principal differences between an axle generator 
system and the corresponding motor-generator set 
system are that the axle generator is necessarily aslow- 
speed machine, it varies in speed with the speed of the 
locomotive, and the driving torque of the axle generator 
is available to aid in braking the train. 

Assuming that the same connections are used for an 
axle generator system as are used on the Mexican 
locomotive (Fig. 2), it may be readily seen that, with an 
increase in speed due to an increase in the grade, the 
regenerated voltage and current will tend to increase 
due to the increase in speed of the motors themselves 
and also to the increase in speed of the axle generator 
which thus tends to increase the motor field current. 
This helps to give a very close speed characteristic 
for any given excitation of the axle generator field, such 
being desirable provided the electrical stability of the 
motors is not lessened. 

Regarding the added braking effort of the exciter, 
this might prove an advantage in freight service where 
it is often desired to handle a considerably heavier train 
down grade than could be hauled up the same grade by 
In this case, however, it will probably 
be necessary to use the air brakes on the train in con- 
junction with the regenerative braking so that little 
would actually be gained from the additional braking 
effort obtained from the axle generator. Furthermore, 
there must be an idle axle available to drive the exciting 
generator. This is usually the case with passenger 
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locomotives. On freight locomotives, however, there 
are very often no idle axles, as illustrated by the 
Mexican and Spanish Northern locomotives and the 
Paulista freight locomotives, where every axle drives a 
traction motor. 

Another limitation of the axle generator is that, due to 
its low speed, it must be of relatively large size. In 
addition, it must deliver practically the same output 
over a wide range of speeds, which will tend to com- 
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promise the design and complicate the control. Further- 
more, the axle generator is mounted close to the track 
and thus is subject to more abuse, dust particles, etc., 
than a generator mounted in the locomotive cab. 


C. M. & St. P. GEARLESS PASSENGER LOCOMOTIVES 


In order to eliminate the use of a separate generator 
for field excitation, the method of using one or more 
traction motors as a regenerative exciter was developed. 
The first application of this system to heavy-traction 
service was on the C. M. & St. P., 3000-volt, gearless, 
passenger locomotives. Fig. 3 shows the regenerating 
connections for one-half of the locomotive: The two 
halves may be operated in series or in parallel when 
regenerating so that two combinations of regenerating 
motors are obtained, one with eight motors in series 
and the other with two parallel groups, of four motors 
in series, in each. In each six-motor group, two of the 
traction motors are used to excite the fields of all six 
motors. Control of the excitation is obtained by means 
of a variable resistance, which shunts the fields of the 
_ exciting motors. This resistance is adjusted by means 
of contactors controlled by the braking handle of the 
master controller. 


From the connections, it will be seen that the sum > 


of the field and armature currents of the regenerating 
motors passes through the two exciter armatures which 
are connected in multiple and that an external resistance 
is connected in series with each of the exciter armatures. 
This system thus provides an inherent regulation 
against line-current surges which is in effect a combina- 
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tion of the C. M. & St. P. freight and the Mexican 
systems. That is, the sum of the armature and field 
currents of the regenerating motors passes through 
balancing resistances and also through the exciter 
armatures. An effective means of compensation against 
surges is thus provided. 

A further simplification of the apparatus required 
for regeneration may be obtained with the traction- 
motor exciter system by using the same resistances and 
contactors for controlling the exciter during regenera- 
tion that are used during acceleration of the locomotive. 
This system is now in successful operation on the 
Paulista locomotives (four-motor, 3000-volt) and on 
the Spanish Northern locomotives (six-motor, 3000- 
volt). On the Paulista locomotives, one traction motor 
is used to excite its own field and the fields of the other 
three motors which are connected in series to the line. 
On the Spanish Northern locomotives one traction 
motor is used to excite its own field and the fields of the 
other five motors which are connected in series to the 
line. 

PAULISTA LOCOMOTIVES 

Fig. 4 shows the schematic connections of the Paulista 
locomotive both motoring and regenerating. It will be 
seen that there are two motor combinations motoring, 
one with all four motors in series with 750 volts applied 
per motor and the other combination with two groups 
of two motors in series in each with 1500 volts applied 
per motor. There is one regenerating combination with 
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the three regenerating motors connected in series with a 
normal voltage of 1000 volts per motor. By referring to 
the resistance symbols it will be seen that part of the 
accelerating resistance is connected in series with the 
regenerating motors. This resistance is used in con- 
necting the motors to the line when establishing the 
regenerative connection. It is short-circuited during 
regeneration. The remainder of the accelerating re- 
sistance is connected in the motor field circuit and is 
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thus used to control the regenerative operation. Some 
additional resistance and additional contactors are 
required but it is to be noted that an appreciable 
saving in equipment is made by using the accelerating 
resistance and contactors for control of the exciter field. 

Practically the same method of compensation for line 
current surges is used as on the Mexican locomotives. 
A balancing resistance is connected in the circuit so as to 
carry the sum of the line current and the exciter field 
current. This exciter field current is also part of the 
regenerating motor field current so that the compensa- 
tion is obtained in two ways; directly by the effect of 
the balancing resistance on the regenerating motor 
fields, and indirectly by the effect of the balancing 
resistance on the exciting motor field. 


SPANISH NORTHERN LOCOMOTIVES 


On the Spanish Northern locomotives there are two 
motoring combinations, one with all six motors in series 
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with 500 volts applied per motor and the second with 
two parallel groups of three motors in series in each 
with 1000 volts applied per motor. Fig. 5 shows the 
regenerating connections of this locomotive. One of 
the six motors is used to excite its own field and the 
fields of the other five motors which are connected 
in series to the line with a normal voltage of 600 volts 
per motor. The regenerating system is otherwise 
identical with that of the Paulista locomotives. 


COMPARISON OF METHODS OF FYELD EXCITATION 

In order to obtain a comparison of the system using a 
separate generator for field excitation and that using 
traction motor excitation, a study was made of the 
operating characteristics of a locomotive similar to the 
Spanish Northern, six-motor, two-speed, 3000-volt 
locomotive as compared with the same locomotive 
»with a motor-generator set for field excitation. For 
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motor excitation, then, there will be one regenerating 
combination with one traction motor exciting the other 
five, all connected in series. For separate excitation 
there will be two regenerating combinations, one with 
all six motors in series and the second with two parallel 
groups of three motors in series in each, these combina- 
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tions being the same as those obtained while motoring. 
In comparing the operating characteristics of these 
two systems of regeneration, the main points to be con- 
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sidered are as follows: range of operating speeds, train 
weights which may be handled, slope of grades, mileage 
on which regeneration can be used, and reliability. 
Figs. 6 to 8 inclusive illustrate the speed-braking 
effort characteristics obtained with the two systems. 
Figs. 6 and 7 give the relation between speed and 
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braking effort for each step of the braking handle on the 
master controller, and Fig. 8 isa composite diagram 
which shows the range of speeds and braking efforts 
which may be obtained in each case. The shaded 
areas in Fig. 8 give the continuous operating ranges 
while the unshaded areas give the ranges within which 
the locomotive may regenerate for short periods. This 
diagram also shows the speed-traction effort curves 
for motoring operation in each of the two motoring 
connections. In each case the full field and two 
reduced field characteristics are given. The tractive 
effort and speeds at the continuous current rating are 
also indicated. 

Two regenerating speed ranges are obtained with the 
separate excitation system whereas one speed range is 
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obtained with motor excitation, this latter speed range 
being intermediate to the two speed ranges with 
separate excitation. , 

In analyzing these curves, it is to be noted that with 
the same line voltage, the same motor combination, and 
the same armature and field current, a slightly higher 
speed will be obtained when regenerating than when 
motoring. The reason for this is the reversal of the 
effect of resistance drop in the motor circuits. Under 
the same conditions the braking effort regenerating will 
be appreciably greater than the corresponding tractive 
effort motoring on account of the reversal of the effect 
of the motor losses on the torque at the driving wheels. 
Furthermore, with a given torque at the driving 
wheels, it will be possible to handle a considerably 
heavier train down grade than up grade since the train 
and curve friction oppose the locomotive ascending 
the grade while they assist the locomotive when 
descending. 

With the separate excitation system, therefore, the 
regenerating speeds will be a little higher than the 
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motoring speeds with the same motor combination, 
voltage, and currents. With motor excitation of fields, 
in this particular case, the regenerating speed at the 
continuous-current rating of armatures and fields will 
be about 70 per cent of the corresponding motoring 
speed. As a rule, the double-speed range is to be 
preferred unless it is desired to descend the grade ata 
lower speed than used in ascending. In the latter case 
the speed range of the motor excitation system will 
probably be more suitable. ; 

From an analysis of the curves, it may be seen that 
for a given armature and field current of the regenerat- 
ing motors a greater braking effort is obtained with the 
Separate excitation system than with the motor excita- 
tion system. The reason for this is that, in the former 
system, the full braking effort of all six motors is avail- 
able while in the latter the full braking effort of five 
motors is available and a fraction of the full braking 
effort of the exciting motor. The result is that greater 
train weights can be handled down a given grade with 
the separate-excitation system than with the motor- 
excitation system. 

The following conclusions in regard to operating 
characteristics may be stated as a result of the com- 
parison of these two systems: 

1. With motor excitation in general, on all grades, 
the same train can be handled down hill as up hill, but 
at reduced speeds. This reduction in speed will be 
comparatively small for light grades but will increase 
as the grade increases. 

2. With separate excitation at continuous current, 
armatures, and fields, a considerably heavier train may 
be handled down hill than up hill and at a slightly 
greater speed. The percentage difference in the size of 
the train thus handled decreases as the grade increases. 

3. With separate excitation, a train may be handled 
down grade at a considerably higher speed than this 
train can be hauled up the same grade, assuming that 
the safe operating speed is not exceeded. The per- 
centage difference in these speeds decreases as the slope 
of the grade increases. 

This study indicates that motor excitation may best 
be applied to a line with comparatively light grades; 
é. g., one and one-half per cent and under. It will still 
be applicable to heavier grades if these grades are 
short and little time is lost on account of slower speeds, 
or if the slower speed obtained will not handicap the 
schedule speed desired. 

Regeneration with separate excitation is particularly 
applicable to heavy grades; e. g., two per cent and over, 
when the length of these grades is an appreciable part 
of the total length of the line. It is also preferable to 
use this system for lighter grades when it is necessary 
to take advantage of the highest speeds possible down 
grade. 

Concerning reliability of operation, there will be little 
difference if any, between the two systems, assuming 
that the same rugged type of equipment is used in each 
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case and that the same method of compensation is used 
as has already been described. 

It is evident that the additional expense of providing 
for regeneration is less with motor excitation than 
with separate excitation since in the former case less 
additional equipment is required. 

It is to be noted that the foregoing comparison covers 
the specific case of a two-speed, six-motor locomotive. 
The same general considerations would apply to a 
similar comparison for any two-speed locomotive. 
For locomotives with more than two motoring speeds or 
combinations, there will be cases wheremotor excitation 
cannot be so readily applied on account of the limited 
speed range which can be obtained. This would be the 
case, for example, with a three-speed locomotive such as 
the Mexican locomotive. The logical regenerating com- 
bination in this case would be that of one motor acting 
as an exciter for the other five motors in series. The 
speed range thus obtained would be quite low in com- 
parison with the highest motoring speed which is ob- 
tained with three parallel groups of two motors in 
series in each. Other combinations could be worked 
out for this type of locomotive, but with a reduction in 
braking torque which would, of course, be undesirable. 
To other types, such as the C. M. & St. P. gearless 
passenger locomotive, motor excitation can be more 
readily applied. This locomotive has four motoring 
combinations; viz., with twelve, six, four and three 
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motors in series across the line. Two regenerating com- 
binations are obtained with eightregenerating motors in 
series and two parallel groups of four motors in series. 
Thus, a better speed-range regenerating is obtained 
than with the six-motor, three-speed locomotive cited 
above. 

It is not within the scope of this paper to discuss all 
possible combinations to which motor excitation may 
be applied. From the foregoing discussion, however, 
the conclusion may be drawn that this type of regenera- 
tive braking may be readily applied to two-speed 
locomotives in general and in some cases to locomotives 
with a greater number of motoring combinations. 

In the foregoing discussion, it has been attempted to 
present the characteristics of certain types of regenerat- 
ing systems which have been successfully applied to 
d-c. locomotives. In general, it may be stated that a 
system with a separate generator for excitation of the 
motor fields is to be preferred as this gives the same 
motor combinations regenerating as motoring and 
furnishes the full torque of each motorfor braking the 
train. Since the motor excitation system can be 
provided with less additional expense, however, it is 
desirable to consider this method when the expense of 
the separate excitation system does not seem justifiable. 
In any application, before a decision is reached as to the 
type of braking system to be used, a thorough study 
should be made of all the contributing factors. 
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Synopsis.—With the increase in capacity of d-c. machines, the 
question of their successful operation has become more and more 
important. It is thought that multiplex windings offer creditable 


advantages if they are designed so that cross-connections can be 


suitably applied and the circuits thereby kept balanced, a feature 
which was not given thorough consideration when multiplex windings 
were first tried. 


HE use of multiplex windings in large d-c. machines 
offers marked improvements provided the windings 
can have armature cross-connections properly 
applied to them, so that the armature circuits can be 
kept balanced; that is, the currents in the circuits may 
be kept equal. This result has been successfully ac- 
complished with multiplex windings on _ practical 
machines with the ordinary type of cross-connections in 
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This paper describes machines in which the proper design may 
be secured when standard construction is used. Both the lap and 
wave types of windings are considered. The principles are applied 
to duplex windings in this paper, but if so desired they may be 
applied also to triplex and other multiplex windings. 

A brief description of ‘‘frog-leg windings,” a recently developed 
type of multiplex winding, is also given. 


a few cases (see references 6 and 7), and it seems 
probable that the same good results can be obtained in 
other cases. 


Multiplex windings have, in general, more parallel 
paths and, consequently, less current per coil than the 
corresponding simplex windings which are usually used. 
Accordingly, the current to be commutated is much 
smaller and therefore the amount of sparking is re- 
duced. The fact that an increase in the number of 
parallel paths in an armature winding improves commu- 
tation, (other things being equal,) is exemplified by the 
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well-known case of an armature which is of such rating 
that either a wave or lap winding could be used. The 
latter is distinguished by more paths in parallel, more 
and narrower commutator bars and better commute- 
tion, as is well known from practical experience. If, 
then, multiplex windings, having even more paths in 
parallel than the ordinary lap windings, can be safely 
used and kept proverly balanced, another step in the 
improvement of commutation may be expected. The 
advantages to be obtained justify further study and 
trial of multiplex windings. 


The windings used in practise at the present time 
are usually simplex wave, simplex lap, and, occasion- 
ally, an eight-pole, duplex wave winding. This is a 
very limited assortment. 

A number of machines tried in the past with multiplex 
windings was not designed properly and armature 
cross-connections could not be applied suitably. The 
desirable condition would be the interconnection of 
equipotential points in one individual part of a multi- 
plex winding to equipotential pointsin another individ- 
ual part of the multiplex winding, and so on. In this 
way all the individual parts would be joined together. 
In addition, the winding should be so arranged that the 
resulting potential distribution on the commutator 
would be uniform and the volts per bar would be of a 
low value. Arnold has advocated the use of cross- 
connections and has shown triplex wave windings? 
with the cross-connections joining equipotential points 
of the three individual parts of the winding, which is the 
desirable condition. In describing Fig. 12 (reference 
7), it is stated that triplex lap windings have been 
made with efficient cross-connections on one end of the 
armature and have operated successfully. Arnold, 
however, has not shown duplex lap and triplex lap wind- 
ings with simple cross-connections joining the individ- 
ual parts of the winding together. In his early work he 
has shown duplex lap windings’ so arranged that 
equipotential points in the same part of the duplex 
windings were joined, thereby giving a potential dis- 
tribution on the commutator such that bars in pairs 
were at the same potential. This has the same effect 
as using half the number of bars and therefore is not 
desirable. In his later work, Arnold has shown duplex 
lap windings with equalizing rings’ both on the front 
and back of the windings and with connections from 
the front to back joining these rings, thus intercon- 
necting the individual parts of the duplex winding. 
This method introduces the complication of cross- 
connections at both front and rear ends of the armature, 
and of connectors along the shaft. It would be more 
desirable to use the arrangement proposed in this paper, 


2.. See p. 87, Die Gliechstrommaschine Arnold—la Cour, 
Third Edition, 1919, Julius Springer, Berlin. 
c= 3. ‘Seer pa 17%. ) Die Gleichstrommaschine, Arnold, Second 
Edition, 1906, Julius Springer, Berlin. 
4, See p. 82, Same reference as 1, and Fig. 14, p.604, Stand- 
ard Handbook for Electrical Engineers, Edition of 1922. 
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in which all the cross-connections are at the rear end of 
the armature. 


It is very desirable that multiplex windings be used 
where they are successful, since by means of them 
d-c. machines can be designed to have as many and as 
narrow commutator bars as possible. This results in a 
commutator bar in large machines from 3¢ to 34 in. 
in width, which is considerably narrower than many in 
use. The benefit of the smallest current per circuit as 
well as a corresponding improvement in commutation 
will thus be obtained. 

A preliminary investigation as to the number of 
slots and bars and their relations in certain machines 
using multiplex windings has been made by the author 
in the Electrical Engineering Department of the 
Massachusetts Institute of Technology. It is his 
wish to duly acknowledge a number of valuable sug- 
gestions made by Professor H. B. Dwight of this 
department. 


The windings used in the figures for purposes of 
illustration have been shown as applied to cores with 
extremely few slots and should therefore not be con- 
sidered as actually usable windings. This has been 
done so as to present clearly the principles which are to 
be applied to practical windings. The naming of the 
types of windings herein is similar to that used in the 
Standard Handbook for Electrical Engineers. 


Multiplex windings were proposed in the early 
writings on d-c. machines, but little or nothing was said 
about cross-connections. Where there are four or more 
parallel paths through the armature, these are usually 
necessary. The cross-connections must be made 
between points having mathematically the same 
voltage, the flux being the same in all poles. This is 
provided for in the windings suggested in this paper. 

The type of winding proposed is an ordinary multi- 
plex winding so arranged that a system of cross-con- 
nections, all at one end of the armature, can be con- 
veniently applied to equipotential points, thereby 
joining to one another the individual parts of the 
winding® and producing a uniform distribution of 
potential on the commutator. These connections 
are shown on the diagrams of this article. 

The shape of the coils of a duplex lap winding is the 
same as that of the coils for a simplex lap winding and 
no departure is made from the usual construction. All 
the coils for any one machine are of the same size and 
shape. The ends of the coils in a duplex lap winding are 
connected to bars 1, 3, 5,..... and so on to all the 
odd numbered bars. Another part of the winding 
placed in the slots connects to ars, (ae Oreck 
and so on to all the even numbered bars. There are 
two cases to be considered. In Case I, when the total 
number of commutator bars is even, the two parts of the 
winding are separate and independent except as they 


5. See p. 244, The Dynamo, C. C. Hawkins, Volume I, Sixth 
Edition, 1922, Sir Isaac Pitman & Sons, Ltd., London. 


978 


are joined by equipotential or cross-connections. A 
two-part winding of this type is known as doubly re- 
entrant and will be referred to herein as such. It is rep- 
resented by the four-pole diagram, Fig. 1, and by the 


symbol OO 


In Case II when the number of commutator bars 
is odd and the coil ends are connected to every other bar, 
the first part of the winding goes around the armature 
and leads into the second part of the winding, which, 
after going around the armature, connects to the first 


Fig. 1 (Cass 1)—Dvuriex Lap Winpine, Dousie Re-ENTRANT 


Four poles, 18 slots, 18 bars, 8 paths. Cross-connections as shown. 


Pe 
1V 


Fig. 2 (Caszr II)—Dvupiex Lap WINDING, Sinety RE-ENTRANT 
Six poles, 27 slots, 27 bars, 12 paths. Cross-connections as shown. 
part, resulting in a continuous winding. This winding 
is referred to as singly re-entrant and is represented by 


the six-pole diagram, Fig. 2, and by thesymbol © 


The diagrams show the cross-connections joining the 
two parts of the duplex lap winding, which is a de- 
sirable feature. The commutator potential is shown to 
progress fairly uniformly around the commutator, 
which is also desirable. To arrange the cross-connec- 
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tions properly and to secure these results  cer- 
tain numbers of slots and bars must be used. The 
method of cross-connecting,as shown, can be used with 
duplex lap windings on the following machines when the 
choice of slots and bars is made as indicated in Table A. 


TABLE A 
DUPLEX LAP WINDINGS 
Number] Slots per Total Bars Total Re- 
of Poles|Pair of Poles| No. Slots | per Slot | No. Bars | entrancy 
an O® 
ce: | Odd no. Even no. | Odd no. | Even no. Double a) 
Joy, %8) Odd no. Odd no. Odd no. | Odd no. Single 
Ci aecs, Odd no. Even no. | Odd no. | Even no. | Double O® 
d. 10 | Odd no. Odd no. | Odd no. | Odd no. Single @) 
e. 12 Odd no. Even no. | Odd no. | Even no. | Double OO 


There may be a cyclical change in the number of 
slots per path but this is quite possibly not harmful, for 
it occurs with two-circuit windings which operate 
successfully. The great improvement in commutating 
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Fia. 3 (Case I1)—Vourtace Disrrisution Dracram For DUPLEX 
Lar Winpine, Dousity REENTRANT 


Four poles, 18 slots, 18 bars, 8 paths, (same winding as Fig. 1). 


characteristics obtained by having only half as much 
current per path to be reversed at one time would seem 
to be the important consideration in connection with 
this type of winding. 

In determining the voltage distribution (see Fig. 3) 
the developed winding is laid out and a field form as 
might naturally be expected is plotted above the 
winding. As the voltage in a conductor is proportional 
to the flux it cuts, an excellent idea of the voltage dis- 
tribution may be secured by summing up the voltages 
induced throughout the winding. In doing this, it is 
assumed that any conductor in a slot generates a voltage 
proportional to the flux directly above the center line 
of that slot. 

Another type of winding is the duplex wave winding 
having four parallel paths through the armature. This 
type would give an intermediate step between the sim- 
plex wave and the simplex lap winding and although 
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the benefits to be derived from the use of this type are 
not expected to be as great as those obtained with the 
duplex lap winding, certain cases may justify the use of 
this type. An eight-pole, duplex wave winding is used 
rather extensively at the present time and has proven 
satisfactory. Such a winding with cross-connections 
joining equipotential points of the individual parts of 
the duplex winding is advocated and shown by Arnold.° 

Cross-connections joining the two parts of a duplex 
wave winding are possible in certain cases. These 
connections should join points having mathematically 
the same voltage when all poles have an equal amount of 
flux. They can be used on the following machines 


when the choice of slots and bars is made as indicated 
in Table B. 


TABLE B 
DUPLEX WAVE WINDINGS 


Number of Total Bars Total 
Poles No. Slots per Slot No. Bars Re-entrancy 
£-8 Even no. Odd no. Even no. Single or double ac- 
ge 12 Even no. Odd no. Even no. cording to whether 
h. 16 Even no. Odd no. Even no. commutator pitch is 


odd or even. 


Of course these windings must be such that the 
commutator pitch, Y, is a whole number where 


number of bars + 2 
pairs of poles 


The cross-connections in the windings of the above 
table will span half the number of poles, or in other 
words, they are diametral. When the number of pairs 
of poles is odd, such as in the six- or ten-pole machine, 
cross-connections to equipotential points diametrically 
opposite are not possible. This can be explained as 
follows: Suppose that the choice of slots is made so that 
a point of one part of a duplex winding has a certain 
position relative to a pole with one polarity; then a 
corresponding point in the other part of the duplex 
winding has a position under the influence of ‘a pole of 
opposite polarity, a condition which does not lend to 
eross-connections. It may be possible that six- and ten- 
pole, single re-entrant windings of the duplex wave type 
would be successful even oust they do not have cross- 
connections. 

Triplex windings could be Saeed on the same basis 
as the duplex windings herein described, but only 
duplex windings have been treated in this paper, since 
they involve the least departure from simplex windings, 
and so should be the first to be tried out. 

Since the preparation of this article was commenced, 
a very interesting paper? on frog leg windings by 
W. H. Powell and G. M. Albrecht has appeared. 
This illustrates the general principles of using amulti- 
plex wave winding in the same slots with a lap winding 


‘6. See p. 86, Die Gleichstrommaschine Arnold—la Cour, 
Third Edition, 1919, Julius Springer, Berlin. 
7. P. 345, Iron and Steel Engineer, September 1925. 


either simplex or multiplex to a less degree than the 
wave winding, so that both windings produce the same 
voltage at the brushes and are connected to the same set 
of commutator bars. The wave winding connects the 
circuits of the lap winding and the lap-wound coils 
connect the circuits of the wave winding thereby 
producing a thoroughly cross-connected winding. The 
name frog leg is used because of the peculiar shape of 
the coils which consist of a lap-wound coil and a wave- 
wound coil taped together. The advantages obtained 
by the authors are first, better cross-connections, and 
second, the use of multiplex windings. 


In Part III of the above described paper, a triplex 
winding with external cross-connections as previously 
mentioned, and not of the frog leg type, is mentioned as 
having been made and operated successfully. If triplex 
windings, not of the frog leg type as referred to above, 
have been successful, then a duplex winding should also 
operate well when the choice of slots has been made 
properly and the cross-connections applied efficiently 
as outlined herein. 


It is possible that duplex lap windings with or- 
dinary cross-connections as shown will give some of the 
advantages of the frog leg winding without the com- 
plication of having two complete windings in the slots. 


Discussion 


H. B. Dwight: Part of the work done by Mr. Nelson in 
preparing his paper was a detailed study of all editions of Pro- 
fessor Arnold’s books as well as a study of the few other books 
which have referred to multiplex windings on cross-connected 
d-c. armatures. 

While Arnold’s recommendations were valuable, they were 
not, by any means, complete. They consisted mainly of isolated 
examples. A clear description of the types of windings recom- 
mended and the types which should be avoided was not given. 
Some of the earlier editions of Arnold’s books contained arrange- 
ments of multiplex windings with armature cross-connections 
which were unworkable or inadvisable, and which were not 
included in the later editions. Probably they were recognized by 
Professor Arnold as being inadvisable. Other types of windings, 
which Mr. Nelson’s paper states appear favorable and should be 
tried out by the industry on practical machines, were not de- 
scribed in Arnold’s books. 


J. L. Burnham: The impression I get from reading this 
paper is that the entire emphasis is given to the necessity of 
equalizing at points 360 electrical degrees apart and devising 
windings that will give interconnecting points exactly 360 degrees 
apart in the different windings employed. The necessary con- 
dition for obtaining windings that can be so equalized involves 
the use of an odd number of armature slots per pair of poles, 
thereby giving armature circuits having unequal numbers of 
conductors in parallel between adjacent sets of brushes of op- 
posite polarity. This point is mentioned in the first paragraph 
of the third page and passed over casually as possibly of no 
importance. I believe that this is a very vital objection to these 
arrangements of multiplex windings. The intimate connection 
through the brushes of these adjacent circuits having unequal 
voltages varying in a cyclical manner to produce a continuous 
exchange of current through the brushes, is harmful to commu- 
tation, causing excessive local currents in the brush contact 
surfaces. I have observed performance of such machines in 
which the brushes were severely burned in sharply defined zones, 
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causing very rapid wear of brushes and roughening and pitting 
of the commutator bars. 

The arrangements of windings described in this paper are not 
new. It seems strange that such arrangements of windings have 
not been used commercially if they have the merits claimed. 
It is probable that they have been tried and found inferior to the 
more usual types of simple windings. 


The frog-leg winding, to which reference is made at the end of 
the paper, has been discussed considerably of late. With this 
arrangement, which requires four layers of windings in the 
armature slots, the objections mentioned above have been dimin- 
ished, but it is my feeling that well equalized, simple windings, 
giving equal circuits between adjacent sets of brushes, are to be 
preferred. The conductors of such windings may be split to 
reduce eddy-current losses to any degree equivalent to that 
obtained in the frog-leg winding. When commutation limits are 
reached with the simple coil, it is possible to split the individual 
eoils to reduce the reactance voltage, giving the equivalent for 
which investigators have been striving in devising the multiplex 
windings without the objectionable features that preclude good 
performance in the type of windings described in this paper and 
the objectionable structural features of the four-layer frog-leg 
winding. 

H. B. Dwight: The fact that duplex wave windings are suc- 
cessfully used at the present time by designers of machines in 
the United States and Canada, is one of the strongest reasons 
for giving a thorough practical try-out to other multiplex wind- 
ings, which are in some ways very similar to the approved duplex 
wave windings. 

Duplex wave windings consist of two wave windings side by 
side but cross-connected and built according to the rules de- 
scribed in the paper by Mr. Nelson. Duplex wave windings, as 
well as simplex wave windings, have a cyclic variation in the 
number of conductors per path. This does not seem to increase 
the sparking at the brushes. On the contrary, duplex wave wind- 
ings have been proved by test to have less sparking than the 
corresponding simplex windings of the same voltage and amper- 
age rating but with fewer and wider commutator bars. The im- 
provement in commutation that goes with more, and narrower, 
commutator bars, is due, probably, as stated by Mr. Nelson, to the 
substantial decrease in amperes per bar and the resulting decrease 
in the number of amperes that are reversed when a brush leaves 
a commutator bar. An example of this is commonly observed by 
designers; namely, when they change a two-cireuit, wave-wound, 
four-pole armature so as to give the same voltage and amperage 
with a multiple winding. The latter requires twice as many 
commutator bars and the improvement in commutation is most 
marked. 

One criterion of the commutation characteristics of a winding 
is the width of the commutator bar, other things being equal. 
If the narrow bars are obtained by using a duplex wave winding, 
which is as irregular as any winding described in Mr. Nelson’s 
paper, it has been shown by test that the improvement in com- 
mutation is obtained. Nothing has been shown to prove that 
the improvement will not be obtained by using other multiplex 
windings, such as the duplex lap winding, in order to have narrow 
commutator bars. Consequently, such windings should be 
given a trial. ; 

Some failures with multiplex windings 25 or 30 years ago were 
due clearly to the lack of cross-connections. The inequality 
in length of paths was probably not a contributing factor. It 
is not peculiar that these failures put all kinds of multiplex wind- 
ings into disrepute, for the action of armature cross-connections 
was not well known at that time, when they were just beginning 
to be used with simplex lap windings. 

The improvements due to the frog-leg winding are probably 
that it gives thorough cross-connection and reduces the amperes 
per commutator bar. It cannot be said that it does away with 
inequality in length of paths, for it is made up of usual simplex 


and multiplex windings. Reference 7 specifies that the number 
of bars divided by the number of pairs of poles should be an 
integer, but not necessarily an even number. Thus, in Part II 
of Reference 7 there are 521% slots per pole in the 1000-kw. 
generator, and so the number of coil sides between two adjacent 
brushes continually varies between 52 and 53. 

A. A. Nims: The cross-connections in multiple or multiplex 
armature windings should connect points which are at equal 
potential for all positions of the armature. To make sure of 
this, a general method of examination is preferable to one based 
upon a definite position of the armature. 

Such a general method is indicated by the fact that the 
several coil e. m. f’s. are essentially alternating and therefore 
may be represented by vectors. Though these coil e. m. f’s. are 
likely not to be sinusoidal, they are identical in wave-shape 
and amplitude, disregarding any minor effect of different posi- 
tions of the various conductors in a slot. Therefore, some 
convention may readily be devised! whereby the coil e. m. f’s. may 
be represented by vectors of equal length, but in proper phase. 

To apply this scheme to some of the windings illustrated 
in the paper, it will be found more convenient to use coil-side 


Fia. 1a—Coit-Sipzk Vourace Vectors SEPARATE. DorTrEep 
Lines Rerer To ONE WINDING; Souip LINES ‘To OTHER 


voltage vectors rather than coil voltage, as thereby the potentials 
of the rear noses of the coils, to which cross-connections are 
attached, become apparent. 

Fig. 1a shown herewith then represents vectorially the con- 
ductor voltages of the winding of Case I, Fig. 1 of the paper. 
For clearness, the several vectors are radiated from a nine-sided 
polygon instead of from a point, since there are nine slots per 
pair of poles. The vectors labeled with the slot number followed 
by the letter b represent the voltages of the bottom coil-sides or 
conductors, assumed to be shown at the left side of each slot 
in the original paper, while ¢ suffixed to the slot number desig- 
nates the voltages of the top coil sides assumed to be shown 
at the right of the slots. 

In Fig. 28 herewith these coil-side voltage vectors are combined 
in the order shown in Fig. 1 of the original paper; the outer 
points of the star correspond to commutator bars, and the inner 
points to the rear noses of the armature coils. It is then evident 


1. Electrical World, September 28, 1912, p. 660. 
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that for every commutator bar or rear nose in one of the windings 
there is a commutator bar or rear nose respectively at the same 
potential in the other winding. This is in agreement with the 
statement in the paper that equipotential connections may all 
be located at the rear end of the armature. 


9b 


-10t -18t 


17b 


7b 


b 
Fig. 1s—Corn-Sipr Voitacre Vectors CoMBINED IN THE ORDER 
SHOWN IN WINDING oF Fic. 1, Oricinat PAPER 


The vector diagrams for both windings coincide; thus all lines appear 
solid. 
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Lines Rerer to Cort-Sipes at Borrom or S.iots 


Cross-connections are often used between the equipotential 
points of a simplex lap winding. These points are under alter- 
nate poles as in the case of the duplex winding. But it is to be 
noted that in the winding proposed as typical, duplexing the 


winding has not increased the number of points having any 


given potential. There is only one point in each winding having 
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any given potential, and the cross-connections still unite only 
two points. 

Fig. 2, a and B, are corresponding diagrams for Case II of 
the original paper, showing that there are three commutator 
bars or rear noses having a given potential. The cross-connec- 
tions now tie three points together, as in simplex lap winding for 
six poles. Since there are only two windings, these three points 
must be in one winding, or two in one winding and one in the 
other. With single re-entrancy as in this case, the distinction 
between the two windings practically disappears, and since the 
equipotential points divide the winding into three equal parts, 
the symmetry appears to be complete. 

In the earlier treatises on armature windings, practically the 
only consideration imposed on multiplex windings, either lap or 
wave, seemed to be the selection of a proper number of commu- 
tator bars, armature coils or coil sides to permit re-entrancy. 
Later study brought out the importance of symmetry between 
cireuits, and in 1916 there was added to the usual winding for- 
mulas the condition that the ratio of poles to armature circuits 
must be integral’. 

This condition limits windings to the usual simplex lap and 
wave windings, the duplex wave winding in four-pole machines, 


Fig. 28s—Co1t-Sipr VoLTAGE VECTORS COMBINED IN THE ORDER 
SHOWN IN WINDING oF Fig. 2, ORIGINAL PaPER 


the triplex in six-pole machines, the duplex and quadruplex in 
eight-pole machines, the duplex, triplex and sextuplex in twelve- 
pole machines, and so on, always keeping to a degree of multi- 
plicity which is an exact factor of the number of bipolar elements 
of the machine. 

Multipolar machines may be regarded as an aggregation of 
bipolar elements. If each of these elements be regarded as a unit 
in arranging the series-parallel grouping, the numerical reason for 
the condition that the ratio of poles to armature circuits must be 
integral is apparent from Fig. 3, which shows the possible com- 
binations of different numbers of units up to 16 poles, except for 
14 poles, which has the same combinations as 10 poles. 

It is now suggested that some of these parallel combinations 
may be duplexed or even triplexed, thereby making the number 
of circuits greater than the number of poles. This, of course, 
violates the condition of an integral ratio of poles to paths. 
Such a procedure appears to give symmetrical windings that can 
be eross-connected conveniently, and records of satisfactory 
performance are cited. Evidently some modification of the con- 
dition just mentioned is indicated. . 


2. §.P. Smith, London Electrician. June, 1926. 
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Experience with four-circuit, six-pole windings has been such 
as to warrant staying pretty close to the rule that the ratio of 
poles to paths must be integral when the paths are fewer than the 
poles. But if more paths than poles are desired, the indications 
are that the ratio of paths to poles should be integral. 

C. C. Nelson: At the present time we are not in possession 
of any complete and conclusive evidence to show that multiplex 
windings will not work. The knowledge we have on such wind- 
ings is of a fragmentary nature and consists mostly of what we 
have gained from the observation of a few isolated cases. In 
regard to Mr. Burnham’s discussion, I grant that there may be a 
cyclical change in the number of conductors per path but there 
has not been any direct work done in connection with this to 
show that it isa vital objection. We do have the cross-connected 
duplex wave winding, however, which now operates well but 
which was not satisfactory before cross-connections were applied, 
indicating that the cross-connections have made it a useful type 
of winding, commercially, whereas formerly it was objectionable. 
As pointed out by Professor Dwight, this winding is as irregular 
as any of those described, and yet it has given a satisfactory 
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improvement in commutation when the eross-connections were 
suitably applied. 

To my knowledge, the duplex wave winding with cross-con- 
nections is the only multiplex winding which has gained a great 
deal of commercial importance before the introduction of the 
recent frog-leg winding. For this reason the other types de- 
scribed in the paper should be tried, with a view to possibly in- 
creasing the number of types of windings which are to be con- 
sidered useful. If designers are to be satisfied with only simple 
windings we cannot hope to progress very far in the armature- 
winding art. 

Professor Nims’ general method of pointing out the equipo- 
tential points may be preferable to one based upon a definite 
position of the armature. The conclusions reached by the two 
schemes are in agreement, indicating that the general method 
may be of some value. hs 

On the first doubly re-entrant wave windings used without 
cross-connections there was considerable unbalancing between 
the two parts of the winding and hence cross-connections joining 
the two parts of the winding were put on to equalize and balance 
the circuits. Before ecross-connections were used, the results 
secured with the singly re-entrant winding may have caused it to 
gain some favor due to the fact that the singly re-entrant winding 
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is continuous and not separated like the doubly re-entrant type 
and hence would probably not unbalance so much as the doubly 
re-entrant type. 

Professor Nims states that the number of equipotential 
points with the duplex lap winding is not greater than the num- 
ber of equipotential points secured with the simplex lap winding. 
This is true but the fact that unbalancing between the separate 
parts of a multiplex winding was experienced when these parts 
were not interconnected indicates that multiplex windings should 
be designed so that the crogs-connections join the separate parts 
and cause as good equilization between the circuits as possible. 
It is probable that a greater number of cross-connections would 
be necessary on multiplex windings than on simplex windings. 

Professor Nims further states that the ratio of poles to arma- 
ture circuits must be integral and cites the case of the four-cir- 
cuit, six-pole winding as being a violation of this rule. I infer 
from his statement that he believes experience has shown this 
to be an unfavorable type of winding. The four-circuit, six-pole 
winding of regular design cannot be cross-connected and hence 
there are no means whereby the circuits can be kept balanced. 
This is evident from the following explanation. 

To produce points of equipotential it is necessary for one 
conductor to occupy a position under one pole while another 
conductor occupies a similar position under another’ pole of 
similar polarity, assuming, of course, that the flux in the poles is 
equal and similarly distributed. As the conductors are in slots, 
it is necessary that the slots occupy similar positions. Ie Foe 
denotes the number of slots per x poles, where «x is necessarily 
an even number if similarly situated slots are to be obtained, 
then the total number of slots is given by 


N = We aes where p = the total number of poles. 
x 


In theabove, p/x must be a whole number so that the total num- 
ber of slots can be a whole number, remembering of course that 
nz must be a whole number. Also p/x must be greater than one 
if similarly situated slots are desired, or in other words z is not 
to be taken equal to or greater than the number of poles, p. 
Then for duplex wave windings the commutator pitch is given by 


Pp 
[Dis wee TES 2 
y= 7 2 5 - number of bars = 2 
Dp pairs of poles 
2 
22 Bs 


4 
= Tees th = ae where B, = the bars per slot, 
and because p = 2 P where P = the pairs of poles, the above 
equation becomes 


a oe 
2 P 


The commutator pitch, Y, must be a whole number. The 
product, nz Bs, must be a whole number because each individ- 
ually must be a whole number. Therefore Y can be only a 
whole number when x = P and as x must be even, P, the pairs of 
poles, must be even. Furthermore, the similarly situated slots 
are x poles apart and as x = P, where P = numerically half the 
number of poles, the similarly situated slots are necessarily 
diametrically opposite. The above explanation is general and 
holds for all duplex wave windings. 

If the nature of the four-circuit, six-pole winding was such 
that cross-connections could be conveniently applied so as to 
balance the circuits it then probably would be a favorable type 
of multiplex winding. 


The Mechanism of Breakdown of Dielectrics 
BY P. L. HOOVER: 


Associate, A. I. E. E. 


Synopsis.—In attempting to analyze various experimental 
data that have been obtained in researches on dielectric phenomena 
in high-voltage cable insulation and other dielectrics, the various 
existing theories of dielectric behavior have seemed inadequate. 
A critical study has therefore been made of these theories in an 
attempt to obtain a working hypothesis that more nearly meets the 
stringent requirements of experimental facts. 

The logarithmic formula is shown to give erroneous results if 
applied to high-voltage cables when they are operating under high 
stress. The gradient in a cable must be calculated from the volt- 
ampere characteristic of the dielectric when stresses above the elastic 
limit are used. For stresses below the elastic limit it makes no 
difference which method is used, but at high stresses an entirely 
different gradient distribution is obtained when calculated from the 
volt-ampere characteristic. 

Likewise, when an insulation is operated above the elastic limit 
the stress ceases to be a critical factor, but the strain is of utmost 
importance. In comparing cables that are operating under high 
voltages, therefore, the strain at the core should be considered rather 
than the stress at the core. Stress is given by the voltage gradient 
and strain by the polarization or the current density in the dielectric. 

Since there is always a conduction current flowing, there must 
be mobile or free ions present. It is assumed that these free ions or 
electrons come from the molecules of the dielectric and that the 
number that are present depends on a condition of equilibrium 
existing between the molecules and the free ions. There exists 
then a state of kinetic equilibrium between the molecules and the 


free or mobile ions. 


Any change in external or internal conditions 
will disturb the equilibrium and thus change the electrical behavior 
of the dielectric. Thermal effects and corona effects are accounted 
for on this basis. 

Breakdown occurs when the equilibrium conditions are so dis- 
turbed that the insulation as a whole becomes unstable, electrically. 
High stress or strain and high temperature affect the conditions 
of equilibrium decidedly. 

Corona in gases, oils, and solids consists of minute disruptive 
discharges that are initiated by rapid changes in equilibrium con- 
ditions when the dielectric is overstressed. In solids, however, 
where the ion mobility is very low and the ion friction high, 
there will not in general be a corona effect observed because there can 
be no rapid readjustment of equilibrium conditions. If the insula- 
tion is not homogeneous, or if it is composite, there will likely be 
internal discharges, a corona effect, when the weaker dielectric is 
overstressed. Moreover, since the molecules of a solid can not 
readjust themselves quickly to the new conditions of equilibrium 
imposed by a high voltage suddenly applied, there will be high local 
stresses and strains set up which may result in mechanical deterio- 
ration of the dielectric, that is, chipping or cracking of the dielectric. 

Breakdown, therefore, will take place when the insulation is 
rendered unstable by disturbing the equilibrium conditions, regardless 
of whether it is due to mechanical strains, electrical strains, or to 
thermal effects. The tri-fold nature of the phenomenon must be 
considered in the complete analysis of the problem. 


* * * * * 


INTRODUCTION 


HE mechanism of breakdown of dielectrics is of 

| Paes highest importance and yet at the present time 
it is very little understood. It is the purpose of 
this paper to discuss and to extend some of the theories 
of breakdown which have been presented heretofore. 
The mechanism of breakdown of single-conductor 
cables has a particular interest, since the geometry is 


comparatively simple and it is possible to overstress 


parts of the insulation without complete rupture taking 
place. That is, if the gradient is calculated by means 
of the well known logarithmic formula for a cable with a 
ratio of outer to inner radius greater than the Naperian 
base e and for a voltage near the breakdown value, it is 
found that the inner layers of insulation are operating 
at gradients considerably higher than any that the 
insulation would stand if it were made up in flat sheets. 
This same effect is brought about whenever a dielectric 
is in a non-uniform field, although in general it is not 
possible to derive a simple mathematical formula for 
the gradient distribution of a complex field. 

There is, however, considerable justification for 


skepticism regarding the possibility of overstressed 


insulation, that is, regarding the validity of the loga- 
rithmic formula when used for calculating gradients 
when the insulation is stressed beyond the elastic 


1. Research Fellow, The Harvard Engineering School. 
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limit. In using the logarithmic formula for calculating 
gradients it is tacitly assumed that the dielectric has 
the same electrical constants at and beyond breakdown 
that it has at low gradients. Reasoning by analogy 
from other physical phenomena, we would not expect 
this to be the case; in fact, we would expect new laws 
to enter as soon as the elastic limit of the material is 
exceeded. For example, Hooke’s law is used in 
determining the stress distribution in beams and 
supports of all kinds as long as the elastic limit is not 
exceeded but beyond the elastic limit Hooke’s law does 
not hold and cannot be used. 


HISTORICAL REVIEW 


To account for these phenomena of overstressed 
insulation, various theories have been proposed, such 
as the maximum stress theory, the average stress theory, 
Fernie’s? minimum stress theory, Russell’s? theory, 
and Osborne’s! theory. These theories, and in partic- 
ular the minimum stress theory, have been discussed 
at length by Simons® and will not be considered in 
detail in this paper. 

2. F. Fernie, Insulating Materials, Beama, 1920, p. 244. 

3. A. Russell, Dielectric Strength of Insulating Materials 
and the Gradient of Cables, Journau of A. J. E. E., Vol. 40, p. 6, 
tgs H. S. Osborne, Potential Stresses in Dielectrics, JOURNAL 


of the A. I. E. E., Vol. 29, p. 1553, 1910. 
5. D. M. Simons, On the Minimum Stress Theory of Cable 


Breakdowns, Journat of the A. I. E. E., Vol. 41, p. 557, 1922. 
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Differing substantially from these theories just 
mentioned is the pyroelectric or thermal theory of 
breakdown as developed by Wagner® and by Hayden 
and Steinmetz’. Quoting Wagner, 

“Tt is a well known fact that the resistance of the 
insulation decreases rapidly with increasing tempera- 
ture. The hot spots therefore take up a larger current 
than the adjoining cooler spots, which are subjected to 
the same tension. It is evident that the hot places 
receive more energy than the cooler ones, with the result 
that the temperature difference further increases. It 
is easy from this to picture that at a certain tension 
an unbalanced condition takes place, and the hottest 
spot finally burns.” 

Quoting Hayden and Steinmetz, 

“The mechanism of breakdown of solid insulation is 

essentially different from that of air. Solid insulators 
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resistivity and increase of temperature limit themselves 
and the conditions are stable.”’ 

The pyroelectric theory thus assumes that solid 
insulators have volt-ampere characteristics similar to 
those shown in Fig. 1, and that this type of character- 
istic is due solely to the high negative temperature 
coefficient of resistance of the material. With an in- 
sulating material of this kind operating at low-current 
densities there would be, on the basis of the pyroelectric 
theory, a certain increase in temperature, the increase 
of temperature being limited by the dissipation of heat 
into the surrounding medium. At higher current 
densities, however, there comes a point where the rate 
of generation of heat exceeds the rate at which heat is 
dissipated and the temperature increases indefinitely. 
At this point, dynamic rupture of the insulation takes 
place, for the current would increase indefinitely with 
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do not have a definite dielectric strength or breakdown 
gradient at which they change to conductors, as in the 
case of air. They are really high-resistance conductors 
with a very high negative temperature coefficient of 
resistance. One characteristic of a substance having 
a high negative temperature coefficient of resistance is 
its instability at constant potential above a certain 
critical voltage or voltage gradient. At and above this 
voltage the decrease of resistance by the increase of 
temperature increases the current density and thus 
the temperature indefinitely, thereby short-circuiting 
the constant potential supply and destroying the in- 
sulator. Below this critical voltage the decrease of 


6. K.W. Wagner, The Physical Nature of the Electrical Break- 
down of Solid Dielectrics, JourNAw of the A. I. HE. E., Vol. 41, 
p. 288, 1922. 

7. J.L. R. Hayden and C. P. Steinmetz, Insulation Failure— 
A Pyroelectric Effect, Electrical World, October 1922, p. 865. 
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no further increase of voltage. This point is given 
by the maximum of the volt-ampere characteristic, 
Fig. 1, and is determined mathematically by 
@H/dt = 0; 

The question arises, however, as to whether or not 
this type of volt-ampere characteristic is entirely the 
result of a high negative temperature. coefficient of 
resistance. Might it not be due, at least in part, to 
change in resistivity with current density due to some 
molecular phenomenon? In any case, breakdown will 
occur when dE/dI = O, for at this point the current 
will increase to the short-circuit value of the supply. — 

Gtnther-Schulze® has made a study of the phenomena 
of dielectric breakdown and states that different defi- 
nitions of dielectric strength may be given according 

8. A. Gunther-Schulze, The Dielectric Strength of Liquids 


and Solids, Jahrbuch der Radioaktivitit und Elektronik, 1922, 
Vol. 19, p. 92. 
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to the way in which the problem is approached. To 
quote from his paper: 

“Experience has taught us that perfectly non- 
conducting substances do not exist. Even at low 
voltages there is always a current flowing in the di- 
electric, be it ever so small. This proves that mobile 
charges, ions or electrons, are always present in the 
dielectrics. As long as the current is not capable of 
producing ions itself but has to depend on other sources, 
its strength is limited by the number of ions present 
in the dielectric. However, as soon as the voltage 
gradient is sufficiently high for the original ions to pro- 
duce new ions by collision with the molecule of the 
dielectric, the current begins to increase very rapidly 
and soon becomes excessive: the breakdown or flash- 
over is accomplished. 

“Accordingly, the dielectric strength is the lowest 
potential gradient at which the current through the 
dielectric is replaced by an independent discharge which 
is self-increasing (a spark). (Translated) This 
gives what Gunther-Schulze calls the dielectric impact 
strength (Stossfestigkeit). 

As a second point of view he gives the following: 
“Tt should be immediately obvious that the dielectric 
displacement, 7. e. the displacement relative to each 
other of the charges in a molecule or an atom cannot 
be driven beyond a certain limit; on the other hand, 
there must be, for each kind of molecule and for each 
state of aggregation of the same molecule, a certain 
characteristic field at which the molecule or the atom 
is torn to pieces so that oppositely charged ions are 
formed. 

“This critical field strength is a material constant 
just as important as the specific inductive capacity 
and like this gives information on the fields inside the 
atoms. 

“These considerations result in the following defini- 
tion of the dielectric strength: the dielectric strength 
of a dielectric is the lowest potential gradient at which 
the bonds between the charges in a dielectric are severed 
so that a discharge passes through the dielectric.” 
(Translated) This he calls the dielectric tensile strength 
(Reissfestigkeit). 

Gtinther-Schulze then considers various data and 
concludes or assumes that breakdown in liquids is 
really a gas discharge in disguise. “He states: 

“Some further reflections will show that this assump- 
tion is decidedly logical. It is just as impossible to 
make liquid dielectrics entirely free from ions as gases. 
Buttheions in liquids are not capable of producing new 
ions through collision, because the mean free path is 
not sufficient. 

“Thus, if an increasing field is applied to the liquid 
dielectric, the velocity of the ions in the field will in- 
But this again means an increased ion friction 
- and an increased heating of those parts of the dielectric 
‘that surround the path of the ion. If the increasing 
field is continued, the heating finally becomes so great 
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that the ions leave an extremely minute, sub-micro- 
scopic vapor track in the dielectric. If an ion comes 
into this vapor track, it is capable of producing new 
ions through collision, thus initiating the spark dis- 
charge, provided the potential drop along the path 
of the ion is sufficiently high.”’ (Translated) 

For solid dielectrics he states that the phenomena are 
somewhat similar. The extremely high ionic friction 
causes heating effects that result eventually in break- 
down. It is, then, the dielectric impact strength 
that determines the stability of the insulation, the 
dielectric tensile strength playing a relatively insig- 
nificant part in breakdown phenomena. 

Thus, dielectric breakdown, according to Gunther- 
Schulze, is a pyroelectric effect. The concept of 
dielectric impact strength, as he describes it, is only a 
physical picture, in terms of ions and atoms, of the 
pyroelectric theory of breakdown. 

The concept of dielectric tensile strength, however, 
should not be thrown aside so hastily. A further 
consideration of essentially this same idea, but modified 
considerably and from a different point of view, leads 
to some very interesting conclusions and results. 


THEORETICAL CONSIDERATIONS 


As was first pointed out by Maxwell, the total current 
in a dielectric consists of the polarization current 
and the conduction current, the two currents being 
super-imposed. Is it not possible that there is some 
relation between them since they are contemporaneous 
phenomena? 


At low gradients there is always a current flowing 
and this current is due to moving ions or electrons. 
There is also a certain polarization of the dielectric. 
At higher gradients the polarization increases and so 
does the conduction current. That is, the number of 
mobile charges increases with the degree of polarization 
of the dielectric. This suggests that the mobile ions 
must come from the molecules of the dielectric. If 
this is the case, there must exist a state of equilibrium, 
a kinetic equilibrium, between the mobile or free ions 
and the molecules of the dielectric. Increasing voltage 
gradient would increase the polarization and establish 
new conditions of equilibrium, the tendency being to 
increase the number of free ions and thus increase the 
conductivity of the dielectric. Ultimately a gradient 
will be reached where the number of ions required to 
establish the equilibrium will be so great that the 
molecular bonds will be destroyed and dynamic rupture 
of the insulation will take place. 


This concept of dielectric behavior may be regarded 


as a dissociation theory of conduction and breakdown 


because of its similarity to the ideas of dissociation of 
poly-atomic gases with temperature. The dissociation 
of molecules and atoms in electrolytes also presents a 
somewhat analogous case. 

The idea of assuming molecular dissociation at 
comparatively low-voltage gradients may seem rather 
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bold at first sight, but a little thought will show that it 
does not demand any radical departure from the 
already well established theories of molecular behavior. 
In the first place, with liquids, and especially with 
solids, the inter-molecular fields are quite as important 
as the intra-molecular fields. The great tensile strength 
of solids can only be explained on the basis of strong 
inter-molecular fields. Any change in the molecular 
structure of a solid produces corresponding changes in 
all of its physical properties due to the changes in the 
inter-molecular fields. Consequently, it must be as- 
sumed that, in solids at least, the electrons in the 
atom are influenced not only by their own nuclei but 
also by the fields of the neighboring atoms or molecules. 
Under such conditions it is probable that the atoms can 
be ionized; that is, an electron can be removed with 
much weaker external fields than would be necessary if 
the atom were isolated in space. 


Furthermore, molecular theory demands that the 
molecules be in motion except at the absolute zero, 
so any theory dealing with molecular behavior must 
necessarily be a kinetic theory. With these ideas in 
mind it is easy to picture an electron in a dielectric 
moving about with its nucleus, but also under the in- 
fluence of the strong inter-molecular fields. 


The effect of a superimposed external field is now 
obvious. The molecular fields will be changed and 
there will be a force on the electrons tending to move 
them in the direction of the external field. Some of 
the electrons will drift from molecule to molecule and 
thus a conduction current will flow. The electrons 
that do not drift along will be acted on by the same 
forces, however, so the atoms or molecules will be 
distorted; that is, the dielectric will be polarized. The 
external field thus merely changes the equilibrium 
conditions and causes a general drift of electrons. 

For low gradients the number of ions drifting, that 
is, the magnitude of the conduction current, will be 
proportional to the gradient. At higher gradients, as 
the polarization of the molecules increases, the molec- 
ular bonds will become weaker and weaker and the 


number of electrons which are drifting will increase 


more rapidly than the gradient increases, and there will 
be an increase in the conductivity of the dielectric. 
At.some critical gradient the molecular bonds will be 
entirely broken and dynamic rupture will take place. 
The phenomenon throughout is essentially that of a 
kinetic equilibrium between the free or drifting 
electrons and ions and the polarized molecules of the 
dielectric. 


On the basis of these ideas, the volt-ampere charac- 


teristic would have the form of the curves of Fig. 1.- 


Curve A is from some experimental data of Wagner® on 
oiled paper, while Curve B is an empirical curve made 
to fit Curve A as nearly as possible in order that some 
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numerical computations could be made. The equation 
of Curve B is 


175 i 
Comer int One m) 


where ¢ is kv. per cm. 
and 7 is milliamperes per sq. cm. 

Referring to Curve B of Fig. 1, it is seen that at low- 
current densities, 7.¢., when 0.17? is negligible in 
comparison to unity, the current is proportional to the 
voltage. At higher current densities the current in- 
creases faster than the voltage and the curve takes the 
form shown. The equilibrium conditions are per- 
fectly stable up to the maximum point of the charac- 
teristic, at which point rupture occurs. If some means 
be taken to prevent an excessive current, however, it is 
possible to maintain stable equilibrium in the dielectric 
even though it be operated beyond the maximum point 
of the volt-ampere characteristic. By using a high- 
resistance, mosaic electrode, Wagner was able to 
determine experimentally the Curve A of Fig. 1. 

The concept of overstressed insulation follows as a 
simple extension of this idea of equilibrium between the 
ions and the molecules. For if a dielectric is in a 
non-uniform field, the gradient or current density at any 
point will determine the equilibrium conditions for that 
point. It might well be that a part of the insulation is 
operating beyond the breakdown conditions, but if the 
remaining dielectric prevents a large flow or drift of ions 
the insulation as a whole will be stable. Upon de- 
creasing the voltage, the dielectric will revert to its 
initial state of equilibrium unless some change in 
chemical constitution has taken place due to the 
extreme polarization. In this case we would have the 
phenomenon of deterioration due to high stress which 
is observed repeatedly in certain types of insulation. 
This form of deterioration would be expected in those 
materials that are more or less unstable chemically. 


CABLE BREAKDOWN 


If a. cable is constructed of an insulating material 
having a volt-ampere characteristic similar to those of 
Fig. 1, it follows that at low current densities the current 
will be proportional to the voltage. At higher current 
densities and voltages, when the inner layers begin to 
be overstressed, the current through these layers will 
begin to increase more rapidly than the voltage across 
these layers. Ultimately, the inner layers will be 
operating at a point beyond the maximum of the volt- 
ampere characteristic, but the outer layers, not being 
overstressed, will prevent complete rupture of the cable. 
Nevertheless, when the rate of increase of voltage with 
current for the cable as a whole becomes zero, the in- 
sulation will be unstable and the cable will puncture. | 


The possibility of such an analysis by means of 
the volt-ampere characteristic was recognized and sug- 
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gested by Peaslee.° It is the purpose of the remainder 
of this paper to carry the analysis still further and to 
compare the results with certain experimental data. 

In the appendix it is shown that the voltage across 
a cable made from a material with a volt-ampere 


characteristic given by equation (1), Curve B of Fig. 1, 
will be 
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From equation (2), the volt-ampere characteristics 
of cables of this material can be plotted. Fig. 2 gives 
the volt-ampere characteristics for cables of inner 
radius of one cm. and with various outer radii. These 
characteristics have the same general shape as those of 
Fig. 1. This, of course, is to be expected, and it is seen 
that the cable insulation as a whole increases in con- 


E = Total voltage in kv. 

I = Milliamperes per cm. length of cable 
Outer or sheath radius (cm.) 

r = Inner or conductor radius (cm.) 


10. W.D. A. Peaslee, Discussion, Journat of the A.1.E.E., 
Vol. 41, p. 620, 1922. . ; 
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point can be found by setting the derivative of equa- 
tion (2) equal to zero, or, 
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From equations (2) and (3), the puncture voltage 
of the various cables can be calculated. Fig. 3 shows 
curves of puncture voltage, plotted as a function of the 
ratio r/R and obtained in this way. Curve A is for 
cables with a constant-conductor radius of 0.158 cm.; 
Curve B is for cables with a constant sheath radius of 
5.03 em.: and Curve C is for cables with a constant 
insulation thickness of one cm. ; 

An examination of Curve A shows that, under those 
conditions, the puncture voltage increases rapidly 
as the ratio of r to R is decreased. From Curve B it is 
seen that for any given sheath radius, little is gained 
in puncture voltage by decreasing the conductor radius 
beyond a certain value. This is exactly what would be 
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They indicate, however, a rough agreement with 
Curve C of Fig. 3. 

These experimental checks are hardly sufficient to 
establish positively the theory as developed, but the 
agreement is certainly sufficiently good to warrant 
further study. 

It is of interest to investigate the question of voltage 
eradient in various parts of the cable insulation on the 
basis of this theory. The gradient is given by 


2 wel iow 
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c= (4) 
(See Appendix.) 
Fig. 5 gives the gradients in kv. per cm. at various 
distances from the axis for two cables, when the im- 
pressed voltage is equal to the breakdown voltage. 
It is seen that the maximum gradient is at some point 
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expected physically, since the insulation that is added 
by this procedure is added to the regionsof highest stress 
and will be strained beyond the elastic limit so that it 
cannot possibly add much to the total strength of the 
cable. Curve C shows that for a constant thickness 
of insulation, the breakdown voltage decreases as the 
core becomes smaller and smaller in radius. ‘This 
again is precisely what we know to be a fact, physically. 

In Fig. 4 are curves plotted from data obtained 
experimentally by various observers. Curves A and B 
resemble the A and B curves of Fig. 3. Curves B’ 
and B” resemble B of Fig. 3, except for the tendency 
to droop at small values of r/R. The five points in the 
center of the plot and numbered 1, 2, 3, 4, and 5 are 
from data by Fernie and correspond to a constant 
insulation thickness. The points are so erratic in their 
positions that no representative curve can be drawn. 


(Multiply ordinates by 10 for Fernie’s 


near the center of the wall of insulation and is not at the _ 
surface of the conductor, as is ordinarily assumed. In 
fact, the gradient at the conductor is less than that at 
any other point in the insulation. 

To emphasize this point and to show the change in 
gradient distribution with increasing voltage, the curves 
of Fig. 6 are given. It is seen that for low voltages the 
maximum gradient is located at the core and that the 
gradient follows practically the logarithmic law. At 
higher voltages, and hence higher current densities, the 
gradient departs from the logarithmic law and has the 
form shown by the curves. It is seen that the gradient 
never exceeds a-certain definite maximum. This 
maximum value is determined by the volt-ampere 
characteristic, Fig. 1, and for the case illustrated is 
178 kv. perecm. The position of this point of maximum 
gradient moves gradually from the surface of the con- 
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ductor towards the sheath, but puncture occurs before 
the sheath is reached. 

It is important at this time to investigate the stress- 
strain relations in the dielectric. It seems evident 
that stress is given by the voltage gradient and strain 
by the polarization or probably by the current density. 
We have then the stress proportional to the strain for 
low stresses, but for higher stresses the strain increases 
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faster than the stress. Finally the ultimate strength is 
exceeded and the strain increases indefinitely even with 
a decrease in stress. The analogy with the stress-strain 
relations of mechanics is obvious, the only difference 
being that the elastic limit and the ultimate strength in 
dielectrics are probably not as definite as they are in 
mechanics. 

The elastic limit may therefore be defined, as in 
mechanics, as that stress at which the stress-strain 
diagram begins to deviate from a straight line. ‘The 
ultimate strength likewise being defined as the stress 
at the maximum ‘point of the stress-strain diagram. 
The stress-strain diagram of a dielectric is its volt- 
ampere characteristic. 

From the foregoing it appears that in cables operating 
at high stresses, the logarithmic formula fails com- 
pletely to give the correct gradient.distribution. Fur- 
thermore, it seems that stress or voltage gradient is not 
the best criterion to use in judging the quality of various 
insulations when they are operating beyond the elastic 
limit. Strain is obviously the factor that is of utmost 
importance when once the elastic limit is passed. Con- 
sequently, in comparing various cable insulations, the 
strain at the core should, be used rather than the stress 
at the core, the strain being given by the current 
density. This concept is thought to be very important. 

‘There is, however, some question, when alternating 

currents are used, as to whether the total current or 
simply the in-phase current should be used to deter- 


mine the strain. The polarization of the dielectric 
determines the quadrature current and the conductivity 
and energy loss determine the in-phase current. As 
long as both of these two components increase uni- 
formly with the stress, the total current will increase 
uniformly with stress. However as soon as one of the 
components begins to deviate from a linear relation, 
the total current will correspondingly deviate from a 
linear relation with stress. Furthermore, if a stress is 
reached where either component of the current increases 
indefinitely with no further increase of stress, then the 
total current must likewise increase indefinitely. 
Consequently it seems that it is immaterial whether the 
total current or simply the in-phase current is used in 
determining the strain in the dielectric and it is not 
evident at this time which of the two will give the best 
indication of the true strain in the dielectric. 

The one outstanding effect that has not been ex- 
plained is the drooping of the curves B’ and B” in Fig. 4. 
In these two cases the sheath radius was kept con- 
stant and the conductor was made of smaller and 
smaller radius. There seems to be a point where further 
decrease of conductor radius not only fails to increase 
the puncture voltage but actually diminishes it. 
It hardly seems possible that an increase in insulation 
thickness should decrease the breakdown voltage, but 
such seems to be the case so far as these particular data 
are concerned. 

Osborne’s! theory explains this effect by assuming 
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“. that a solid dielectric, when overstressed, is 
not disrupted uniformly, but that the material is 
affected as though it had been pricked by a number of 
needlepoints.”’ 

The ends of these needlepoint ruptures then become 
points of very high stress and therefore cause rupture 
of the entire dielectric. Considerable evidence exists 
supporting the needlepoint theory but little is known as 


11. H.S. Osborne, Loe. Cit., p. 1577. 
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to the origin, nature, and effects of these needlepoint 
ruptures. Their general character would suggest 
a high frequency discharge and this suggestion seems 
to be borne out by further analysis. 

Corona, in fact, is a high-frequency phenomenon. 
If a thick-walled glass tube is filled with mercury and 
connected to a high voltage source, there will be a 
corona discharge between the glass tube and any 
grounded objects near the tube. If the hand is brought 


Bl 
| 


y 


A 

N, 

| 

7—A, Guass Tuss; B, Brass Rop; O, TRANSFORMER 
O1t; W, Water Execrrope; O, Guass TUBE 


TILLLTLLTLLLLLL 


LITLL 


Fic. 


near the tube, a strong corona discharge will take place 
between the hand and the glass tube, but no sensation 
of shock will be experienced. This shows that the 
corona current in this case consists of a great number of 
minute, high-frequency. discharges. In making this 
statement, high-frequency does not necessarily mean 
oscillatory. In fact, it would be expected that the 
pulses are highly damped. To quote Steinmetz” on 
this point: 

“The corona, my experience led me to believe, also 
is a disruptive effect and consists of innumerable 
minute streamers, the same as the pin points which 
perforate the solid dielectrics, the difference being 
merely that with the air those pin holes heal again, 
but they do not heal in the solid dielectric.” 

Much has been written on corona in oils and in 
solids, but there is still cause for considerable specula- 
tion as to the fundamental nature of the phenomenon. 
It probably is a high-frequency rupture also. An 
experimental arrangement designed to show the nature 
and effects of corona in oils is illustrated in Fig. 7. 
Voltage was applied between the brass rod and the 
water sheath. At about 20 kv., numerous discharges 
took place between the brass rod and the inside of the 
glass tube A. The apparatus, being transparent, 
afforded opportunity for visual observations. It was 
noticed that the discharges resembled ordinary spark 


12. OC. P. Steinmetz, Discussion, Journat of the A. I. E. E., 
Vol. 29, p. 1606, 1910. 
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discharges, except that near the interface between the 
oil and the glass the spark discharge, or corona, spread 
out over considerable area. That is, the spark is not 
strictly radial but seems to consist of streamers that 
spread throughout an appreciable volume of the oil. 
Although corona in oil thus consists of disruptive dis- 
charges, there is some question as to their needle-like 
character. In fact, it seems as if these discharges 
are propagated outward and get thinner and thinner as 
they go. A somewhat analogous case would be a 
lightning bolt discharging a cloud by numerous stream- 
ers extending throughout the volume of the cloud but 
uniting to form a single bolt to earth. 

The mechanism of these corona discharges in oil is 
readily understood when we recall the physical picture 
of a kinetic equilibrium between the mobile ions and the 
molecules when the oil is under electric stress. If the 
oil is under high stress, near or beyond the breakdown 
point, there will bea comparatively great number of ions 
free to move, for the molecular bonds will be practically 
broken. Ions of one polarity will tend to move toward 
the outer electrode and those of the opposite polarity 
will move toward the inner electrode. The glass tube 
prevents any concentration of the ions that are moving 
toward the outer electrode but from the inner electrode 
sparks or corona discharges will radiate outward 
and discharge a finite volume of the ionized dielectric. 
Heterogeneity of the oil accounts for the concentration 
of the ion flow and the resulting spark discharge, rather 
than a more uniform corona glow. 

Nevertheless, regardless of the nature of these dis- 
charges in the oil, considerable damage is done to the 
dielectrics. The oil is decomposed, gases being evolved 
quite rapidly, and the inner surface of the glass tube is 
badly cracked and chipped. Fig. 8 is an enlarged 
photograph of a glass tube after a few minutes’ ap- 
plication of voltage. The various markings are chips 


and cracks along the surface of the inner bore of the 
tube. This tube did not puncture, although some of 
the cracks extend fully halfway through the wall of the 
tube. 

This chipping and cracking of the glass tube may 
be due to a rather high temperature locally, or it may be 
due to the high-frequency character of the discharges. 
Peaslee* has obtained. somewhat similar effects in 
porcelain. He, however, superimposed high-frequency 
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pulses on the 60-cycle voltage and therefore knew 
definitely the cause of the phenomena which he 
observed. 

Another very interesting set of experiments on 
cracking of dielectrics due to electric polarization has 
been performed by Schumacher.“ In these experi- 
ments use was made of the ordinary two-electrode 
vacuum tube. In case a crack developed in the glass, 
the change of pressure inside the tube caused a great 
change in the ionization current through the tube. 
This gives an extremely sensitive method of deter- 
mining when a crack develops. The lead-in wires to 
the filament and the plate were sealed in the base as 
nearly as possible one-eighth in. apart. A potential 
of 400 volts was impressed between the filament and 
plate leads and the polarity reversed every 15 seconds. 
The number of reversals that could be made before a 
crack developed was recorded for various kinds of glass. 

Even with these low gradients, 3200 volts per in., 
cracks developed after a sufficient number of reversals 
of the voltage and Schumacher correlates the suscep- 
tibility to crack with the chemical composition of the 
glass. To quote hissummary: 

““A study has been made of the susceptibility to crack 
development shown by five different kinds of glass 
when these were subjected to the action of an electric 
current. The results indicate that the tendency to 
crack increases with increasing alkali content of the 
glass and with increasing electrical conductivity. These 
conclusions are shown to be in accord with previous 
observations made on the conductivity of glass.” 

This effect must be due entirely to the mechanical 
stresses and strains set up in the glass due to the revers- 
ing of the polarization of the dielectric. The currents 
through the glass at these low gradients are extremely 
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small and the heating effects are certainly negligible. 
These experiments also indicate that in solid dielectrics 


' the mobility of the molecules is very low and so we 


would not expect to find the phenomenon of corona. 


In order to check up on the corona effect in solids, 


glass thermometer tubes were used. Mercury formed 
the inner electrode, which was, 0.2 mm. in diameter, 


13. W. D. A. Peaslee, Insulation Failures Under Transient 
Voltages, JournaL of the A. I. E. E., Vol. 35, p. 1187, 1916. 

14. KE. E. Schumacher, Crack Development in Glass Under 
Electrical Stress, Journal of the American Chemical Society, 
Vol. 46, No. 8, 1924. iz 
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and water was used for the outer electrode. The ratio 
of R/r was 38. This tube was known to puncture 
between 35 and 40 kv., so 34 kv. was applied and held 
for half an hour. During this interval nothing hap- 
pened. There were no visual signs of stress or other 
effects to indicate that the tube was operating near 
the breakdown voltage. Due to the large ratio of R 
to r the inner layers must have been strained far beyond 
their breakdown point. 

Upon increasing the voltage gradually during 30 
seconds to: 37 kv., the tube punctured. Examination 
showed that there were three distinct places where the 


tube punctured. Furthermore, throughout the length 
of the tube the inner wall was chipped and cracked. 
Figs. 9 and 10 are magnified photographs of parts 
of the tube. Fig. 9 shows two of the three breakdown 
points, one at division 26 and one at division 32. The 
third was at division 50. In Fig. 10 is shown a portion 
of the tube that was not punctured, but the chips and 
cracks along the inner bore of the tube are plainly 
seen. This effect is undoubtedly a high-frequency 
phenomenon. There is some question, however, as to 
whether the high-frequency surges are a consequence 
of breakdown or are the actual cause of breakdown. 


The high-frequency character of the phenomenon is 
suggested by the fact that several distinct ruptures 
were observed and also by the numerous chips and 
cracks along the inner bore of the tube. It is difficult 
to conceive of this chipping and cracking being due 
to a simple release of the stress but, on the other hand, 
a rapid alternation of stress would very likely result in 
cracking due to mechanical strains set up as a result of 
the rapid change in the polarization of the dielectric. 

These experiments indicate that corona does not 
occur in solid dielectrics even when they are operated 
beyond the elastic limit. Thus the low mobility of the 
molecules and ions in the solid dielectric tends to pre- 
vent the formation of corona and likewise increases 
the stability of the insulation even when it is operated 
beyond the elastic limit. This extreme stability prob- 
ably will not be found, even in solids, if there is any 
appreciable nonhomogeneity of the dielectric. For 
this reason, composite or laminated insulations are 
particularly subject to corona phenomena, i. e., internal 
discharges, when the weaker dielectric is over-strained. 
The complexities introduced by composite insulation 
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are so numerous that they will not be discussed at 
this time. 

The drooping of the Curves B’ and B”’ in Fig. 4 
is explained, therefore, by assuming that the inner 
layer of insulation could not have been homogeneous. 
In both of these cases very small conductors were used, 
less than one mm. in diameter. With these very 
small conductors, it was, no doubt, impossible to get 
uniform vulcanization of the rubber insulation or 
uniform solidification of any insulating material. The 
resulting heterogeneity of the dielectric would cause 
internal discharge within the inner layers and thus 
the stability of the dielectric as a whole would be de- 
creased; that is, the puncture voltage would be lower 
than would be the case if there were no internal 
discharges. 

In this connection, however, it is well to mention some 
work by Kennelly and Wiseman” where they found 
that for varnished cambric there was a diminution of 
14.8 per cent in puncture voltage when an 18.1- 
sq. em. electrode was used in place of a 1.13-sq. 
em. electrode. However, if sixteen of the smaller 
electrodes were connected together so as to have the 
same total area as the larger electrode and if some 
resistance was inserted between the different small 
electrodes, the puncture voltage for the combination 
was the same as for a single small electrode. On the 
other hand, if the small electrodes were connected by 
a low resistance as by fastening them into a brass plate, 
the puncture voltage was practically the same as with 
a single large electrode. It was suggested at the time 
that this effect might be due to high-frequency surges, 
the resistance serving to damp them out and thus give 
a higher puncture voltage. It would seem that in 
this case the high-frequency surges took place just 
before breakdown and were the cause of breakdown 
taking place at a lower voltage than otherwise would 
be the case. 

CONCLUSIONS 


The mechanism of breakdown is not a simple 
phenomenon. The one fundamental concept is that in 
the dielectric there is a kinetic equilibrium between the 
mobile charges and the molecules. However, if there is 
any appreciable heating effect due to the conduction 
current or to dielectric losses, the equilibrium condi- 
tions will be changed. Therefore, in the complete 
analysis of the phenomena, the thermal effect must be 
considered. Then again, if the field is not uniform or if 
the dielectric is composite or heterogeneous, there is the 
possibility that part of the insulation will be over- 
strained and internal discharges are then likely to 
initiate high-frequency effects that disturb the stability 
of the dielectric as a whole. All of these three effects 
are undoubtedly present in every breakdown, but in 
many cases one or even two of them may be negligible. 

15. A. E. Kennelly and R. J. Wiseman, The Apparent 


Dielectric Strength of Varnished Cambric, Electrical World, 
Vol. 70, p. 1138, 1917. 
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Experiments can be designed to show any one effect by 
reducing to a minimum the effects of the other two. 
It seems that in the past this tri-fold nature of the 
phenomenon has not been fully appreciated and has 
been the cause of much confusion. The term tri-fold 
may be misleading, for they are not three separate 
effects, but three manifestations of essentially the one 
phenomenon of kinetic equilibrium between the ions 
and the molecules of the dielectric. 

The author is indebted to the members of the 
Electrical Engineering staff of the Harvard Engineering 
School, and especially to Professors H. E. Clifford and 
A. E. Kennelly for suggestions in the preparation of 
this paper. The work has been done at the Harvard 
Engineering School under the auspices of the Cable 
Research Committee, which is a sub-committee of the 
appropriate committees of the National Electric Light 
Association, the American Institute of Electrical 
Engineers, and the Association of Edison Illuminating 
Companies. 


Appendix 


In order to obtain the total voltage on a cable 
it is necessary to integrate the voltages across the 
successive layers of insulation. That is, the total 
voltage is the integral of the gradient, or 
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where 
E = total voltage on the cable 
e = voltage gradient 
r = distance from the center of the cable 


By hypothesis, Curve B of Fig. 1 is taken as the 
volt-ampere characteristic of the insulation. That Is; 
the gradient is given by 


e Wit 
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where 7 is the current density. 
The total voltage on the cable is, therefore, 
R 
1757 
E -J eer 
Butt = er 
where J is the current per unit length of cable. 
Therefore: 
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Equation (2) thus gives the voltage across the cable 


_Hoover’s results. 
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in terms of the current per unit length of cable and 
the inner and outer radii of the wall of insulation. 
Now, breakdown occurs when dE/dI = O, and 
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Or for breakdown: 
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The gradient in the insulation is given by equation 
(1); in terms of J, the current per unit length of cable, 
this becomes 
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The above equations therefore characterize the 
cable completely and enable us to calculate voltages, 
gradients, and current densities in any part of the 
insulation. 


Discussion 


W. A. Del Mar: Mr. Hoover’s main thesis is based on Ger- 
tain experimental curves obtained by K. W. Wagner, show- 
ing the relation between volts and amperes in various dielectries. 
In a discussion of another paper which took place the same year, 
Mr. Peaslee! indicated that these curves could be interpreted 
in terms of volts and current density. Mr. Hoover makes a 
third step; namely, that these same curves may be interpreted 
in terms of potential gradient and current density, and he pro- 
ceeds to build on that. It is disturbing to me that it took three 
men to take those three steps. I cannot help wondering how 
many other things we almost know, yet do not quite know, that 
will require two or three men to elucidate. 

There are, however, two points about this conversion of the 
Wagner volt-ampere curve into the stress-strain curve which 
require further study. Wagner found in his experiments that 
the breakdown voltage is proportional to the thickness of insula- 
tion, and this either consciously or unconsciously has been 
assumed by Mr. Hoover when he converted voltage into voltage 
gradients. On the other hand, a good many experimenters have 
found that that relation, instead of being always linear, is gener- 
ally a curve with a tendency to flatten toward the axis of thick- 
ness. Hence, there must be some limitation to the extent to 
which we can convert these volt-ampere characteristics into 
stress-strain characteristics. 

A similar argument applies to the area. As Mr. Hoover points 
out, some experiments by Kennelly and Wiseman indicate that 
unless certain precautions are taken, the breakdown voltage per 
unit thickness is not the same for insulation of different areas. 


Yet in converting Wagner’s amperes to amperes per square 


centimeter, it has necessarily been assumed that changing the 
square centimeters does not affect the stress or the breakdown 
voltage. That is another point that has been jumped over. 
I do not wish to intimate that these things invalidate Mr. 
I think, on the contrary, that it simply means 
that something has been rather jumped over in his presentation. 
1. Trans. A. I.E. E., 1922, p.620. 
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As Mr. Hoover said, a great many inventions are shown up by 
this presentation. The various types of graded cables which 
depend on the old logarithmic formula are all left “up in the 
air,’ so to speak. Those of us who have tried to make cables of 
these various types know that they do not show the increase in 
dielectric strength that is expected by their inventors. In fact, 
in my experience neither the inter-sheath type of eable nor the 
type that is graded with three or four different dielectrics shows 
any of the expected increase in dielectric strength but in the 
past we never quite understood the reason. Mr. Hoover has 
furnished the answer. 

There is a weak point that Mr. Hoover has skipped over and 
that is that all of the experiments by Middleton, Dawes and 
Davis were made with alternating currents, whereas his own 
theory is worked out for direct currents, as the Wagner volt- 
ampere characteristics were obtained by experiments with direct 
voltages. That simply shows there is a gap which remains to be 
filled. It may indicate that the characteristic a-c. and d-e. 
curves are identical. Probably that is the explanation, but it 
is a point that needs to be bridged properly and not jumped over. 

The question of high frequencies being the ultimate cause of 
failures under many conditions, is one which has been in the 
mind of a great many people for years, and Mr. Hoover cites 
the very interesting and seemingly conclusive experiments by 
Kennelly and Wiseman which favor this theory. Some experi- 
ments by Gewecke and Krukowski? have, however, thrown a 
little doubt on these conclusions and the situation needs further 
elucidation. 

There is an interesting statement made by Steinmetz’ that 
I think is of some interest in connection with Osborne’s theory 
of needle points, and that may bear on Mr. Hoover’s experi- 
ments with glass. He said, ‘“‘A particle of higher specific capacity 
than the surrounding material will concentrate the line of electrie 
force toward itself, creating points or edges of excessive flux 
density at the poles of the particle. The insulation would char 
at these points or edges and the shape of the product of chemical 
decomposi ion would tend toward the form of a conducting 
needle with excessive voltage gradients at its ends, gradually 
piercing the dielectric until final puncture occurs between the 
terminals. Thus, in laminated insulation consisting of very 
many layers, a foreign particle in one of the layers, though 
originally forming only an insignificant part of the total thickness 
of the dielectric, may gradually but cumulatively in course of 
time, pierce and destroy the insulation by its electrostatie 
cutting edges, the average voltage gradients within the dielectrie 
being still very low compared with the testing dielectric strength 
of the material.” 

W. F. Davidson: Therelation of the several factors determin- 
ing the voltage distribution or stress within complex insulation 
is a point which we have neglected in many of our studies on in- 
sulation. The present paper indicates a method for determining 
the stress-strain distribution in a eable on the basis of information 
called to our attention by K. W. Wagner. 

As Mr. Del Mar has brought out, the normal distributions are 
based on the assumption of continuous potentials, while we are 
faced in many of our problems with alternating potentials. 
In the case of alternating potentials, we have, in addition to the 
cases mentioned by Mr. Hoover, the influence of electrostatic 
capacity which is of predominant influence in many cases. 


I wish that Dr. Whitehead would tell of some of the work that 
he has been doing at Johns Hopkins University in connection 
with the same general research activities that Mr. Hoover has 
been following. However, it may be worth while to indicate 
some of the results. Working with small cables made under 
carefully controlled laboratory conditions, he has been investigat- 
ing specifically the relation between voltage and the power — 
factor of the charging current in samples which have been 


2. Archiv. Elektrotechnik 1914, Vol. 3. p. 63. 
3. Trans. A.J. E. E., Vol. 42, p. 1035. 
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impregnated with different quantities of air and more recently 
with quantities of moisture left in the paper. The results are 
still qualitative but seem to indicate that the way in which the 
air is distributed through the dielectric has a great influence on 
the power factor. If the air is in layers, then the power factor 
increases rapidly after the voltage reaches a certain critical 
value; if the air is diffused through the entire body, the influence 
is small. Moisture seems to have an effect something like that 
of air in layers, but to date he has been unable to isolate the two 
effects. 

Because of such influencing factors, I feel that we can do little 
more with any theory in connection with cable and similar 
types of complex insulation than take it as a general guide. 

Another point of special interest is the development of the 
importance of the inter-molecular in closely compacted materials. 
It has seemed to me that we might go a considerable way toward 
verifying or disproving the assumption if we take some material 
which could be studied in several different states. Possible 
carbon dioxide, which is easily obtained as gas, liquid, or solid, 
or sulphur, which might be obtained in several crystal forms as 
well as a liquid, might afford a suitable material for investigation. 

R. J. Wiseman: Some think dielectric breakdown is dis- 
tinetly a heat phenomenon resulting from the energy consumed 
in the dielectric. I have never had that feeling. I have always 
felt that the heating is an after effect and not a cause. I think 
Mr. Hoover is also beginning to bring that idea out. 

If we assume, as Mr. Hoover has done, that a dielectric has a 
volt-ampere characteristic as shown in Fig. 1, we are taking a 
possible shape of volt-ampere curve and may be justified in doing 
it. That, however, is not a general curve and I believe applies 
only to the material with which Wagner has experimented. 
Each insulating material or dielectric will have its own kind 
of curve. This volt-ampere curve will differ for each dielectric 
as well as for every possible combination of insulating materials 
such as occur in rubber compounds and various combinations of 
oil and paper. 

Mr. Hoover’s Figs. 2, 3 and 4 are very interesting and afford 
us a fine chance to study the mechanism of breakdown as he 
views it as well as from our own points of view. It will be neces- 
sary to study Figs. 3 and 4 very carefully in order to appreciate 
their significance because they tend to tie in the close relation- 
ship of curves of breakdown obtained by formulas based entirely 
on voltage stress and those using voltage and current character- 
istics. They also bring out that breakdown is fundamentally 
a density action of ions or current or whatever you wish to call 
it. Instead of calling it strain, I think we ought to call it current 
density or ionic density. Strain is more of a mechanical con- 
sideration and not so much an electrical one. 

Several years ago I did some work on the dielectric strength 
of cables. At that time I tried to explain why the points did 
not fall along the theoretical curve. I did not work along the 
lines that Mr. Hoover followed,—namely, current density,— 
but studied the variation in the maximum voltage stress at the 
conductor itself. I developed an empirical formula which is 
really only a correction of the logarithmic formula that we can 
develop theoretically. In this empirical formula I assumed 
that the dielectric stress at the conductor, instead of being a 
constant, was a variable with the size of the conductor itself. 
I believe it is quite probable that the same condition will be found 
if the volt-ampere characteristic of the material is obtained. 
It would be necessary to make tests with single-conductor 
cables. You cannot take the dielectric in plain sheet form and 
bring out the characteristic of material in cables unless you know 
the relationship between the two methods of testing. 


The empirical formula, which I believe helps us to explain © 


the departure from theory, is based on ionization. If we take 
K as the voltage stress at the conductor and r the radius of the 


conductor and assuming K = Ky (1 + ~2) by computing 
‘ Vv ie 
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back to Ky for various diameters of conductor, we shall obtain 
very closely a constant which I believe is the true dielectric 
strength of the material. . Since obtaining the above formula 
I have improved it by dividing K as obtained by the theoretical 
formula by V R where R is the radius of insulation. The volt- 
age formula now becomes: 

Oh 


V = hevl ae == 7 VR 1n R/r volts, 


ven 


Whether the above is the same thing Mr. Hoover is describing, 
I do not know. I think a study of both is well worth while 
and intend to make it later myself as I am particularly interested 
in the subject. 

On Fig. 6 we notice the drooping of curves B’ andebiebe 
happens to be a curve I obtained. I should like Mr. Hoover to 
explain not the drooping so much as the departure from the theo- 
retical law, because B” was obtained with constant insulation 
radius R and varying conductor radius r, According to theory, 
we get a maximum voltage breakdown when r/R = 0.434. 
Curve B” does reach a maximum and decreases, but all values 
are above the theoretical, based on a constant value of K. Thisis 
also true of curve B’ obtained by Messrs. Middleton and Davis. 
I believe it is all a question of ionization. Had we the volt- 
ampere characteristic of the material I used, we should very 
likely get the same curve if we computed breakdown in the 
manner proposed by Mr. Hoover. I believe-it adds emphasis 
to the fact that we must study each kind of dielectric before we 
are able to arrive at any conclusions. 

Mr. Hoover believes that the shape of the curve for B’ and B” 
may be due to using extremely small conductors. In my own 
case the smallest conductor was about 1/16 in. in diameter and 
gave a ratio r/R about 0.2. I doubt if this is small enough to 
influence the results by possible mechanical considerations. 
As I recall it, I was able to get very good samples with small 
conductors. 


Referring to the formula: 


V=K(1+ =) VRin Rr, 


it is true that a is a factor depending on the kind of dielectric. 
We can go even further and say that it may change from plus to 
minus. If a is zero, we get a straight line horizontal to the 
abscissa axis if we plot as ordinates K/ Vy R and 1/¥Vr as 
abscissa. This is the condition of a perfectly pure homogeneous 
dielectric. As the dielectric departs from purity, the line begins 
to slope, crossing the ordinates positive at 1/ ¥ r = O and giving 
a plus sign to a. As the material departs further from purity 
or homogeneity, a increases and finally takes on a negative sign. 
In rubber compounds we get large values of a and they may 
even go negative due to their distinct non-homogeneity. 
For oil and paper a may or may not go negative according to 
the nature of each, as well as the amount of air and moisture 
left in them. 


R. W. Atkinson: Many observers have carefully dissected, 
layer by layer, cable insulation which previously has been subject- 
ed to voltage stresses, and obtained thereby very important 
first-hand knowledge of the phenomenon of breakdown of 
cable dielectric. Such dissections of insulation in various 
stages of incipient breakdown have furnished much information 
about the ‘‘mechanism”’ which results in final breakdown. 

A characteristic type of failure now becoming widely known is 
that resulting from stresses in a three-conductor cable in the 
filler spaces; that is, outside of the bounds of the tape insulation 
of the individual conductors. The stresses at this point, while 
lower than at the surface of the conductor, are not perpendicular 
to the layers of insulation and result in relatively low strength 
and incipient failures at this point before there is serious stress 
adjacent to the conductor surface. It is much easier to obtain 
visual evidence of this action than in the ease of failure of the 
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laminated or taped-on insulation beeause the time from the 
inception of failure to the completion is so much greater that 
many more samples can be found where the process of failure 
has started but has not been carried to the point of destruction 
of the evidence. With this type of failure, the steps which 
take place are now revealed very clearly. Initially, minute 
discharges take place cireumferentially around the insulation. 
The energy in these intial discharges is so minute that the 
destruction caused by them is exceedingly slow. It seems 
probable that the destruction is not directly a thermal one but 
rather a chemical one caused by the bombardment of the elec- 
trons, or perhaps by ultra-violet light. By a little stretching of 
the imagination, it ean be-considered that the bombardment 
results in local high temperatures, the spots of high temperature 
being practically molecular in dimensions. (On the other hand, 
although I believe that initially the temperature is not greatly 
raised in areas larger than those of substantially molecular 
dimensions, the evidenee is insufficient to prove that the destruc- 
tion is not caused by high temperature in regions of exceedingly 
small extent, yet of vastly greater dimensions than the molec- 
ular.) Undoubtedly the discharges in these spaces are of a 
high-frequeney character and therefore the destruction occurs 
mueh more rapidly than would be the ease at commercial fre- 
quency. When the local destruction has been carried to the 
point of making the insulation in that region partly conducting, 
the local area is extended circumferentially and the discharge 
gradually takes place between portions of the insulation spaces 
where there would be normally a considerable difference in 
potential. The magnitude of these potential differences has 
been investigated and reported by myself and oth:rs, and it 
has been shown to be a considerable fraction of the voltage 
applied to the cable. This process is carried on until it-results 
in the development of an amount of energy which is sufficient 
and so localized that at the ends of these circumferential con- 
ducting paths, there-are regions of high temperature that will 
gradually destroy the insulation. Indeed, we have then de- 
veloped the ‘‘needle-point,’’ which is discussed by Osborne and 
which produces ultimate failure in the way that he has described. 

The evidence shows that in many cases failure in portions 
of the laminated insulation having only radial stresses normally 
may be caused in a somewhat similar manner; that is, the 
initial failure is small in extent and results in a gradual local 
injury, the magnitude of this injury increasing first in severity 
and then in the area affected. 

1 hope that it will be possible for Mr. Hoover to continue and 
extend his experiments with glass. In some ways this material 
lends itself exceedingly well to an investigation of this kind, 


inasmuch as it is possible to obtain a very wide range.-of ratio, 


of the inner to the outer diameter of the cylindrical insulator and 
to obtain exceedingly high stresses without necessitating either 
large actual physical dimensions or high voltages. I hope 
Mr. Hoover will be able to make measurements with the same 
type of glass and with different wall thicknesses, at the same 
time taking measurements of the volt-ampere characteristics 
of the materials so as to make a direct determination as to 
whether or not there is a departure of the stress from that ob- 
tained by the simple mathematical expression and what is the 
extent of that departure. Mr. Hoover says that in this experi- 
ment the chipping - nd ecacking near the bore of the thermometer 
tube is undoubtedly a high-frequency phenomenon. Why may 
this not be something simpler? For instance, a thermal effect 
as a result of local heating, or perhaps mechanical failure due to 
mechanical stresses set up by the high electrical stress? Of 
course, if the glass has zero thermal coefficient of expansion, such 
as pyrex glass has, the probability of the failure resulting from 
thermal effect would be small. It will be of interest, however, to 
know Mr. Hoover’s reasons for attributing this chipping and 


cracking to high-frequency phenomena, as such reasons may be 


entirely adequate for the conclusion given. _ 
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Mr. Hoover brings out in impressive manner the important 
affect on the stress distribution, of variation with voltage of the 
effective specific inductive capacity cr the resistivity of the 
insulating material. Undoubtedly, ina number of eases, this is 
a factor of some importance. On the other hand, we have a 
large number of measurements of these constants of cable insu- 
lation up to stresses that will produce failure during application 
for a period of a few minutes to a few hours, and in these samples 
find no change in properties of importance in this connection. 
It is perfectly practical to make a full investigation of these 
properties for any given material and to verify or disprove the 
application of this theory for any particular kind of material. 

P. L. Alger: I should like to eall attention to the analogy 
that seems to exist between the theory of cable insulation stress 
and the theory of the stress ina gun. The old idea of a gun was 
that when the pressure inside increased, failure occurred simply 
by stretching the periphery. You could figure the whole problem 
out by plane or two-dimensional theory. But later it was found 
that when you apply stress in any direction to a solid, a stress 
occurs also at right angles, so the problem becomes one of three 
dimensions. 

It appears to me, therefore, that a study of the three-dimen- 
sional theory of failure of cylinders might illuminate some of the 
problems of cable insulation. 

W. A. Hillebrand: In considering the mechanism of the 
breakdown of a dielectric there are several possibilities to be 
taken into account. Free electrons may be pulled out of the 
material itself, atoms may be disrupted by the electrostatic 
field imposed or additional ions may be formed by collision with 
free electrons present in impurities-in the dielectric up to the 
point where a conducting stream is established. 

The first of these requires electric intensities considerably in 
excess of the rupture value of dielectrics, and in the second 
case, the electric stresses rise to values several hundred times 
greater, so that both of these possibilities would seem to be ruled 
out of consideration. If this is true, the problem of producing a 
satisfactory dielectric resolves itself into one of eliminating 
impurities, chiefly air and water. 

EK. W. Davis (communicated after adjournment): The 
dielectric strength of solid insulating material cannot be stated 
as a definite value but can only be given within comparatively 
wide limits. The reason for this can be summed up in one word, 
homogeneity, or rather lack of homogeneity. The non-homo- 
geneity may be mechanical,—viz., impurities or treatment; it 
may be thermal, chemical, or electrical, or combinations of any 
or all of these. 

In cables, this inherent erraticism of dielectrics is further 
complicated by the nature of the electrostatic field. The un- 
even distribution of stress across the insulation tends to emphasize 
non-homogeneity still further. 

It was recognized at an early date that, in a single-conductor 
cable, up to a definite point the addition of more insulation 
increased the dielectric strength of a cable; beyond this point, 
no apparent advantage was obtained by putting on more insula- 
tion; that is, the maximum stress as determined on thin 
insulation could not be applied to the calculation of voltage 
strength for thicker insulation. 

In this present paper the author has attacked the single- 
conductor cable problem from the pyroelectric theory point of 
view, and has extended this theory to apply to the non-homo- 
geneous field present. 

There is no doubt that practically all breakdowns in dielectrics, 
at some point in the phenomena, are due to pyroelectric or local 
heating effects. In uniform fields the pyroelectric effect may be 
the only one present. 

In irregular fields, however, the pyroelectric effect may be of a 
secondary nature and form the final step in the chain of events 
leading up to and ending at failure. The concentration of 
electrostatic flux beyond the ability of the dielectric to with- 
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stand would start, or cause to be started, abnormal heating 
effects of sufficient magnitude to begin the pyroelectric cycle and 
ultimately cause complete breakdown. 

This brings us to the point considered by the author; that 
is, the “electrical elastic limit” or the critical point between 
stress and strain. It has been shown in the past that insula- 
tion ean be “‘over-stressed”” and permanently injured without 
causing actual breakdown; that is, the “elastic limit’? has been 
exceeded but the cycle of events has been interrupted before 
actual breakdown has occurred. This would tend to point to 
the conclusion that the pyroelectric effect, in some cases, is a 
secondary phenomenon. 

In a dielectric, the ratio of stress to strain is inversely propor- 
tional to the specific inductive capacity of the material and so 
long as this remains constant, the ratio of stress to strain also 
is constant. The elastic limit of a dielectric then is the point at 
which the direct proportionality of stress to strain ceases to 
hold. Above this point, if the stress is held constant and the 
strain increases. the dielectric constant must increase. This 
of course is based on a perfect dielectric in which no leakage 
currents or dielectric losses exist. All dielectrics, however, 
have conduction currents and losses under voltage which 
further complicate the problem by adding a heating effect. 
The increase of conduction current with stress is proportional 
to the stress up to the point where the heating and the negative 
coefficient of the dielectric cause an increase in conductivity 
and also where the increase of strain with stress becomes greater 
than the increase of stress. At such a point, failure will result. 
This means that the electric “elastic limit,” the pyroelectric 
effect and homogeneity are so tied into the mechanism of break- 
down that all must be considered. The dielectric strength 
of insulation then may not be a definite value but rather a broad 
band wherein the various controlling phenomena exert accumula- 
tive effects upon the dielectric. 


P. L. Hoover: It has been pointed out that certain assump- 
tions have been made in the conversion of Wagner’s data from 
potentials to stresses. I have assumed that a slab of dielectric 
of thickness t may be divided into elementary slabs of thickness 
dt, and that the voltage across any two of these elementary slabs 
is twice the voltage across one, if the current density is uniform. 
That seems to be logical but, of course, what seems logical may 
not be true. 


W. A. Del Mar: The point I tried to raise there is that there 
may be limitations to that assumption. They seem to be per- 
fectly correct as far as you have gone, but you have made us 
question how far you can go without going to a limiting point. 


P. L. Hoover: There may be limitations. When breakdown 
voltage is plotted against thickness, we do not get, ordinarily, 
a linear relation. On the other hand, Wagner did find break- 
down voltage proportional to thickness. Therefore, from Wag- 
ner’s data, the assumption is justified and I have simply gone 
ahead and made it. Deviations from the linear relation between 
breakdown voltage and thickness must be accounted for, then 
_ by non-uniform fields, non-homogeneity of the insulation, ete. 

It was also brought out that the volt-ampere characteristic 
will be different for every material and that in making calcula- 
tions for the a-c. breakdown the a-c. characteristic should be 
used. Such is indeed the case. Wagner measured the d-c. 
characteristics of various. materials and obtained a different 
curve for each material. All of the volt-ampere characteristics 
however, have the same general shape and there is no essential 
qualitative difference between them. Equation (1) will be dif- 
ferent therefore for each material and the other equations will 
_ be changed correspondingly. Assuming that the theories 
advanced are correct, the contribution of this paper is not from 
data given on cables with insulation of a characteristic set forth 
by equation (1), but a method for calculating the breakdown 
voltage and the gradient in any cable with any insulation from 
a fundamental and characteristic equation of that particular 
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insulation. The data given are to be regarded as illustrative 
of the method and relatively unimportant as compared to the 
significance of the method itself. 

Mr. Wiseman has stated that according to theory the maxi- 
mum b eakdown voltage is expected when r/R equals 0.434. 
It must be remembered that the theory to which he refers is 
that which accepts the logarithmie formula for the gradient 
in a cable. I have attempted to show that the logarithmic 
formula does not hold at high stresses and therefore the ratio 
r/R = 0.434 has no significance. 

Mr. Hillebrand stated that the value of electric intensity 
required to pull an electron out of an atom or molecule is con- 
siderably in excess of the rupture value of dielectrics, and there- 
fore rules out this phenomenon from consideration when dis- 
cussing dielectrics. J cannot agree with that. If we are con- 
sidering a single atom in space, or any number of atoms, providing 
they are far apart as compared to their actual size, then it is true 
that the field required to pull out an electron is considerably 
in excess of the rupture value of dielectrics. In solids or liquids, 
however, we do not have isolated molecules. The intermolecu- 
lar fields are quite large and of the same order of magnitude as 
the intramolecular fields. For this reason an electron may be 
removed from a molecule, passed on to the next molecule, and 
so on through the dielectric with an external field considerably 
weaker than that which would be required to extract an electron 
from the same molecule if it were isolated in space. ; 


In regard to the effects of transients on breakdown, much 
can be said. The experiments of Prof. Kennelly and Mr. Wise- 
man, as cited in the paper, seem to show that small oscillations 
occur just before breakdown and cause breakdown to take place 
at a somewhat lower voltage than otherwise would be. the case. 
However, as Mr. Del Mar stated, these data should be examined 
critically. In comparing breakdown values for large and small 
areas the question of the probability of finding weak spots should 
be considered. It seems to me that in the experiments of Ken- 
nelly and Wiseman the question of probability has been ruled 
out. They first measured the puncture voltage of some material 
using an electrode area of about 1sq.em. Then an electrode of 
16 times this area gave a diminution of about 15 per cent in the 
puncture voltage. This same diminution was found regardless 
of whether the electrode was a single large plate or a group of 
16 small electrodes connected together by a low resistance lead. 
This agrees with the predictions of the probability theory and this 
general effect of decreasing puncture voltage with increasing 
electrode area is often considered a strictly probability phenome- 
non. However, the probability theory received a serious jolt 
when Kennelly and Wiseman connected the 16 small electrodes 


‘together through a small resistance,-an ohm or so. When this 


small resistance was inserted between each electrode, there was 
no diminution in puncture voltage with increasing area. This 
is not in accord with the probability theory and an explanation 
must be found on some other basis; at least for these particular 
data. 

To say that the probability theory is of no use in explaining 
phenomena of this kind would be going too far. If the material 
being tested was not very homogeneous, the probability factor 
undoubtedly would be large. The magnitude of the probability 
factor is therefore a variable and the importance of this factor 
in any particular set of data will have te depend on personal 
opinion unless conclusive experiments are performed to decide 
the case. 

The peculiar effects that were found in puncturing the ther- 
mometer tubes have been ascribed to high-frequency phenomena. 
That such must be the ease seems to follow from the fact that the 
effects observed are similar to those known to result from high- 
frequency pulses. The effects of heating and mechanical 
strains also seem to be ruled out by the fact that the tube was 
held very near the puncture voltage for half an hour. This 
gave ample time for heating and mechanical effects to show up 
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but none was observed. As stated in the paper there is no 
evidence in this case to show whether the oscillations or pulses 
were set up just before breakdown or whether they were the 
result of breakdown. 

It is easy to see how a small oscillation might cause dynamic 
rupture of the whole insulation. If we suppose that the particu- 
lar eable or insulation is operating at a point on the positive 
slope but near the maximum of the volt-ampere characteristic, 
a small impulse superimposed on the existing stress might very 
easily carry the insulation over to a point on the negative 
slope of the curve. We would then have a state of unstable 
equilibrium, and dynamic rupture would follow. 

It is for this reason that oils are particularly bad as a constitu- 
ent of composite insulation. If the insulation as a whole is 
operating near the rupture point, the oil will probably be over- 
strained and small discharges will take place within the oil. Aside 
from any deterioration of the insulation due to these internal 
discharges, the stability of the insulation as a whole will be so 
disturbed that the operating voltage will be reduced materially. 

Mr. Atkinson has discussed at length the effects of internal 
discharges in cables and impregnated paper insulation. Im- 
pregnated paper is not a homogeneous insulation, and as a 
result, the field is not strictly radial but has longitudinal and 
circumferential components. Furthermore, since the dielectric 
strength is less in a longitudinal or circumferential direction, 
due to the fact that the paper offers little or no barrier action to 
the motion of ions, it seems very likely, as is the case, that ir- 
ternal discharges will take place in a longitudinal or cireumferer- 
tial direction. These discharges are the case of ‘‘tree designs.” 
They undoubtedly deteriorate the insulation and may lead to 
breakdown as described by Mr. Atkinson. I do not-agree with 
Mr. Atkinson however, when he states that these discharges are 
“needle-points.”’ 

In order to have a discharge from one point to another, it is 
necessary to have a Gonsiderable quantity of charge at those two 
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points. It seems unlikely that such an accumulation of charge 
exists within a cable insulation. The condition that more likely 
exists is that a certain region discharges into another region of 
lower potential. The flow from one region to the other may be 
quite concentrated and result in a charred path, but these dis- 
charges cannot end ata point. They must spread out and dis- 
charge a finite volume of dielectric. We cannot picture 
therefore, the needle-point as piercing it way through the insula- 
tion due to the high flux concentration at a point, for there isno 
point. Visual observations on discharges in oil support this 
view and so it seems that the needle-point concept must be 
modified. On the other hand, these internal discharges do lead 
to progressive deterioration due to the fact that the charred 
path becomes a conducting filament that connects the two 
regions. In this manner the low-potential regions will progress 
inward toward the conductor and the high-potential regions 
will progress outward toward the sheath. Dynamic rupture of 
the cable is the final result. F 

As regards the communication of Mr. Davis, I wish to state 
that I have not taken the pyroelectric point of view. I do 
believe that there are many cases wherein the heating effects 
are directly responsible for breakdown. On the other hand, 
I agree with Mr. Davis that there are many casesalso in which the 
heating effects are of a secondary nature, if not entirely negligible. 

Since the publication of this paper, it has been called to my 
attention that Fig. 1 does not check the original data of Wagner. 
This is due to a misprint in the source of my material which re- 
sulted in my taking an erroneous value for the area of the elec- 
trode. This means that equation (1) does not give the volt- 
ampere characteristic of the oiled paper that Wagner used. 
Equation (1), however, gives a curve that resembles the curves 
which Wagner actually did get and the conclusions arrived at in 
the paper are by no means invalidated. As stated before, it is 
the method and the qualitative nature of the conclusions that are 
most important. 


Mercury Arc Rectifiers 


BY D. C. PRINCE! 


Fellow, A. I. E. E. 


Synopsis.—Mercury rectifiers have been known for about 
twenty-four years, but until the last few years their principles of 
operation have not been understood with any certainty, and all are 
not yet conclusively proved. In the first part of this paper, the 
probable mechanism of the electron source or cathode spot is out- 


lined, the source of the various losses is indicated, and the probable 
mechanism of arc back, that is, failure to rectify, is described. 

The second part of the paper is devoted to the principles of simple 
rectifier circuits, while the third shows a variety of rectifiers of 
different kinds and sizes. 


HE mercury arc rectifier has been known for about 
| aera our years, but, in spite of the length of time 

which has elapsed, there are a great many things 
about it which are not understood with any degree of 
certainty. A good deal has, however, been found out, 
especially in the last few years, and since interest in 
rectifiers is growing, it may be worth while to go over 
some of the principal features so as to get a general 
idea of the rectifier and its problems. 

Fig. 1 represents a standard, 50-ampere, 100-volt 
mercury are rectifier. This form is shown for pur- 
poses of explanation on account of its simplicity. 
It consists of an evacuated glass bulb containing, in this 
case, two main anodes composed of graphite located in 
the anode arms projecting at either side of the bulb; two 


Fig. 1—50-Amprre Low-VoutaceE REcTIFIER 
auxiliary anodes also made of graphite lower down and 
on the front of the bulb; a starting anode made of 
mercury at the lower right; and a mercury cathode pool 
at the bottom. 

The principle of operation in its barest essentials 
is similar to that of the vacuum tubes used in radio 


reception, with which most people are now familiar. 


In a vacuum tube a filament is heated until the electrons 
in it have so much energy that they are able to break 
through the metallic boundary into the surrounding 
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space. If the anode (plate) is positive, these electrons . 
are attracted toward it and current flows. If the anode 
is negative with respect to the filament, the electrons 
will be drawn back upon the filament and no current 
can flow. Rectifier or check-valve action is thus es- 
tablished, since current can be carried in one direction 
only. ' In the high-vacuum rectifier the electrons filling 
the space between anode and filament produce a charge 
known as the “space charge’’ which tends to drive the 
electrons back. This causes a loss which becomes very 
high if it is attempted to draw considerable current. 

In the mercury rectifier in place of the filament we 
have a small, bright, dancing spot called the “‘eathode 
spot” which is the source of the electrons. Electrons 
are drawn from this spot to the anodes when they are 
positive just as in the high vacuum tube, but when the 
anodes are negative they do not constitute a source of 
electrons, so that no current can flow and rectification is 
obtained. ‘There is some difference of opinion as to 
what occurs in this spot. The electrons proceeding 
from it strike neutral molecules of mercury vapor and 
ionize them; that is, one electron is removed from the 
molecule and the remainder of the molecule then has a 
positive charge. These positively charged molecules, 
called positive ions, are attracted toward the cathode, 
and, since they are quite heavy, their striking repre- 
sents considerable energy and the spot where they 
strike is heated. There is thus some action analogous 
to the heating of a filament. In addition to this heating, 
the positive ions, being heavy, move slowly, and a large 
accumulation of them near the mercury surface pro- 
duces a high potential gradient which tends to draw 
electrons from the mercury surface at a temperature 
lower than that at which they would be able to leave it 
if there were no such strongly attractive force. The 
electrons drawn out ionize new molecules which heat 
the surface of the mercury and draw electrons from it, 
so that the process once started is self-continuing 
provided the potential necessary to make the current 
flow is present. To start the spot in the first place, an 
are is drawn by tilting the tube so that the mercury in 
the cathode makes contact with the mercury in the 
starting anode. The potential is impressed on the 
starting anode through a small resistance. When ‘the 


-tube is returned to the vertical position, this circuit is 


broken and the resulting arc initiates the cathode spot. 
Measurements have been made of the current density 
in the cathode spot, and it is believed to be of the order 
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of 26,000 amperes per sq. in. The heat due to bom- 
bardment of the positive ions evaporates a great deal 
of mercury. From this and other causes a pressure 
is built up at the cathode spot of the order of two 
atmospheres, although the vessel as a whole has been 
evacuated as perfectly as possible. The large glass 
bulb operates as a condenser to condense this jet of 
evaporated mercury. The high-pressure vapor is thus 
projected into a condenser where the pressure is of the 
order of 50 microns, that is, 5/100 of a millimeter. 

The temperature of the cathode spot has not been 
definitely established. Some authorities give it as 
2000 deg. cent., which would be the temperature re- 
quired to produce the electron stream by heat alone. 
The actual temperature is probably much lower, 
although the amount has not been established. 
The potential drop required to maintain the cathode 
spot is approximately 10 volts. Approximately half of 
this 10 volts is consumed in latent heat of ionization of 
the mercury (work function 4.4 v.) and in the energy 
of the individual electrons as they escape from the pool. 
The remaining five volts appear as heat at the surface 
of the mercury pool, about half being used in evaporat- 
ing mercury while the other half is conducted away 
through the liquid mercury in the pool. When the 
electrons combine with molecules, either on the walls of 
the vessel or at the anodes, the five volts represented by 
their energy are returned also as heat. Such electrons 
as combine with positive ions to form neutral mole- 
cules in the space give up some of their energy in the 
form of the greenish light so characteristic of the 
mercury arc rectifier. 


About four or five amperes are required to maintain a 
stable cathode spot. For higher values of current 
the area of this spot increases, and above 40 amperes 
more than one spot may exist simultaneously. The 
spot, or spots, alwaysmovesvery rapidly from place to 
place due to the strong blast of mercury vapor and 
impinging positive ions. In order to make a rectifier 
operate down to zero load current, the auxiliary anodes 
are provided which draw a current of approximately five 
amperes so that the cathode spot is maintained in 
readiness even though the load is disconnected. These 
auxiliary anodes were not provided in some of the 
earlier rectifiers, but their provision facilitates many 
things and may be considered standard in future 
rectifiers, both large and small. 

The 10-volt cathode drop does not make up the entire 
loss. In the high-vacuum tube a drop is produced due 
to the presence of the electrons in the space. In the 
mercury are this drop is eliminated by the presence of 
the positive ions. Whenever a drop tends to exist at 
any point, the electrons’are accelerated until they are 
able to ionize neutral molecules. The resulting posi- 
tive ions are of the opposite sign to the electrons so that 
the net space charge is reduced to approximately zero 
but does not disa pear completely for some drop is 
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necessary to replace ions lost by recombination and 
collection by the walls. 

Fig. 2 shows the form of are drop curve for a small 
rectifier. The two lower curves apply to a tube of the 
same general form as that shown. That is, it has short, 
straight arms. The lowest curve gives the arc drop 
characteristic of the bulb cooled only by natural air 
circulation. To determine whether the anode area is 
important, the current has been collected by one anode, 
or by two, and it is observed that the total drop is almost 
exactly the same in both cases. The characteristic 
drop reduces to a minimum at 10 amperes and then 
rises. Below 10 amperes, therefore, it has the nature of 
a negative resistance. In order to operate a mercury 
rectifier, it is, therefore, necessary to include an im- 
pedance sufficient to make the average impedance 
positive; otherwise the tendency would be for the 
current to rise indefinitely or fall until the arc was ex- 
tinguished. The rise in the drop beyond 10 amperes 
is due to excessive vapor pressure produced by heat. 
The next higher curve which has its minimum at about 
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Fie. 2—Arc Drop Curves or 10-AMPERE TUBES TAKEN WITH 
Direct CURRENT 


28 amperes was obtained from the same tube merely by 
cooling the condensing bulb with a 12-in. desk fan. A 
still greater increase can be maintained by more positive 
cooling methods such as oil or water. Beyond the 
minimum points, although the are drop rises with 
increase in current, the response to instantaneous 
variations in current is still that of a negative resistance, 
so that even though rectifiers are operated beyond the 
point of minimum drop, two anodes still cannot be 
paralleled without some impedance to force a division of 
current. 

The two higher curves on this figure are corresponding 
curves for a tube of the same size but having an elbow 
in the anode arm. Such a tube will be shown in a later 
figure. It appears that increasing the length of the 
path adds a nearly constant voltage drop. Since the 
drop in the rectifier is a function of current only, the 


capacity and efficiency are greater the higher the 


voltage used. 
There is naturally a limit to the voltage that can 
be applied, and Fig. 3 shows the nature of this limit. 
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This figure shows what is known as the “are back 
characteristic’ of a 20-ampere glass rectifier with 
natural air circulation. It appears thatforany current, 
there is a maximum voltage which the tube will rectify. 
Above this voltage one of the anodes becomes a cathode, 
so that the unidirectional conductivity of the device 
is lost. 

Like the point of minimum arc drop, the current 
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Fig. 3—Arc Back Curve ror 20-AmMpERE TUBES WITH BENT 
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at which such a failure or arc back occurs can be in- 
creased by cooling. The probable mechanism is 
substantially as follows. When the anode is negative, 
some of the positive ions will be attracted toward it 
and will strike it with considerable velocity. Under 
normal conditions very few of these collisions will 
produce electrons from the anode. Some few will 
be drawn out, however, and these will proceed toward 
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’ Fig. 4—Iprau Sinete-Puase, Funt-Wave Rectirier Circuit 


the cathode, ionizing further molecules as they go. 
The additional positive ions produced in the neighbor- 
hood of the anode will return toward it, and they also 
will produce a certain small number of electrons. The 
higher the negative voltage on the anode, the more oi 
these electrons will be produced. The higher the 
vapor pressure, the more collisions each electron will 
make and the more positive ions they will produce. 
Thus a point is reached where, by increasing vapor 
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pressure with temperature or by increasing voltage, 
so many electrons will be drawn from the ancde 
that it will become a cathode and rectification ceases. 


Primary Voltage 


Load Voltage 


Fig. 5—WaAvE SHAPES OBTAINED WITH Crecuit oF Fire. 4 


This covers in a general way the principal phenomena 
of the rectifier. Under normal conditions it gives an 
almost perfect unidirectional action with a relatively 
small drop, so that in circuit determinations we may 
neglect all but the unidirectional effects. 

Fig. 4 shows the most elementary rectifier circuit. 
Power is supplied from any alternating-current source 
to transformer primary 7. The secondary T”’ is 
connected at its terminals to anodes a and a’. In 
this case high-vacuum rectifiers are-indicated. The 
cathodes ¢ and c’ are connected together and to the 
midpoint of transformer secondary T’ through the 
load R. 

Fig. 5 shows the primary voltage and voltage and 
current across load resistance R. During the half- 
cycle that anode a is positive, electrons flow from c to a; 
that is, current in the usual sense flows from a to c and 
returns through R in the direction shown by the arrow. 
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Fig. 6—Mercury Arc ReEctTiIFIeER CIRCUIT WITH SMOOTHING 
INDUCTANCE IN OvuTPUT CIRCUIT 


During the other half-cycle, a’ is positive and current 
flows from a’ to c’ and returns through RF in the direction 
shown by the arrow, that is, during both of these 
half-cycles, current has flowed in the same direction 
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through F and rectification has been obtained. Since 
there is no other form of impedance present, the current 
through RF and the voltage drop across R are both 
sinusoidal in form, but, due to the rectifier action, both 
half-waves are in the same direction. There would be 
no object in supplying rectified current to a resistance, 
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Fig. 


so these figures are primarily interesting to show the 
rectifier action in its simplest terms. 

To remove the current pulsations, an inductance 
may be connected in series with the load. Fig. 6 shows 
a circuit similar to that of Fig. 4, but including such an 
inductance and also including a battery as load in 
place of the resistance. A mercury rectifier is shown 
instead of the high-vacuum, hot-cathode rectifier. 
The inductance prevents the current from falling to 
zero, so that the cathode spot is maintained. A 
mercury rectifier could not be used in the circuit shown 
in Fig. 4 because it allows the cathode current to fall 
to zero. 

If this smoothing reactor has a large value of induc- 
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Fig. S8—Wt1ring Diagram or Batrery-CHarGcine RECTIFIER 
tance so that the rectified current is held constant, 
the various waves have the form shown in Fig. 7. The 
sinusoidal primary voltage is impressed through the 
transformer on the two anodes a and a’. The cathode 
will assume a potential just enough less than the most 
_ positive anode to cause current to flow. The cathode 
potential is shown as trace e,. This cathode potential 
s impressed upon the load circuit consisting of the 
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storage battery and the reactor. Since the reactor 
maintains the current constant, there can be no varia- 
tion in voltage across the battery. The entire voltage 
variation appears, therefore, across the reactor. The 
steady rectified current is shown at 2,. This current 
flows from whichever anode is positive for the moment. 
2 and 2’ are, therefore, the respective anode currents. 
Neglecting transformer exciting currents, the trans- 
former primary current must be of the same shape as 
the secondary. 17, is, therefore, the form of primary 
current obtained. 

For storage battery charging, it is not necessary to 
employ a steady direct current. If the mercury 
rectifier is equipped with auxiliary holding anodes 
supplied from a separate source, a battery charging 
equipment can be arranged as shown in Fig. 8. With 
this arrangement a small current of approximately 
five amperes is maintained by an auxiliary transformer 
winding. The battery to be charged is then connected 
between the midpoint of the main compensator winding 
and the rectifier cathode. Current will flow to charge 
the battery only while the anode voltages are higher 
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9—Mercury Arc Rectiriger SET FOR CHARGING 
BaTrEeRies OF INDUSTRIAL TRUCKS 


Fig. 


than the battery counter-electromotive force. Between 
times, the cathode spot is maintained by the auxiliary 
winding through auxiliary anode reactors which serve 
both to maintain the current at a steady value and to 
limit that value. This diagram also shows the arrange- 
ments for automatic starting. A relay which is nor- 
mally closed is connected with its holding coils in the 
two auxiliary anode leads. When voltage is thrown 
on the rectifier, current flows through the contacts 
of this relay to a tilting solenoid and mercury switch 
which set up a rocking motion in the tube. A circuit 
is also made to the starting anode through a resistance. 
As soon as the cathode spot has be2n formed, the relav 
opens the circuit to the starting mechanism, and the 
rectifier is then ready for business. It is kept in an 
active condition by the auxiliary anodes whether 
the load is connected or not # ‘ery desirable state 
where an unknown battery which may be badly 
sulphated or even open-circuited is to be charged. 

Fig. 9 is a photograph of one of these rectifiers. 

Fig. 10 is a diagram of a three-phase rectifier. The 
transformer windings T, T'2,, and 7 are connected in 
delta and supplied from a three-phase, alternating- 
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current source. The transformer secondary windings 
t;, t, and ts are connected so as to form a Y. The 
outer ends of the Y are connected to anodes @y, a2, and 
a; The cathodes are connected through an inductance 
L, and the load R to the Y point of the transformer. 
Hot cathode rectifiers are indicated although no change 
would be involved in inserting a mercury rectifier. 
Fig. 11 shows the wave forms obtained by this 


Fig. 10—Circurr DiaGRaM or THREE-PHASE RECTIFIER 


arrangement. The three-phase or anode voltages are 
shown as é;, é:, and e3. The cathode follows these in 
succession, always assuming a potential sufficiently 
below the more positive anode to cause the current to 
flow. The total current is maintained constant by the 
inductance L so that the drop across the load is the 
average cathode potential and is shown at HZ. Since the 
total current is constant as shown at J and current flows 
always to the more positive anode, the three anode 
currents are as shown in 71”, 72”, and 73”, each one having 
full value of the rectified current for 14 of a cycle. 
Since the transformer will not transform direct current, 
the transformer primary will carry only the alternating 


S eter pore oy aed est ‘. 


Ge alban | 


Fic. 11—Primary anp SECONDARY VOLTAGES AND CURRENTS 


oF THE RectTIFIER SHOWN IN F1a. 10 


component of these waves. These components are 
indicated as 7,’, 72’, and 23’.. Combining these currents 
in pairs at the corners of the delta gives the three line 
currents 7,, 72,and7;. It is observed that both line and 
delta currents are not symmetrical. This indicates that 
with this connection there are even harmonics of current 
present. Even harmonics have an opposite phase 
rotation from the normal and so are still more objection- 
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able than odd harmonics. Two three-phase rectifiers 
may be connected as shown in Fig. 12, however, to form 
a six-phase rectifier. With this arrangement, instead of 
providing two inductances L, a single compensator or 
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12—DovsLe THREE-PHASE RECTIFIER 


Fig. 


“interphase transformer’ can be used provided the two 
three-phase rectifiers are connected 180 deg. out of 
phase as shown. The resulting six-phase rectifier is the 
one which is usually used for power installations. 

The foregoing wave diagrams are made on the as- 
sumption that there is no inductance in the alternating 
circuits. On this same assumption a mercury rectifier 
has a perfectly definite voltage ratio. If we have a 
rectifier of p phases, the cathode will follow the anode 


of one phase for the fraction of a cycle Since 
the pulsations are absorbed by the inductance L, the 
direct voltage available is the average of a sine wave for 
this interval. By referring to Fig. 18, the average 
voltage may be obtained by integrating a cosine wave 
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from This gives a value for the 
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. DZ . a. 7 
direct-current voltage G = ./2 HE sin ae This 
general expression gives the light load voltage for a 
rectifier of any number of phases. The rectifier in 


Fig. 12 was made up of two three-phase units and 
therefore has an output voltage corresponding to three 
phases, 

The perfectly square current waves shown in the 
current diagrams could only exist in an inductanceless 
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circuit, since otherwise it would require infinite voltage to 
produce an instantaneous change of current. Actually, 
therefore, the current does not change instantaneously. 
Instead, when the point of the cycle is reached at which 
two anodes have the same potential, the current begins 
to shift from one to the other. Since this shift is 
brought about by a sinusoidal voltage difference he- 
tween the two anodes, the changing component of 


Fic. 14—GrapHicaL REPRESENTATION OF ConpDITION ARIS- 
ING FROM THE SUPPOSITION THAT THE TRANSFORMER SHOWN IN 
Fig. 6 nas LEAKAGE REACTANCE 


current will be sinusoidal, and, if the primary impedance 
is nearly all inductive, as it usually is, the current will 
start to change just as though an alternating voltage 
were suddenly impressed on a circuit carrying a direct 
current. The condition is shown in Fig. 14. A steady 
current is maintained at a value I by the inductance 
L up to the time to, at which time there is no difference 
of potential between the anodesa anda’. At this point 
the current will begin to change as though it were going 
to follow the dotted curve7. This curve is exactly the 
curve that would be obtained in impressing a voltage 
on a circuit of inductance and small resistance; that 
is, it has an axis w which has the decrement factor 
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Fic. 15—Ovrreut CurrENT AND VOLTAGE WAVES, SHOWING 
Errect or 26-Drc. Periop or SHorT Circuit Durina WHICH 
CURRENTS ARE TRANSFERRED AND No VOLTAGE Is PRODUCED 
BY THE RECTIFIER 


amplitude. Of course, this current cannot continue 
to flow, as by the time #’, the current to the anode a has 
been reduced to zero, and it is prevented from reversing 
by the unidirectional conductivity of the rectifier 
tube. We are therefore: interested in only a part of 
this transient curve which takes place between times 
to and t’. 

During the interval ¢) and ¢’ during which current 


- flows from two anodes, those two anodes must be at the 


same potential. The transformer secondary is thus 
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in effect short-circuited for this interval, and there is no 
output voltage. This relation is shown in Fig. 15. 
7a and 7,’ represent the anode currents. a and a’ 


Fie. 16—10-Amprre, 300-Votr Guass REecririer 


ts) 


Fig. 18—50/100-Ampnre, THREE-PHASE RuecTIFIER 


represent the corresponding anode voltages. The 
cathode now follows these lines, and it, therefore, has an 
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average value somewhat less than in the case where no 
inductance is present. 

This is the mechanism which acts for rectifier voltage 
regulation. Elaborate equations have been worked out 
to give the amount of this regulation, but they will not 
be dealt with at this time. 

Leaving now the rectifier circuits, we shall review 
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Fig. 20—100-Kw. Rectirier ustnc Two 250-AMPERE TUBES 
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21—Inrprior or a 100-Kw. Recririer 


some of the forms of rectifiers which have been made. 

Fig. 16 shows the smallest mercury rectifier now made 
by the General Electric Company. This rectifier has a 
rating of 10 amperes and 300 volts. It has an over- 
all height of approximately 8 in. 
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Fig. 17 shows a three-phase, 20-ampere glass rectifier. 
Fig. 18 shows a 50/100-ampere, three-phase rectifier. 
This rectifier is approximately 30 in. high and is the 
largest glass rectifier made by the company before 
1925. The two ratings given are one for natural air 
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Fig. 24—CHARACTERISTIC CuRVES oF AN Iron RECTIFIER 
cooling and the other for fan cooling. The current 
ratings apply to approximately 220 volts and must be 
reduced somewhat if higher voltages are used. It is 
quite feasible to use voltages as high as 3000 for these 
tubes. - 


Fig. 19 shows the new 250-ampere glass rectifier 
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developed during the last year. The normal rating is 
250 amperes, 250 volts fan cooling. One of this type 
was operated in oil at 200 amperes, 3000 volts and 
withstood repeated short circuits opened: by a high- 
speed breaker. 

Fig. 20 shows a 100-kw. rectitier now supplying a shop 
circuit in the Schenectady works. This rectifier 
employs two of the 250-ampere glass tubes. The 
interior of it is shown in Fig. 21. From the earliest 
days, attempts were made to make rectifiers of iron in 
large sizes. Fig. 22 shows one of these early rectifiers 


Fig. 25—Tyricat Strerr Ratnway Loap 


which was modeled quite closely in form after the glass 
rectifier. As iron is not subject to the same limitations 
as to form, later rectifiers have been made similar to 
Fig. 23, which is a photograph of the rectifier shown at 
the Atlantic City convention during the fall of 1925. 

Fig. 24 shows the characterisitc performance of such a 
rectifier operating a street railway load. The high 
efficiency under light loads is particularly significant as 
the load factor of street railways is notoriously poor. 

Fig. 25 shows the kind of load factor met in this 
service. 
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One objection to the iron type of rectifier as usually 
constructed is that some leakage always occurs with 
bolted joints, although the amount may be very small. 
For this reason, it is necessary to have a vacuum pump 
attached to the rectifier, although it need not be 
operated at. all times. Attempts have been made to 
avoid the need for a vacuum pump by the use of seals 
fused directly to the metal parts. The rectifier shown 
in Fig. 23 has no clamped joints between metal and 


- insulation, and, by the use of well fitted metal-to-metal 
joints, the danger of leakage is greatly reduced. It is 


possible to go still further and make rectifiers in which 
the sealing is complete. Fig. 26 is a small one of this 
kind which showed no indications of impaired vacuum 
three months after being evacuated and sealed. 


Discussion 


A. Odermatt: While it is true that there are still some 
phenomena in connection with the mercury are rectifier which we 
don’t quite understand, it is also true that we know enough about 
the process taking place inside the rectifier to design perfectly 
reliable converters of both the glass-bulb and the iron-clad types. 

Statistics covering about 800 rectifiers in service, with a total 
output of over 400,000 kw. supplied by the European Brown 
Boveri Company, show that the percentage of failures with recti- 
fiers is smaller than with most of the other classes of electrical 
machinery such as synchronous converters, generators and 
motors. This refers to big rectifiers in iron casings but probably 
also holds good for the glass-bulb type. With the latter, of 
course, the risk of breakage should be taken into account, but on 
the other hand, it is easy to have available spare tubes for 
replacement. 

I mention this in order to emphasize that the mercury are 
rectifier, after having gone through a period of development of 
over twenty years, is today a thoroughly reliable apparatus, and 
its many advantages at higher d-c. voltages especially give the 
static mercury vapor converter a marked superiority over the 
rotating type. 

The Brown Boveri Company is still using the condensing 
chamber, which has given excellent results in preventing the 
mercury from being extracted by the air pump. This rather 
long chamber of comparatively small diameter acts indeed as a 
kind of safety device in that direction, the piping through which 
the air and gases are exhausted being connected ‘to the top of the 
condensing chamber. “ 

It has been mentioned previously that the operating engineers 
in Chicago do not feel very enthusiastic about the results ob- 
tained with the rectifiers there, So far as the Brown Boveri 
rectifiers installed by the Commonwealth Edison Co. are con- 
cerned, I should like to make the following statement: 

Two rectifier substations were installed there in the summer of 
1925, both of which have given excellent results until the spring 
of 1926, when there was some trouble with one of them. The 
other one has given entire satisfaction all the time. The trouble 
which occurred was due to an external cause and had nothing to 
do with the proper working of the rectifier. It was water enter- 
ing the working chamber, as a result of corrosion at the 
welding seam, that caused the breakdown; and not only rectifiers, 
but most electrical apparatus would stop working satisfactorily 
under such conditions. 

Although it is easy to prevent the repetition of a breakdown 
of that kind, it is most unfortunate that this should have hap- 
pened in one of the few plants installed in this country, because 
it is likely to put the reliability of the rectifier in a wrong light. 
I can give assurance, however, that rectifiers installed in great 
numbers—I mentioned the number of 800 before—have given 
such excellent results that the percentage of failures is actually 
smaller than with other electrical equipment. The 800 rectifiers 
of which I am speaking are spread over the five continents of the 
world and the fact that over 50 of them are operating very satis- 
factorily, as far away as Australia and Japan, is the best evidence 
of the great reliability of this apparatus. 

C.P. Osborne: About twenty-three years ago, the company 
with which I am associated was the first to try out the mereury 
are rectifiers for street lighting. These sets were installed by the 
General Electric Company and some of them are still 
in operation. 

The operating engineer today is greatly interested in mercury 
are rectifiers not only for street lighting but for low-voltage 
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distribution. Operating companies will no doubt install more 
d-c. distribution in the future than in the past, if it can be done 
with the mereury are rectifier. 

Our company is confronted at this time with a program which 
necessitates moving motor-generators which feed our d-c., three- 
wire Edison system from one location to another. At present 
the system is fed by motor-generator sets and it would be much 
more convenient if mereury are rectifiers could be used and not 
have rotating apparatus in the new building. 

I feel that the 1400-volt mereury are rectifier will be a success 
and that the manufacturers’ further developments and research 
will succeed in building lower voltage sets at a reasonable cost 
so they can be considered instead of converters and motor- 
generator sets for d-c. systems. 

We visited in Chicago a substation where the mercury are 
rectifier was furnishing energy for railway operation, and we did 
not find a great deal of enthusiasm among the men from the 
results they were getting from the mereury are rectifier. The 
sets had just been started, however, and no doubt there will be 
changes which will be found necessary in order to get the desired 
results. 

We operating men are responsible to the public for good service 
and in trying out new equipment we feel the manufacturers 
should be sure of its good operation before it is placed in service 
for the public. Weare anxious to give the public good service in 
the cheapest way, but we must consider that the service comes first. 

J. A. Cook: A small power application of mercury are 
rectifier tubes is important to electric utility companies in street- 
lighting work. Glass tubes for this service have an average 
life of several thousand hours. Individual tubes may last 
double normal life or may fail after a few hours’ operation. 
Such failure is attended by darkness on those city streets where 
lamps are located which depend upon this tube for their supply 
of current. It follows that failures of tubes should be anticipated 
sofaras possible. C.M. Green, at West Lynn, advances the theory 
that failure can in some"instances be anticipated. He uses a 
1-to-1 ratio current transformer designed to operate at open 
circuit without excessive heating. The secondary of this trans- 
former is connected through suitable resistance to the vibrator 
of an oscillograph. This gives a view of the ripples super- 
imposed on the direct current. When certain tubes are about 
to fail there will be noted a pronounced peak which occurs on an 
otherwise flat portion of the wave. I should like to ask Mr. 
Prince if he can tell us of a test of this kind and whether tubes 
can be successfully treated to restore their full usefulness after 
the indication of approaching failure has been observed. I 
should also like to ask him if there is on the market an inex- 
pensive oscillograph for visual use which would permit an 
operator to detect this condition in advance of failure. 

I have tried the oscilloscope and find that it is not adequate 
for routine use by a station operator. The mirror is not driven 
synchronously, but is turned with the thumb. A wave without 
a peak can be made to show a peak. I have also tried an oscillo- 
graph of the spring-galvanometer type. Depending upon the 
tension of the spring, a large number of wave forms can be ob- 
served due to mechanical resonance of the vibrator system. I 
should repeat that a device which would indicate approaching 
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failure of rectifier tubes on street-lighting work will be most 
valuable to publie utility companies. 

W. A. Hillebrand: I should like to ask if the use of the 
mercury are rectifier is accompanied by any danger from radio 
interference, particularly in railway service? Is thereany danger 
that arcing between trolley wire and collector will be more likely 
to set up troublesome oscillations when the circuit is supplied 
through a rectifier than when the source of supply is a rotating 
machine? 

D. C. Prince: There are two general ways in which series 
street-lighting rectifiers fail. In one, the rectifiers avtually 
break down at the peak of the voltage wave, due either to poor 
vacuum or to high temperature in the tank. If the failure be 
due to too high temperature it can, of course, be guarded against 
by keeping track of the temperature and reducing it by additional 
cooling water if it passes the safe value. The other type of failure 
is due to too perfect a vacuum. Asthe tube operates, the vacuum 
becomes more and more perfect until there is nothing to remove 
charges which accumulate on the glass arms. These charges 
prevent the current from shifting from one anode to another 
until a high voltage has been built up, and then the transfer 
oceurs with a considerable shock which may break down some 
part of the tube or connected apparatus. This kind of break- 
down in its incipient state appears as a distortion of the wave, 
such as is shown in Steinmetzs’ ‘‘Transient Electric Phenomenon 
Oscillations,” first edition, Fig. 77. This condition can be 
detected by any sort of oscillograph. When this condition be- 
comes apparent, the tube may be taken out of service and it is 
customary in some utility properties to impair the vacuum 
slightly by heating the tube in oil, water, or a small oven, after 
which the tube can usually be returned to service if the heating 
has not been overdone. 

The question of radio interference has been raised a great many 
times. As far as we know, a rectifier in good order does not 
produce any radio interference. However, interference may be 
caused by the fading condition which produces oscillations, such 
as shown in Dr. Steinmetz’s oscillogram, or by loose contacts. 
When complaints of radio interference have been made in the past, 
I believe they have always originated in one or the other of these 
ways. 

Regarding the use of rectifiers on locomotives, I believe that 
the Westinghouse Company operated a motor ear by means of a 
rectifier over the New Canaan branch of the New Haven railroad. 
There are naturally difficulties due to vibration, but I do not 
believe any of them is insurmountable. 

As to the voltage limit of mereury are rectifiers, I believe Mr. 
Odermatt will corroborate me in saying that his company has 
in operation a 4000-volt, d-c. railroad system supplied by 
mercury are rectifiers. We have experimentally operated at 
10,000 volts and there is no apparent theoretical limit, provided 
the proper temperatures can be maintained. 

At present the floor space required by a 600-volt mercury are 
rectifier is greater than that required by rotating equipment 
of the same voltage. At 1500 volts and higher, I believe that 
the advantage is in favor of the rectifier. It is probable that as 
rectifiers become more standardized it will be possible to reduce 
considerably the area which they require. 
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Vibration Recorder 


For Electrically Measuring and Recording Small Mechanical 
Movements 
BY A. V. MERSHON* 


Associate, A. I. E. E. 


Synopsis.—The vibration recorder makes it possible to obtain 
oscillographic measurements and records of rapid mechanical 
movements as small as five or ten-thousandths of an inch. From two 
to five millimeters deflection will be obtained on the oscillograph 
for every one-thousandth of an inch variation of the apparatus 
undergoing investigation. 

This instrument has been successfully used to record permanent 
data of vibrations of a rotating turbine wheel, the mechanical move- 
ments or whipping of a rotating shaft and transient oil pressures 
due to an explosion produced by opening up a high-voltage switch 
in a sealed vessel. 


The vibration recorder is a balanced circuit comprising a test 
coil and a dummy coil, connected to two windings of a differential 
transformer. When the circuit is balanced there will be zero flux 
set up in the differential transformer, and the oscillograph vibrator 
which is connected to a third winding will have a zero deflection. 
Deflections produced on the oscillograph vibrator are obtained when 
the circuit is unbalanced by mechanical vibrations in front of 
the test coil. By suitable calibration curves, these deflections on the 
oscillograph are used as a measure of the mechanical movements 
which cause them. 

* * * * * * 


GENERAL DESCRIPTION 


HE vibration recorder was first designed to measure 
vibrations of rotating turbine wheels and the whip- 
ping of rotating shafts. The development of this 
instrument was necessary because ordinary hand 
micrometers or indicating devices could not be applied 
to the moving parts due to their inaccessible location. 


Most of the parts in a steam turbine are made of iron 
or steel; therefore, the fundamental thought was to 
make use of magnetic flux changes to detect these 
vibrations. A bridge circuit was constructed having 
a test coil and a transformer coil as one arm, and a 
dummy coil and a duplicate transformer coil as the 
other arm. The dummy coil has an iron core with an 
adjustable air-gap, and the test coil has an iron core 
the air-gap of which varies with the vibration or motion 
to be recorded. Any unbalance of the magnetomotive 
forces produced by the currents in the two transformer 
windings gives a flux, which produces a voltage on a 
third winding connected directly to an oscillograph 
vibrator. An alternating current of approximately 
500 cycles is used to excite this circuit. 

The voltage of the internal or test coil is balanced 
against the external or dummy coil to obtain the great- 
est sensitivity. For convenience in balancing the volt- 
ages of these two coils a transformer was constructed 
with two windings so arranged that the currents in the 
two windings oppose one another. A third winding 
was constructed on this transformer to pick up any 
differences in the voltages of these two coils. The 
current of the third transformer winding is calibrated 
to measure the vibrations, in thousandths of an inch, 
that take place in front of the core of the test coil. 

Fig. 1 shows a graphic representation of the currents 
in the differential three-winding transformer. When 
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the circuit is balanced the primary currents I, and TI; 
are equal and 180 electrical degrees out of phase. 
This produces zero flux in the transformer core. If 
the air-gap in front of one of the coils is changed, it 
will unbalance the circuits: J, will differ from I; as 
shown in the figure and a flux will be set up in the 
differential transformer core. The flux in the differen- 
tial transformer core will generate a voltage in the 
secondary winding No. 1 of the differential transformer, 
and produce current J, in the oscillograph vibrator 
circuit. The unbalanced currents may not be exactly 
180 electrical degrees out of phase with one another, 
as shown in the figure, as most of the unbalanced con- 
dition is due to the change in the inductive reactance 
of the circuit. This phase variation does not cause 
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CURRENTS IN THE DIFFERENTIAL THREE-WINDING TRANSFORMER 


errors, as the same variation occurs during calibration. 

In each branch of the vibration-recorder circuit 
there is a variable inductor, a three-dial resistor with 
steps of 0.1, 1.0 and 10.0 ohms respectively, a coil and 
a winding of a transformer, all connected in series. The 
two branches of the electric micrometer circuit are 
exact duplicates. The connections are shown in the 
wiring diagram, Fig. 2. Resistances R, and R, and 
inductances L, and L, are secondary parts of the circuit. 
Their function is to keep the resistance components 
and the inductive components of the two arms of the 
electric micrometer exactly equal so that the currents | 
in each half of the circuit will have the same magnitude 
and the same phase displacement from the impressed 
e.m. f. 
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Applications. Vibrations as small as five or ten thou- 
sandths of an inch have been measured on the periphery 
of a turbine wheel rotating at 1800 rev. per min. ina 
steel casing. This was done with the coils exposed to 
the steam heat and the moisture of the turbine. The 
whipping of rotating shafts has also been measured. 
The two above applications were made with an open 
type coil holder (without a magnetic diaphragm.) 
Transient oil pressure due to an explosion produced by 
opening a high-voltage switch in a sealed vessel has 
been measured with a magnetic diaphragm type of 
coil holder. 
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Fig. 2—Connection DiaGRAM FOR THE VIBRATION RECORDER 


Investigations of the mechanical motions in various 
kinds of apparatus require changes in the size of the 
coils and the design of the coil holders. In the majority 
of investigations coils one inch in diameter by three- 
quarters of an inch deep have been found satisfactory. 
The number of turns required varies widely from 500 to 
1500. An iron core one-half of an inch in diameter is 
generally used. The two coil holders in all cases should 
be built exactly alike so that the dummy coil and the test 
coil will have the same magnetic characteristics and the 
same eddy-current. This will give a rough balance 
when the air-gaps of the two coils are the same. 

A magnetic diaphragm is required in front of the 
test coil and dummy coil when transient pressures of 
gases or liquids are being investigated. The diaphragm 
- must be suitably built as a part of the coil holder. In 
a case where a direct mechanical vibration is produced 
in a piece of apparatus the coil does not require a 
diaphragm in front of it. The front of the coil 
is placed directly opposite a magnetic piece of material 
which may or may not be a part of the appara- 
tus being tested. The coil is placed so that there is 
an air-gap between it and the piece of magnetic 
material in front of it. Any changes in distance be- 
tween the magnetic material and the coil can be mea- 
sured by the change in strength of the magnetic field 
at various air-gaps. 

Sensitivity. Changes in the air-gap between the core 
and the magnetic material of one-thousandth of an 
inch will produce a deflection on the oscillograph 
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vibrator of from two to five millimeters. Theamplitude 
of the vibration of the apparatus under test is magnified 
on the oscillograph vibrator 150 times. This magnifi- 
cation ratio is shown in Table I which gives the cali- 
bration of the vibration recorder. A magnification of 
106 is obtained for small variations in the air-gap, but 
for larger variations, the magnification is 201. 

Accuracy. The vibration recorder will measure 
accurately any small mechanical movements transient 
in nature, produced in a piece of apparatus. If this 
movement is 0.005 in. or greater, an accuracy of five 
per cent can be obtained. 


INSTRUMENT DESCRIPTION AND CONNECTIONS 
To AUXILIARY APPARATUS 


Fig. 3 shows the vibration recorder as it is 
developed in instrument form. The two halves of 
the instrument are practically identical. It is approxi- 
mately 25 in. long, 18 in. wide and 8 in. high. 
The ammeter shown in the middle is a standard 
G. E. type P3. The vibration recorder itself is portable 
although the oscillograph equipment including the 
500-cycle generator is usually not constructed with this 
point in view. 

A one-kw., 500-cycle, 110-volt generator is connected 
externally through a transformer to the upper left 
hand terminals marked ‘‘500-cycle generator.” -The 
oscillograph vibrator circuit is also connected externally 
to the upper right hand terminals marked “Oscillo- 
graph Vibrator.’”’ In series with the vibrator in this 
circuit is an inductance coil and a condenser which is 
set.in dull resonance for 500 cycles. Tuning the oscillo- 
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Used to mealsure transient pressures and mechanical vibrations 
} 
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graph vibrator circuit accomplishes two results; it 
reduces the impedance to approximately four ohms 
effective resistance and likewise keeps down all the har- 
monics in the 500-cycle wave. 

Before tlie oscillograph vibrator circuit is tuned, it is 
very difficult to produce a balanced condition on 
account ofthe harmonics interfering. When it is tuned 
the harmotnics disappear and the circuit can easily be 
balanced so that the zero line on the oscillograph in- 
cluding all the residual deflection is not more than two 
millimeters wide. The circuit is balanced roughly by 
setting ithe air-gap of the external coil approximately 
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the same as that of the internal coil. A fine balance is 
obtained by moving the dial resistors and the dial 
inductors until a satisfactory balance is obtained as 
indicated on the oscillograph vibrator. 


CALIBRATION 


The internal or test coil is used to obtain a voltage 
variation due to the vibration to be measured. The 
external coil is a dummy coil and its function in the 
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Fic. 4—CaALIBRATION CURVES FOR THE VIBRATION-RECORDER 


CIRCUIT 
Showing the effects of various air-gaps between the test coil and the piece 
of apparatus being investigated 


circuit is to furnish a voltage to balance the voltage of 
the internal coil. The voltage of the external coil is of 
a specified value assumed as a zero from which to 
measure the amplitude of vibration. 

When a calibration is started, the air-gap in front of 
the external coil must be set approximately the same 
as that of the internal coil. The air-gap of the external 
coil is very seldom changed during the test after the 
balance is once obtained. The apparatus under test 
furnishes the internal coil with a varying air-gap 
corresponding to the vibration that we wish to measure. 
The variations in the air-gap will be recorded by de- 
flections shown on the ground glass of the oscillograph, 
as illustrated on the calibration curves shown in Figs. 4 
and 5. Curves were taken by varying the air-gap 
of the internal coil while holding constant that of the 
external coil. 

Fig. 4 shows calibration curves for the internal coil 
for four air-gap settings of the external coil. The 
air-gap settings should be chosen to correspond with the 
nature of the test. In order to obtain calibration curve 
marked ‘50 mils” the. external coil was kept at this 
constant air-gap and the air-gap of the internal coil was 
changed. Readings were taken on the oscillograph 
of the width in millimeters of the bright band produced 
by the 500-cycle wave and measurements were taken 
with a suitable thickness gage, in thousandths of an 


inch, of the corresponding air-gap in front of the in- 
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ternal coil. In adjusting this air-gap either the internal 
coil or the piece of apparatus under test may be moved. 

The sensitivity of the instrument is best, for changes 
of five or ten-thousandths of an inch, when the width 
of the bright band during calibration at the smaller 
lengths of air-gap of the internal coil is greater than the 
width of the scale of the oscillograph. The total width 
that can be measured on the ground glass with the zero 
in the center of the oscillograph scale is approximately 
100 mm. For deflections greater than 100 mm., 
the oscillograph zero is transferred to one side of the 
scale and the measurement is made from zero to the 
maximum deflection. In this case the value obtained 
by measurement is doubled in order to put the results 
on the same basis as the smaller deflections obtained 
with the zero in the center of the scale. The upper 
points of the curves and the tabulations are made on 
the basis of the full (or ‘“‘double’’) deflection. 


TABLE I 


Calibration of Vibration Recorder for 0.050 in. 
(These data are not plotted on a curve) 


Millimeters 
Mils or Mils or deflection on the 
thousandths thousandths oscillograph 
of an inch of an inch ground glass Magnification 
external coil internal coil or film ratio 

0.050 in. 0.050 in. 2.mm. pets 
0.050 in. 0.040 in. 29. mm. 106. 
0.050 in. 0.030 in. 61. mm. 126, 
0.050 in. 0.020 in. 102. mm. 161° 
0.050 in. 0.010 in. 149. mm. 185. 
0.050 in. 0.000 in. 200. mm. 201. 

% 

2100 

S 

= 90 

vo 

wn 

© 80 

2 

~ 10 

fo} 

oe 

3 50 

Gy 

8 40 

2 

2 30 

© 

= 20 

= lob 

oF 
0 10 20 30 40 50 60° 70 80 90 100 
Change in air gap of internal coil (inmils.) 
Fig. 5—Ca.iBraTION CURVES FOR THE VIBRATOR-RECORDER 


CIRCUIT 
Showing the effects of changing the resistance in the oscillograph vibrator 
circuit 


Fig. 5 shows the deflection obtained on the oscillo- 
graph vibrator using different resistances in series with 
the vibrator. These curves are shown to bring out the 
importance of reducing the impedance of the oscillo- 
graph vibrator circuit to a minimum by the use of the 
500-cycle dull resonant vibrator circuit. 

The curve marked “Decreasing Air-gap 4 ohms,’’ 
was taken by setting the air-gap of both coils at 100- 
thousandths of an inch and decreasing the air-gap of 
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the internal coil by successive steps. From the in- 
creasing curve and the decreasing curve it can be seen 
that the circuit is unbalanced when the air-gap is 
changed either way from 100-thousandths of an inch. 


STABILITY OF THE CIRCUIT 


The stability of the electric micrometer is good 
because the calibration is not affected by slight voltage 
and frequency fluctuations of the 500-cycle generator. 
Changes in frequency of + 50 cycles will affect the 
calibration as the iron losses change and the oscillo- 
eraph vibrator circuit will not be in resonance. 

The stability of the circuit is not disturbed seriously 
due to the internal coil heating up more than the ex- 
ternal coil as this uneven heating can be compensated 
for by changing R, and R, at any time during the test. 
Adding 20 ohms to R, and 20 ohms to R, will not change 
the original calibration. The best results are obtained 
if the electric micrometer circuit and the oscillograph 
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galvanometer field are allowed to heat up about one- 
half of an hour before using. 


TEsts RESULTS SHOWN ON OSCILLOGRAMS 


Fig. 6 shows a decaying mechanical oscillation of 36 
eycles per second which was taken for illustrative pur- 
poses only. This oscillation was produced by a vi- 
brating reed clamped to an iron support. Position 
marked A shows the reed pulled over and held 0.044 in. 
from rest towards the internal or test coil. The reed 
was first set at 0.125 in. in its rest position. The 
calibration curve for this film is shown on Fig. 4. Posi- 
tion B shows the first cycle after the reed was released 
and allowed to swing free. The first swing did not 
return entirely to its original position of 0.044 in. and it, 
therefore, returned to a position of 0.039 in. representing 
a total swing of 0.078 in. Position H likewise represents 
a mechanical deflection of 0.036 in. one-half amplitude 
of the reed. Position F represents 0.023 in. one-half 
amplitude and it is the 12th swing of the reed towards 
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the internal coil which occurred approximately one- 
third of a second after the reed was released. 

Position B represents the reed at its nearest position 
to the internal coil after release and position C repre- 
sents the reed at its greatest distance away from the 
internal coil in the cycle of which B is the beginning. 
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Fic. 7—A Recorp oF-A-VIBRATION OF AN 8-Fr. DIAMETER 
TURBINE. W HEEL 
Rotating 1280 rev. per min. and vibrating 0.024 in. in six segments around 
the periphery 


Position D represents the reed passing through its 
rest position or the balanced positions for the electric 
micrometer circuit. Any simple natural vibrating 
mass passes through its rest position twice in making a 
complete cycle. 

Fig. 7 is a record of a vibration of an eight-foot 
diameter turbine wheel rotating 1280 rev. per min. and 
vibrating 0.024 in. in six segments or nodes around the 
periphery. The internal or test coil was held in a 
bracket fastened to a stiff wheel which rotated at 
the same speed and on the same shaft as the wheel 
under test. (See Fig. 8.) The stiff wheel ran rigidly 
at all speeds for which wheels are ordinarily tested and 
had known vibration characteristics at speeds much 
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TION MEASUREMENTS ON A TURBINE WHEEL 


higher than that of the wheel being tested. Positions 
marked with an arrow show every revolution of the 
wheel. In one revolution there are six different po- 
sitions shown. ‘These correspond to segments between 
the six nodes or rest positions of the vibrating wheel. 
Positions 1, 3, and 5 represent negative segments, or 
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wheel displacements from rest, away from the internal 
coil. Positions 2, 4 and 6 represent positive segments, 
or vibration from rest, towards the internal coil. 

The deflections under the arrows are larger than the 
other five intermediate deflections: The reason for this 
is that the turbine wheel received a slight end thrust 
or quiver every revolution. This is likewise shown 
in producing a smaller deflection next to the largest 
deflection. This quiver in the wheel for every revo- 
lution represents approximately two-thousandths of an 
inch variation. These total deflections are actual 
measurements of mechanical movements of 0.012 in. 
or one-half the total amplitude of the vibration of the 
wheel. The total amplitude of the vibration of the 
wheel is 0.024 in. The reason this deflection, shown 
on the oscillogram, Fig. 7, represents one-half the total 
amplitude of the vibration is that the calibration was 
taken while the wheel was moved from rest towards the 
coil. Deflections away from rest do not require a 
calibration. The mechanical deflections of the wheel 
on both sides of the rest position are the same. 
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Discussion 


W. F. Davidson: Some time ago, I had occasion to considet 
the possibility of carrying on measurements of about the type 
described by Mr. Mershon and looked into the possibility of 
several methods, but we seemed to run into difficulties because 
the vibrations that we wanted to record were in the order of 
200 cycles. Modulating a 500-cycle wave with 200 cycles does 
not give a very satisfactory wave to work on. On the other hand, 
using frequencies higher than 500 cycles is likely to lead to some 
circuit difficulties, especially if an oscillograph is to be used. I 
have wondered whether it might be possible to use frequencies 
in the order of several thousand cycles and then, through a 
valve arrangement similar to a radio detector circuit, unscramble 
the composite current so that the wave can pass through the 
oscillograph and reproduce truly the original modulating action. 
It seems to me that there is a possible development of consider- 
able value in this direction. 
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J. W. Legg: Mr. Mershon’s paper proves that the study of 
vibrations in turbines, and in machinery in general, must be very 
important or such recording apparatus would not have been 
developed by several large companies in approximately the same 
period of time. 

Mr. Mershon has perfected one method of recording minute 
vibrations with the oscillograph. The apparatus described is 
nicely arranged and has many of the undesirable features of that 
method eliminated. However, this particular method, of 
transforming mechanical vibrations into changes in current 
through an oscillograph vibrator, had so many drawbacks that 
the writer abandoned this method years ago and chose to push 
through a design which required no high-frequency alternator 
for excitation and which gave a true wave record and not a modu- 
lated record. 

The final design consisted of an inductor-alternator modifica- 
tion which generated a voltage and set up a current in the 
oscillograph vibrator which was always proportional to the actual 
vibrations being studied. The calibration was constant over 
the range of vibrations studied. This apparatus was much more 
sensitive than that described by Mr. Mershon, and operated 
over a much greater range. Furthermore it required no 500- 
cycle motor-generator set nor any other electrical excitation or 
amplification. <A cobalt-steel permanent magnet was the only 
excitation, and the complete apparatus was no larger than a 
medium-sized fan motor. 

This vibration converter fitted into a cavity in the end of the 
shaft of a steam turbine or other rotating apparatus. Torsional 
vibrations of even less than 0.01 deg. and longitudinal vibrations 
of even less than 0.00001 in., at frequencies even above 2000 
cycles, have been recorded. On the same film, within a small 
fraction of a second, more than a dozen different frequencies 
have been recorded ranging from 60 cycles to 2200 eyeles per 
second. Such records could never be made by modulating a 
500-cycle wave, or even a 5000-cycle wave. 

In order to achieve these results, the usual principle of the 

alternator was modified so that the rotor would tend to seek the 
position where a slight relative movement between rotor and 
stator would give the maximum voltage generated in the wind- 
ing, instead of minimum voltage. Also the flux distribution was 
uniform, each side of this stable position. Both rotor and stator 
of this special inductor alternator rotated at the same speed 
as the machine being studied, but one member (usually the out- 
side member) was rigidly fixed to the shaft of the machine being 
studied, while the other member (usually the inside member, 
consisting of permanent magnet, pole tips and shaft) was free to 
rotate at a strictly uniform angular velocity even though the 
other member vibrated torsionally or longitudinally while it 
rotated at the same speed. 
_ The special cobalt-steel magnet was magnetized, in place, 
with 300,000 ampere-turns, and the magnetizing coil (of copper) 
was allowed to remain on the magnet to have an additional 
fly-wheel effect. 

One end of the permanent magnet had a multiplicity of north 
poles, each under two teeth of the stator. The stator teeth 
had a series winding in which was induced the torsional vibration 
currents. The other end of the permanent magnet had a ring- 
shaped south pole inside a toroidal winding on the outside 
member. This winding had radial punchings on each side so 
that longitudinal vibrations induced currents in this winding 
proportional to the amplitude of vibration of the machine being 
studied. The inductive drop in each winding was kept large 
compared with the ohmic-resistance drop, over the range of 
frequency to be studied, and hence a calibration constant could 
be used in place of a complicated calibration curve. 

The extreme sensitivity, efficiency and compactness of this 
apparatus made it possible to install several of these vibration 
converters in different positions in the shafts of the turbines of 
an ocean liner. Tests were made under actual operating con- 
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ditions of the vessel during a severe storm, without in any way 
interfering with its reliability in carrying the usual quota of 
first-class passengers and freight. The portable oscillograph 
was located in a first-class cabin at the end of a 250-ft., 12-con- 
ductor cable. 

In spite of the simplicity of this device, it recorded more minute 


vibrations in the turbine blades themselves, by reaction through 


the turbine shaft to the vibration converter, than could be 
recorded by the apparatus described by Mr. Mershon even 
though the latter were attached to the blades themselves. 

The outstanding advantages of the inductor-alternator 
vibration-converter scheme over that of the varying inductance, 
bridge and 500-cycle motor-generator set, may be summarized 
as follows: 

1. Extremely compact (about the size of a fan motor). 

2. Fits in a cavity in the end of the shaft of the machine 
being studied. 

3. Requires no wires stretching up into the heart of the 
apparatus being studied. 

4. Will operate on a standard steam turbine running in 
normal service and yet record the vibration of turbine blades 
which may be at a dull red temperature in highly super-heated 
steam. 

5. Has actually recorded turbine vibrations of 0.00001 in. 
at frequencies up to 2200 cycles per second. This is not the limit 
of possibilities. 

6. Has a calibration constant and not the complications of a 
calibration curve, over the operating range of frequencies. 

7. When once determined, this calibration constant did not 
vary perceptibly even when the converters remained on turbines 
operating over 12,000 mi. of ocean. 

8. Oscillograms are. comparatively easy to read even though 
many different frequencies of vibration are present in a record 
made in 0.1 see. 

9. Both longitudinal and torsional components of vibration 
may be recorded simultaneously with but one converter and two 
oscillograph elements. 

A. V. Mershon: In regard to the possibility of measuring 
mechanical vibrations around 200 cycles per sec., I might speak 
of Fig. 7 as having a natural mechanical frequency of 120 cycles 
per sec. What is called approximately 500 cycles in my article 
is actually around 700 cycles for Fig. 7. We did not try in any 
case to hold the 500-cycle generator at 500 cycles and I feel 
sure that the same circuit can be used to measure a 200-cyele 
mechanical frequency with very good results, and in that case, 
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in order to obtain proper shading, it would be necessary to boost 
up the frequency of the 500-cyele generator to around 1000 or 
2000 eyeles. This frequency I do not believe would be harmful 
to the working of the oscillograph. In this case, as the frequency 
is boosted up, the losses which occur around the coil would 
decrease the sensitivity, but not seriously. 

The main difference between the vibration converter deseribed 
by Mr. Legg and the vibration recorder presented in the present 
paper lies in the results obtained on the oscillograms. The 
deflections obtained on the oscillograms using the vibration 
converter are a function of the frequency. The oscillogram 
deflections obtained by the vibration recorder are true representa- 
tions of the magnitude of the mechanical vibrations regardless 
of frequency. 

The vibration converter is designed and built to do one class 
of investigational work and is more analytical than quantitative. 
The vibration recorder is designed to investigate a different 
kind of mechanical motion and the results obtained are more 
quantitative. Each circuit has its own class of investigational 
work to perform and should be able to perform one class of work 
better than the other. 

The vibration converter cannot be applied at the point where 
the vibration occurs on turbine blades because a piece of ap- 
paratus as heavy as a fan motor is too large. The vibration 
converter evidently will not work well without the magnetizing 
coil attached to add weight so that the rotor will have a fly-wheel 
effect. A heavy vibration converter the size of a fan motor could 
not be mounted on the turbine blades on account of the mechani- 
eal strength required to hold it in place; furthermore if such a 
scheme of mounting could be used it would damp out the vibra- 
tion and destroy its natural period. There are many cases in 
which the weight of a fan motor would change the natural 
period of a vibrating mass and render the application of a 
vibration converter impracticable. 

The vibration recorder requires a small test coil only 1 in. 
in diameter by 34 in. thick which is not attached to the vi- 
brating part. This small coil can be mounted at the periphery 
of a rotating wheel adjacent to the blade that is vibrating and 
measure the vibrations without changing the natural period, 
and it will not damp the vibrating blade. A calibration curve 
is determined very easily, simply by varying the air-gap a fixed 
amount and observing the oscillographie deflections. 

The vibration recorder has an additional advantage of being 
able to measure pressure variations. Pressure variations as 
slow as one per minute can be measured as easily as 200 per sec. 


Law of Magnetization 
BY 8. L. GOKHALE: 


Member, A. I. E. E. 


Synopsis.—The purpose of the study, which constitutes the 
subject matter of this paper, was to investigate the reliability of 
Frolich’s law of magnetization near saturation. 

For the last forty years, Frolich’s law has been accepted as the 
most reliable expression representing the relation of magnetizing 
force to the magnetic induction produced thereby in ferro-magnetic 
materials. In the course of the study, which constitutes the 
subject of this paper, it was found that the law is not as reliable, 


as it is generally believed to be, particularly for purpose of computa- 
tion of saturation value. It was also found in the course of the 
same study that this part of the curve follows the law, 


B-—H=S(i-— be). . . (equation 30-2) 


more closely than any other law yet formulated. This law and 
Frolich’s law are both in harmony with Weber's theory of molecular 
orientation. (See equations 24, 25, 26.) 


1. PURPOSE OF THE INVESTIGATION AND PLAN OF 
PRESENTATION OF RESULTS 


HE progress of scientific and industrial develop- 

ment of production, distribution and control of 

electrical energy depends very largely on the cor- 
rect knowledge and understanding of the laws repre- 
senting the relation of electric current to magnetism. 
During the last hundred years, various attempts have 
been made to obtain a correct knowledge of these laws. 
The analytical study and experimental work, which 
constitutes the subject of this paper, is one more effort 
toward the same goal; it is limited to a study of the law 
of magnetization for flux density in the neighborhood 
of saturation. Stated symbolically, the subject of 
this investigation is the equation, 


B= F() (1) 


and the problem in hand is the determination of the 
form of the function F (H) and its properties. For 
reasons to be explained later, the form of the problem 
is slightly modified in the course of the study. (See § 3, 
equation 4; § 9, equation 23). 

The plan of presentation of results, which is followed in 
this paper is: 

Nomenclature and symbols, with illustrative curves. 
Attention is directed to characteristic peculiarities of 
curves which occupy an important place in the sub- 
sequent argument. 

Study of Ewing’s conception of intrinsic induction, 
and of Weber’s theory of molecular orientation, as a 
ground work for formulating a law of magnetization. 
(§ 3, 4; equations 4, 6). ; 

Presentation of Frolich’s law as a hypothesis in rela- 
tion to Weber’s theory. (§ 5, equation 7). 

Study of different forms of Frolich’s law, with a view 
to formulate some crucial equations, whereby the 
validity of Frolich’s law can be tested. (§ 5, 6, 7, 20; 
equation 7, 9, 11, 12, 17, 32 and 33). 

Further study of Weber’s theory, as groundwork for 
equation of progress near saturation. (§ 8, 9; equa- 
tion 22, 23). 
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Presentation of Frolich’s law, as a hypothetic equa- 
tion of progress. (§10, equation 24). 

Experimental study of a curve of incremental perme- 
ability, and reluctivity. It will be shown that the 
form of the observation curves does not support 
Frolich’s law, but that on the contrary, it indicates in 
favor of Lamont’s equation of progress. (§ 11, Fig. 3-1, 
equation 26). 

(Supplement, § 20; Fig. 3-3, -4, equation 32, 33). 

Law of latent induction (log y =f—gH), is 
derived as a corollary to Lamont’s equation of progress. 
($ 11, equation 29). This leads to the equation of 
magnetization, B— H = S (1 — be-*") referred to in 
the Synopsis. (Equation 30-2). 

Study of saturation value, and of 6 H, 8 u and H D 
curves for standard sheet steel. A study of these 
curves shows, firstly, that the magnetization curve 
for this material does not follow Frolich’s law, and 
secondly, that for the part of the curve above H = 300, 
it follows the law Log y = f—gH. (§12, 18, 14). 


Study of Hpcurve. Theapparent straightness of the 
Hp curve seems at first sight to support Frolich’s law, 
but a closer study of the curve reveals that this is due to 
its insensitive character, and proves that it has no 
evidential value (§ 15, equation 31-2). 

Corroborative evidence from tests on other typical 
samples (§ 16). 

Further corroborative evidence from tests at the 
Bureau of Standards. (§ 17, Fig. 12-2, -4). 

Practical application of both laws for purpose of 
extrapolation beyond the limits of test (§18). 

Summary of conclusions. 

Tables of data and curves. 

The scheme of numbering the tables and curves is 
such thatall figures with a common group number refer 
to tables with the same group number. The sub- 
numbers have no significance, they are used merely as a 
convenient mark for subdivision of the group. In 
view of the difficulties due to the large number of 
figures necessary to illustrate the various points of the 
argument, a few curves are selected for publication. 
Other curves will be available in the form of blue prints, 
for anyone who desires to study the results further 
than as given in this paper. 
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Necessary references to all curves, including those 
that are not published, will be found in the tables. 
References to published curves only are given in the 
body of the text, each in its proper place. 


2. NOMENCLATURE AND SYMBOLS 

The following symbols are used in this paper. 

B Total induction, or flux density (gausses). 

8 Intrinsic induction, or flux density, (gausses). 

H Magnetizing force, (gilberts per.cm: briefly g.). 

H Spatial induction, (gausses, See par. 3, note 1). 

S Saturation value, 7. e., limiting value of B. 

y Latent induction, (= S — 8). (See §4, 8). 

u Intrinsic permeability (= 6/H, not = B/H). 

p Intrinsic reluctivity (= H/B). 

D Distribution ratio (= 8/7). 

yu’ Transformation rate (= — d y/d H, or dB/d H). 

Also called incremental permeability. 

p’ Incremental reluctivity, (d H/dB). 

7, First inflection of Bu or H p curves. 

7, Second inflection of Bu or H p curves. 

coefficient of permeability (= u/y) when used 
with reference to Frolich’s law in its various 
forms (equations 7, 8, 9, 12, 16, etc.). 

Coefficient of incremental permeability (= u’/ 7) 
when used with reference to Lamont’s equation 
of progress, and other equations derived from it 
(equation 27). 

Coefficient of reluctivity (= 1/8). 
Initial reluctivity (a = p— oH). 
is also defined as a = 1/aS. 

10 and 11). 

Coefficient of magnetic hardness (h = 1/a) when 
used with reference to Frolich’s law (see 
equation 13). 

Curves are designated by joint use of the variables 
involved, for example, 6 H, 8 u, H p curves; when one of 
the variables is logarithmic, a comma is inserted, for 
example H, log yy curve. 

For illustration of these symbols see Fig. 1. 

Notes: The symbol H is used in two senses but this 
ambiguity does not lead to any inconvenience or mis- 
understanding, as the context is clear in all cases. 
The same remark applies to the symbol a. 

The symbol y, in the usual sense of B/H, is not used 
in this paper. 

The symbol p, in its original sense of H/B, is not 
used in this paper. 

The numerical figures on the 6y curve refer to the 
values of H for the corresponding points. The straight 
line drawn in relation to the 6 u curve is a hypothetic 
Bu curve for Frolich’s law, that is, the 6 u curve, which 
would be represented by this’ straight line, if the 
material followed Frolich’s law, within the. limits 
indicated. (Fig. 1-1, -2, -3.) 

In relation to the reluctivity curve, the straight line 
passing through the origin is the ideal reluctivity curve, 
that is, a curve for a hypothetical sample of material 
having the same saturation value as the test sample, 
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but having no magnetic hardness, so that the material 
is supposed to be saturated from the start. (Fig. 1-1, 
22hreos) 

In studying the various curves, the following char- 
acteristics should be noted; their significance will be 
explained later: 

(a) The B H curve has the appearance of a hyperbola, 
asymptotic to the saturation line (Fig. 1-1, -2, -3). 
It will be shown later that the curve is not truly 
hyperbolic. 

(b) For values of H above a certain limit, (H = 50 
approx.), the H p curve appears to be almost a perfect 
straight line (Fig. 1-1, -2, -3). Even below H = 50, the 
curvature is scarcely noticeable. 

(c) For corresponding values of H, the 6 u curve is 
not straight. It contains three straight sections, viz, 
regions of Kennelly, Yensen, and saturation. (Fig. 
1-1; 2, -3). For further discussion on this point, see 
§14, 

(d) The H D curve is not straight; it has the ap- 
pearance of an exponential curve. The corresponding 
logarithmic curve is comparatively straight; in the 
particular case selected for illustration, the logarithmic 
curve seems to be made up of two separate straight lines, 
with a seemingly abrupt bend at H = 370 (Fig. 1-6). - 


3. EwInc’s CONCEPTION OF INTRINSIC INDUCTION 
Prior to the year 1890, the various laws of magnetiza- 

tion propounded by several physicists, were equations of 
the form B = F (H) or other equations derived there- 
from. In 1890, Prof. Ewing showed that the induction 
in all ferro-magnetic material could be conceived as 
made up of two components, each following its own 
characteristic law. 

B= fay. + B; (2) 
where 

B, =F, @ =H. 
and 

Be SKA) 


Notes: B, is the spatial induction, that is, induc- 
tion in the space as a magnetic property of the space 
irrespective of the magnetic character or condition of 
the material occupying that space. It is supposed to 
follow the very simple law B, = H. (See Fig. 1-1). 

B; is the intrinsic induction, which depends on, and 
is an undetermined function of H; it is signified by 
the symbol 8 in this paper. (See Fig. 1-1). 

B is the resultant induction in the magnetic ma- 
terial. Using the notation of §2, Ewing’s conception is, 

B =.H +8 (3) 

The problem of determining the law of magnetization is 
thus reduced to a determination of the equation, 

6 = F (1) (4) 

In view of the fact that Ewing’s conception is now 
generally accepted, it is considered necessary to revise 
the laws of Lamont, Frolich, etc., and regard themas | 
referring to 8, although in their original form they 
referred to B. 
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4. WEBER’S THEORY OF MAGNETIZATION, AND 


According to Weber’s theory, as modified by Ewing: 
All magnetic material consists of molecular magnets; 
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the question regarding the cause of magnetism of the 
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The process of magnetization is merely a process of 


orientation of the molecules. 


In the non-magnetized condition the molecules form 
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Fig. 1-8—REcONSTRUCTION OF CURVES BY LOGARITHMIC LAW 


molecules is irrelevant for our present purpose, and is a large number of small groups, each group making a 
therefore left out of consideration in this paper. 


small but complete magnetic circuit. 
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The molecules in each group are held in their place 
by magnetic forces, which originate in the molecular 
magnets of that group, as well as of neighboring groups. 

When a magnetizing force is applied to the magnetic 
material, each molecular magnet acting aS a compass 
needle, tends to turn around and place itself in a line 
parallel to the magnetizing force. This tendency is 
partly opposed by the counteracting magnetic forces 
of the neighboring molecules. 

The function of the magnetizing force is therefore 
merely to determine the configuration of the molecules. 
For each configuration there is a certain magnitude of H 
necessary to produce it. 

The total flux of the oriented molecules across any 
section of the magnet is the manifest flux and this flux 
divided by the area of that cross-section, is the mani- 
fest induction; it is represented by the symbol £. 

The total flux of the unoriented molecules across 
- the same cross-section is the latent flux; it is made up of 
two groups of flux lines in opposite directions making an 
algebraic total of zero lines. The total number of these 
lines reckoned without consideration of direction is the 
latent flux, and this flux divided by the sectional area 
of the whole magnet is the latent induction; it is 
represented by the symbol ¥. ; 

The total intrinsic flux in a magnet across any section 
is the aggregate of flux lines of all molecules irrespective 
of the direction of the lines. This isa constant quantity, 
not dependent on the magnetizing force, being deter- 
mined only by flux in each molecule and by the total 
number of molecules in the plane of the cross-section: 
it is represented by the symbol S. 

The function of the magnetizing force is to establish a 
configuration of the molecules and therefore the dis- 
tribution of S into its two components 6 and y. (See 
Fig. 1-2). 

Weber’s theory may therefore be stated analytically 
by the equations, 


B+y=S (5) 


and 


B/y = F A) (6) 
the form of the function H being undetermined for 
the present. 


5. Frouicu’s LAw: HYpoTHeETIC EQUATION OF 


DISTRIBUTION RATIO 
We have seen that according to Weber’s theory, 
B/y =F (H), the form of the function being yet 
undetermined. If at this point we assume that the 
distribution ratio is not only a function of H, but is 
directly proportional to H, we arrive at the equation, 
B/y =a (7) 
= H/h 
whereh =.1/a. 
or 

Di=3G. Fatih, (7-2) 
This equation may be called Frolich’s hypothesis, be- 
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cause it is implied in Frolich’s law. It has not been 
explicitly stated in this form by Dr. Frolich or by any 


one else. Substituting for + its equivalent S — B, we 
get 
B/Y =a 
~.p/(S — 8) =o (8) 
’ B= Saws (eae (9) 
= S—S/i+aH) (9-2) 
This is Frolich’s law, (E. T'. Z. 1886, p. 164). 
Equation (9) can also be expressed as 
" H 
ea = | 
as 3 S 
Hi 
= eas . (10) 
where 
a =1/a8, and o = 1/s. 


This is another form of Frolich’s law (E. {Baw UateP 
Dei). 
From equation (10) we obtain, 


H/gB =a+oH 
or 
p=at+oH (11) 
or 
p= (H+Ah)/S (11-2) 


This equation is known as Kennelly’s law. It was 
formulated first by Prof. Fleming, who derived it as a 
corollary to Frolich’s law, (J. I. E. E. Trans., 1886, 
p. 569); secondly by Dr. Kennelly, who derived it 
independently of Frolich’s law, empirically from a 
study of the published data of Ewing, Rowland and 
Du Bois, (A. I. E. E. TRANS., 1891, p. 503-517); 
and thirdly by Dr. Steinmetz, who derived it also as an 
empirical law from the study of data published by Dr. 
Corsepious, (E. T. Z., 1892, p. 203). 
From equation (8) we also obtain directly, 


6/H = a(S — 8) 
or 
a = a(S — 8B) (12) 
or 
w= ¥/h (12-2) 


This is Bosanquet’s law: (Electrician 1886, p. 247). 
Equation (12) may also be derived directly from 
equation (11), by purely algebraic process involving 
no other equations except the defining equations, 


= B/H 
p = H/6 
a=tlas 
and 
C= s 


The relation of equation (12) to equation (11) is not 
dependent on their relation to equation (7) or (8) to any 
other hypothesis. From this it follows, that if any part 
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of the H p curve is straight, the corresponding part of 
the 8 » curve must also be straight. 
Again, starting with equation (9) 


pemon ai ((1st¢ A) 
- if 
using a symbol h = ced (see equation 7-2) we get 
y =Sh/(H +h) (13) 
Bi = 5% B/(He+ h) (14) 
=S— Sh/(H +h) (15) 


NoTE: The relation of equations (7-2), (9), (11-2), 
(12-2). (13), (14), (16) and (17), can be easily demon- 
strated geometrically with the help of Fig. 2-1. For 
example, 

M P/PN =OM/N Q or B/y = H/h, equation (7-2). 

Agan M P/OS =OM/SQ, or 6/S = H/(H +h), 
equation (14), 

Equations (13), (14) and (15) are equations for Frolich’s 
law in its analytical form. They lend themselves easily 
to computation of 6 and y for any value of H. Equa- 
tion (15) is preferred in this paper in the preparation of 
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the several tables. For example see Table II. The 
several equations given above lead us to expect that 

1. If Frolich’s law be true for the entire curve above 
any value of H, the corresponding parts of the H p, 
6B uw, and H D curves should be straight lines, as the 
corresponding equations are all. of the first degree. 
(See equations 7-2, lland 12. Fig. 2-1). 

2. If Frolich’s law be true only between certain 
limits, and not true above and below that limit, the 
H pand £8 uw curves should be straight between those 
limits, but the H D curve should not be straight even 
between those limits, if the true saturation value 
determined by measurement be used as a basis of 
computation, unless the value of S indicated by the 
straight part of the H p or 6 uw curve happens to be 
the true saturation value. No concrete instance of 
such exceptional coincidence has yet been observed. 

3 Inno case is it possible to find a particular part of 
the H p curve straight unless the corresponding part of 
the 6 u curve is also straight. 
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These three curves, viz., the 8 u, H p and H Deurves, 
are therefore three practical tests whereby the truth of 
Frolich’s law for any part of the 8 H curve may be 
tested; two other practical tests will be described later. 
(See §6 and 20). 


6. FROLICH’S EQUATION OF PROGRESS AND EMERY’S 
LAW 


By differentiation of equation (12), we obtain 


a 
B= 55 Sigg) a - (16) 
aS =10))2 (17) 
Sys 
where 
K=O Sessile 
WTS 9 Va Bea) (17-2) 


(See equation 13). 

This is Frolich’s equation of progress of magnetization. 
(E. T. Z., 1886, p. 164). By reintegration of equation 
(16), we get, 

6 =S(@H+cS—1)/aH+ cS) (18) 
or 

Cs — SiG He 5) (19) 
where c¢ is an undetermined constant of integration. 
This is Emery’s law. (A. I. E. E. TRANS., 1892, pp. 


209,.215). In equation (18) or (19), if c = 1/S, the 
equation reduces itself to the form 

B=S.aH/(1+a4H) (9) 
or 

8 =S-—S/1+ad) (9-2) 
This is Frolich’s law. 
From Emery’s law we have, 

B/y =aH+cS—-1 (20) 


According to Emery’s law the distribution ratio 
expressed as a function of H isa straight line not passing 
through the origin, except in the particular case where 
cS—1=0, in which case Emery’s law becomes 
Frolich’s law; in either case it is a straight line. Equa- 
tion (16) is an equation of first degree for mu’ and 
second degree for 8. Therefore, if Frolich’s law be true, 
the corresponding curve should be a parabola with the 
vertex at the point S on the axis of 6, and with its 
directrix parallel to the axis of . 


7. STUDY OF EQUATIONS OF DISTRIBUTION RATIO: 
(EQUATIONS 7 AND 20) 

We have seen that Frolich’s law in all its forms, and 
even Emery’s law, involves the hypothesis that the 
distribution ratio is a linear function of H. Such an 
assumption has no justification either theoretical or 
empirical. Fig. 1-6 shows the curve for distribution 
ratio for a selected sample of silicon steel. This curve 
is certainly not a straight line. On the theoretical 
side, we have against it the negative fact that no reason 
has yet been given to explain why the ratio B/ y should 
be a simple linear function of H. It is true that there 
is nothing inherently absurd in the assumption that the 
ratio of the components 8 and y is proportional to 
magnetizing force: it does not conflict with Weber’s 
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theory, but neither is there anything in Weker’s 
theory to justify or even to suggest that assumption; 
in fact even the form of the general equation (6), 
that is, 8/y = F (H), does not express the fundamental 
nature of the phenomenon, which would-be better 
expressed by a differential equation of the form, 
dp/dH = F (, ¥) 

although the final result may be expressed in any con- 
venient form, including the form, 

B/y = F (@). 

Note: We have seen that the curve 6/7 as a func- 
tion of H is not straight, but has the appearance of an 
exponential curve corresponding to the equation 
B/y =e”. (See §2 par.d). If this conjecture becorrect, 
the curve for log 6/7 should be a straight line. This 
expectation is found to be partly justified by Fig. 1-6. 
This point will be discussed more fully later. (See §18 
equation 30-4). 

8. EQUATION OF PROGRESS ACCORDING TO WEBER’S 
THEORY 


According to Weber’s theory, the values of 6 and y 
for any value of magnetizing force depend on the con- 
figuration which has been reached under the influence 
of that force, and which is therefore determined by the 
condition of equilibrium between the internal and 
external magnetic forces, when that configuration is 
established. The internal forces are those due to the 
interaction of the magnetic poles of the molecules, from 
which it follows that the forces which oppose the 
change of configuration at any step in the process of 
magnetization are determined by the configuration 
itself. According to this conception, the process of 
magnetization is a progressive process, made up of 
changes of configuration in successive steps, and is at 
each step accompanied by a transformation of a small 
part of the latent induction d y into an equal amount of 
manifest induction d 8, under the influence of the incre- 
mental magnetizing forced H. The fundamental law of 


magnetization should thereforebeanequationoftheform, 
dy/dH =—F 6, ¥) (21) 
or 
dg/dH = F (8, ¥) (22) 


Equations (21) and (22) are identical, being merely the 
negative and positive aspects respectively of the same 
transformation process. In formulating this conception, 
the transformation ratio (d y/d H) is expressed as a 
function of B and y, but not as a function of H; this is 
because, according to the conception under discussion, 
the transformation of d y into d8 is brought about by 
the operation of the increment d H, not by the whole 
magnetizing force H. The function of the magnetizing 
force H is to establish the corresponding configuration, 
by counteracting the opposing internal forces, and 
when that configuration has been reached, the function 
is exhausted. Any further change in the value of 6 and 
y is brought about by the incremental component of 
force d H, and the magnitude of this component neces- 
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sary for unit change in y and 8 Is determined by the 
component of internal force, which it has to oppose and 
overcome. This component of internal force is the 
result of, and therefore some mathematical function of, 
the configuration itself, that is a function of B and y; it 
follows therefore that the rate of transformation 
d y/d H must be fundamentally a function of 6 and 
but not of H. But since 6 and y are themselves func- 
tions of H, it also follows that d y/d H is capable of 
being expressed as a function of H, although such an 
equation would not be the fundamental equation. 


9. EQUATION OF PROGRESS NEAR THE SATURATION 
LIMIT 

We have seen that d y/d H isa function of 6 and y. 
(See equation 21). At this point, we can introduce a 
further simplification by limiting the problem to the 
part of the curve near saturation. As saturation 
approaches, the manifest component of flux 8 becomes 
practically constant. The corresponding oriented. mole- 
cules are now practically in the final stage of orientation, 
their influence in opposing any change of configuration is 
now practically constant irrespective of how great or 
how small that influence happens to be; this makes the 
transformation ratio depend on the y component of S 
only, which is now practically the only variable in the 
function. 
Thus we have the equation, 

dy/dH =—F(y) (23) 

the form of the function F (vy) being yet undetermined ; 
the determination of the function F (vy) now becomes 
the main problem. 


10. STupy OF FROLICH’S EQUATION OF PROGRESS 
At this point we might make some assumption as to 
the form of the function F (vy). If we assume F (7) 
= K y?, we have 
dy/dH =-Ky (24) 
or 


d6/d H K (S — 8)? (25) 
This is Frolich’s equation of progress (see equation 
17) wherein K represents the ratio of Frolich’s con- 
stants, a/S (see §6 equation 16). The status of 
Frolich’s law depends on the validity of the assumption 
a(S — 6)? ; f 
dp/dH = rie kguet Qn the tkeoretical side no 
justification for this assumption has been given by 
Dr. Frolich or by any one else. On the empirical side, 
there is no experiment on record to demonstrate that 
the curve for incremental permeability as a function of 
8 is a parabola such as is represented by the equation 
in question. 


11. Form oF CURVE FOR INCREMENTAL PERMEABILITY 
AND EQUATION OF LATENT INDUCTION 

In order to ascertain the validity of Frolich’s as- 

sumption (Equation 16 or 24), a sample of standard 
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steel in the form of a toroid ring was tested by the 
differential method. For details of test and result of 
measurement see Table III, Fig. 3. The curve plotted 
from test has certainly no resemblance to the parabola 


a (S — B)? 


representing the equation d 8/d H = 3 In- 


cidentally, we observe that the observation curve 
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though not perfectly straight, is very nearly a straight 
line for magnetizing forces above H = 100, and still 
more straight above H = 200. The test stops at 
H = 400; extrapolation of the curve indicates a satura- 
tion value of S = 20,250. (For true value of S, see 
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next paragraph). We might therefore follow the 
suggestion of this experiment and assume that the 
function F' (7) in equation (23), isa vy. 
This leads to the equations: 
dy/dH =—-ay (26) 
or 
dB/dH =a(S— 8) (27) 
This is Lamont’s hypothetical equation of progress. 
By integrating either of these we have, 


log. y = C—aH (28) 
where C is an integration constant 
or 

logo y =f-—gH (29) 
From equation (28), we get 

Bee Sal Ose a} (30) 

where b = e‘/S 
or 

POI pe) (30-2) 


This is the law of magnetization referred to in the 
synopsis. 

Equation (30) is the same as Lamont’s equation in 
form but differs from it in the limitations which are 
implied in equation (26) and (30) but not recognized by 
Lamont, viz., that the equation is true for parts of curve 
near saturation only (See par. 9). Lamont assumes 
that the equation is true for all values of H including 
H = 0, which makes 6 = 1; Lamont’s equation there- 
fore takes the form, 

p= S(- ee") 
This equation has no experimental support. 


(30-3) 


12. Law oF MAGNETIZATION FOR STANDARD SHEET 
STEEL 

In order to ascertain the reliability of the extrapola- 
tion method based on the assumption d y/d H 
=— ay, the ring referred to in the last paragraph 
was unwound and rewound for higher magnetizing force 
reaching up to H = 1000, if possible. (For details of 
test and result of measurement, see Table IV, Fig. 4). 
The sample seems to be saturated at H = 650, reaching 
the saturation value of S = 20,200, which is in very 
close agreement with that indicated by extrapolation, 
viz., 20250 (See Fig. 3). For magnetizing forces above 
H 300, the observation curve is in very close agreement 
with the reconstruction curve representing the law, log: 
y =f—gH. (see Fig. 4-4); it is not in as good agree- 
ment with the law B = SaH/(1+aH). (See Fig. 4-5). 


13. CURVE OF DISTRIBUTION RATIO FOR STANDARD 
SHEET STEEL 

According to the equation (7), (8/y = aH), the 
curve for distribution ratio should have been a straight 
line. The observation curve is certainly not straight, 
(Figs. 1-6, 4-1). On the contrary, the curve seems to 
be exponential, as it ought to be if equation (30) 
represented the true law of magnetization; for 


B= 81 — be-*) (30) 


1020 
Then 
y=S.be%™ 
Then 
B/y = 1b ete 
1 
= b ett = il 
1 
- > (a approximately as satura- 
tion approaches, 
or 
D =e" /b (30-4) 


or Log, D=pH-+q (making due allowance for 
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change of base). The corresponding observation curve 
is approximately straight showing that the distribution 
ratio is not a linear function of the magnetizing force 
as is required by Frolich’s law, but nearly an exponen- 
tial function as is required by the law of equations (29) 
and (30). 
14. THE PERMEABILITY AND RELUCTIVITY CURVES 
According to Frolich’s law, equation (12) (u 
= a(S — 8), the 6 uw curve should he a straight line, 
intersecting the axis of B at the point S. The observa- 
tion curve does not seem to fulfill this condition, 
(See Fig. 4-1, -2). For magnetizing forces above 
H = 300 the curve seems to follow very closely the law 
log y =f—gH. The complete 6u curve is not 
straight, but it has three straight regions. 
1. First straight region, associated with the first 
inflection 7, (Kennelly’s region; See Fig. 1-1, 4-1). 
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2. Second straight region, associated with the 
second inflection i. (Yensen’s region; See Fig. 1-3, 
4-2). 

3. Region of saturation. 

The work of Dr. Kennelly was limited mostly to that 
part of the 8 H curve which corresponds to the first 
straight region, (See Fig. 5-2); and the work of Dr. 
Yensen was limited to the second straight region, 
(See Fig. 5-1). From the form of the Bu curve it 1s 
obvious that Frolich’s law should hold true within the 
corresponding limits of H for each of these regions, but 
not for the whole curve above the first or even above 
the second region. The first and second regions can be 
represented by the equations, m= % (S;— 8), and 
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Me = dy (Sy — B) respectively, (See Fig. 1-1, -3), but it 
must be remembered that neither S; nor S». represent 
necessarily the true saturation value. In all cases 
observed thus far, S; is always less, and S, always 
greater, than S. (See Fig. 1-1, -2, -3; S; = 14800, 
S, = 18480, S = 17600). The curve for reluctivity 
as a function of H, 7. e., H p curve, possesses all the 
characteristics of the 6 uw curve, but they are not SO 
easily noticeable in the H p curve, (See Fig. 1-1, -2; 
for points 7, and 2, see Fig. 1-3, 4-1, -2). The Hp 
curve seems to be almost a perfect straight line; in 
some cases, it seems to resolve itself into two straight 
lines connected by an apparently abrupt bend; ‘n either 
case, the straightness is only apparent and misleading. 


June 1926 
15. INSENSITIVE CHARACTER OF RELUCTIVITY 
(H p) CURVE 

It has long been recognized that the reluctivity curves 
are always almost perfectly straight over a wide range 
although the corresponding parts of the 6 w curves are 
not straight. (Kennelly: A. I. E. E., 1891, p. 531). 
Theoretically, the 8 u curve and the H p curve are so 
related, that if one of them be straight, the other must 
be straight also; the straightness of the H p curve overa 
wide range is therefore anomalous, being mathemati- 
cally impossible when the corresponding part of the 
6m curve is not straight. The explanation of the 
anomaly lies in the insensitive character of the H p 
curve in comparison with the Bu curve. The in- 
sensitive character of the H p curve is inherent in the 
form of the function irrespective of the law of 
reluctivity. 

This may be seen from the following analysis: 

Let p= a-+oH, and p = a(S — B), be the two 
forms of Frolich’s law, in reference to reluctivity and 
permeability, where the “constants” are not true 
constants, but variable functions of H and 6. By 
differentiating the second equation for 8 we have, by 
partial differentiation, 


du (— 
=@ dB 


dB 
By direct differentiation, assuming a and S to be 
constant, 

du 

dp 


da 
)-a+(S- 0) 


=—@ 


Combining the two equations, we get 


ds g tom O 
or 
da a ds 
Cee <7 dB 
a ds CN Me Ee 
7h Ce Se d H dB 
or 
do it do dp 
Grigg awed Ba ds dH 
da ¥ 1 dp 
¥ By 2a ie dH (a) 
because 
b: og = 1/S,da/dS = —1/S? 
Let 
2 . da ; ; 
p= bending of the H_p curve. 


AE ; 
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a ; 
B= Wine bending of the 6 u curve. 
: ae di f the 8 H 
= dH , bending of the 8 H curve. 
Then 
ob 
p/h = a S2 
SCV OEY a (31-2) 
where 
a=1/aS. (See par. 5, equation 10). 


This equation shows that the B uw and H p curves have 
the same characteristics of curvature except that the 
curvature of the H p curve is less than that of the 
6 w curve in the ratio of a, o, y, uw’. As saturation 
approaches, the factors y and yu’ become very small, 
which makes p very small in comparison to yp, and 
which therefore makes the H p curve appear straight, 
although the corresponding 6 wu curve might have a 
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very strong curvature; in other words the H p curve is 
very insensitive, being merely a progressively flattened 
copy of the 6 yu curve. The insensitiveness of the 
reluctivity curve may also be demonstrated graphieally 
by choosing for comparison two samples of magnetic 
material of nearly identical character. (See Table XII- 
III). The differences between the two 8 u curves are 
then easily noticeable but the corresponding H p curves 
are practically indistinguishable, except near the upper 
end of the curves. Fig. 5-1 is a concrete example of 
insensitivity of the H p curve. The data for this curve 
are taken from an experiment by Dr. Yensen (A. I. E. E. 
TRANS., 1920, p. 821). In the data as originally 
published, there appears to be a typographical error, 
which becomes manifest in the 6 H and 8 yu curves, but 
is scarcely noticeable in the H p curve. 

16. MAGNETIZATION CURVES FOR MAGNETIC METALS 

AND BINARY FERRIC ALLOYS 


In view of the importance of the conclusions reached 
in the foregoing pages, it seemed advisable to extend 


1022 


the experiment to a variety of samples. The following 
list contains a few samples selected for purpose of 
demonstration; only toroid ring samples are included in 
this list. 

1. Pure Iron, Electrolytic vacuum fused and vacuum 
annealed. 

2. Pure Nickel, 99.5 per cent Nickel. 

3. Pure Cobalt, percentage not specified. 

Norte: This sample was used by Mr. J. D. Ball in his 
well-known experiment: G. E. Review, 1916, p. 379. 

4. Tron Nickel alloy, 72 per cent Nickel. 

5. Iron Cobalt alloy, 20 per cent cobalt. 

For details of test and results of measurement see 
tables and curves in appendix. 

A study of the curves shows that: 

1. In all cases, except cobalt, the samples are satu- 
rated well within the limits of test. 

2 In all cases the complete 6 » curve above the 
point of maximum permeability is not straight, but has 
all the peculiarities mentioned in par. 14, vz., the two 
inflections and the three straight regions. In the case of 
cobalt, the curve is incomplete but it demonstrates the 
first two straight sections. 

3. The curve of distribution ratio is not straight, as 
required by Frolich’s hypothesis, but has the appear- 
ance of an exponential curve instead. 

4. The 6 H curve by measurement is in closer agree- 
ment with the reconstruction curve according to the 
logarithmic law, than with the reconstruction curve by 
Frolich’s law. The same remark applies to the other 
derived curves, such as the 6 uw curve. 

5. Below the second inflection, the 8 H curve does not 
follow the logarithmic law; according to the theory out- 
lined above, this disagreement should be expected, for 
the rate of transformation is no longer capable of being 


represented by the simpler equationd y/dH =—ay, 
but must be a more complex function involving both 
Band y. (See equation 21). 


By way of further evidence in support of item (4), I 
may refer once more to Fig. 1, which has been obtained 
by the saturation permeameter. In this case also the 
6 H curve is in closer agreement with the logarithmic 
law than with Frolich’s law, (Fig. 1-8). Tests by the 
saturation permeameter run into several hundred 
samples. It is obviously not practicable to include 
them all in this paper and I must therefore limit myself 
to the bare statement that in all cases the observation 
curve follows the logarithmic law much more closely 
than Frolich’s law. 


17. CORROBORATIVE EVIDENCE FROM TESTS AT THE 
BUREAU OF STANDARDS 

Further evidence in support of the above findings 
will be found in the data from tests at the Bureau of 
Standards (See Table XII, Fig. 12). In this case the 
material under test was a group of samples of electroly- 
tic iron, carefully prepared by Dr. T. D. Yensen. 
The tests were made at the Bureau of Standards; both 
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the material and the test results are of the highest order 
of reliability. The curves speak for themselves and 
need no further explanation. 


18. PRACTICAL APPLICATION OF THE LAW 
Logy =f-gH 

As a practical application of these conclusions, let us 
complete by extrapolation the incomplete 6 H curve for 
cobalt; the whole procedure is as follows: 

1. Compute the values of A 6/AH for successive 
steps of magnetization for the range H = 600 to 
1600 (See Table XI-I). 

2, Plot Ag/AH as a function of mean @ for the 
corresponding steps in B. 

3, From the points thus plotted, determine by extra- 
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polation the approximate value of S; in the case of 
cobalt we find S = 15,300 gausses approximate. 

Note: A more satisfactory determination can then 
be made by method of trial and error. 

4, Assuming provisionally the value of S by extra- 
polation to be exact value, compute the value of for 
the several observation points; plot log y as a function 
of H, and see if it is a straight line. (See Table XI-IT). 

5. If this curve is not straight, try again with a 
slightly different value of S. In the case of the sample 
of cobalt, S = 15,800 gausses, appears to give the best 
result. 

6. From two selected points of this curve compute the 
value of the constants f and g for the equation, 
Log y =f— gH, (for method of computation, see 


Table XI-IID. 


7. The complete 8 H curve may now be obtained by 
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extrapolation, by arithmetic computation as shown in 
Table XI-ITI and-IV, or graphically as shown by curve 
sheet. The latter method is much easier and nearly as 
accurate. 

19. SUMMARY OF CONCLUSIONS 

We have found that: 

1. According to Weber’s theory of molecular orienta- 
tion, the process of magnetization should be expressed 
fundamentally, by an equation of progress of the form, 

d y/dH = F, (8, y) 
and in its ultimate effect by the equation of distribution 
ratio of the form, 
ie} \ = F 2 (H ) 

2. For the part of the curve near saturation, the 

equation of progress should be of the simpler form, 
ay/dH = — F; (Y) 
3. Frolich’s law involves the assumption funda- 
mentally, that, 
dy/dH=—-Kv 
and in ultimate effect, that, 
B/y =a 
This assumption has no theoretical justification or 
empirical support. 

4, In the case of a toroid ring of standard sheet steel, 
it was found that for magnetizing forces H = 200 to 
400, the progress of magnetization followed, approxi- 
mately, the equation, 

dg6/dH =a(S-— £) 
' 5. From the above equation, it follows that as 
saturation approaches, the magnetization should be 
expected to follow approximately the equation, 

log y =f—gH 
This expectation has been justified by subsequent 
verification, (see next item). 

6. For magnetizing forces above the second inflec- 
tion of the permeability curve, the 6 H curve follows 
the law log y = f—gH more closely than any other 
law yet formulated. 

7. The part of the Bw curve above the point of 
maximum permeability is not straight, but it contains 
three straight regions, wz., 

(a) The region of first inflection (Kennelly’s region). 

(b) The region of second inflection (Yensen’s region). 

(c) The saturation region. 

8. It follows from this observation, that a magnetiza- 
tion curve does not follow Frolich’s law, except in the 
first two regions mentioned above. The corresponding 
parts of the 6H curve are segments of equilateral 
hyperbola corresponding to the equations, 

B eS a, H/(1 + a: H) 
and 

B = S2d2H/1 + a2 H) 
where S; and S, are the indicated saturation values 
corresponding to the two inflection regions. Sj; is 
always less, and S, always greater than the true satura- 
tion value. , 
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9. The part of the H p curve above the point of 
minimum reluctivity appears to be very straight. 
The straightness of the H p curve has been generally 
regarded as a conclusive evidence in favor of Frolich’s 
law, but it has now been demonstrated that the 
straightness of this curve is only a geometric illusion, 
being caused by the insensitive character of the reluc- 
tivity function. The insensitiveness of the H p curve 
has been proved analytically and demonstrated graph- 
ically. It follows therefore that the straightness of the 
H p curve is misleading, and that the curve is therefore 
not reliable for purpose of drawing any conclusion as to 
the nature of the law of magnetization or for extrapola- 
tion of the 8 H curve. The u curve isa more reliable 
criterion, and the curvature of a 8 u curve between any 
limits demonstrates conclusively the unreliability of 
Frolich’s law for the corresponding range of the 8 H 
curve. 


20. INCREMENTAL RELUCTIVITY (SUPPLEMENT) 


In paragraph 11 reference has been made to an 
experiment for determination of the rate of progress, 
A6/AH, as a function of 6. The test stops at 
H = 400 g; in view of the great importance of the 
results, several attempts were made to extend the test 
to H = 1000 g, but experimental difficulties have thus 
far proved unsurmountable. By modifying the test 
procedure, so as to increase H by an increment of 
constant ratio, (7. e., AH/H = constant), instead of a 
series of incremental steps of equal magnitude as in 
Table III-I, it has been possible to extend the test to 
H = 1000, but in this case the result appears in the 
form of A8/A H asa function of H, instead of a func- 
tion of 6. (See Table III-II). It is not  there- 
fore possible to use the measurement directly 
to determine the reliability of either of the two 


equations. 


dg/dH = Sh(S — B)? Frolich’s equation (16) 


or 
dé/dH =a(S-— 8) equation (27) 

It is possible, however, to use this determination as a 
criterion of reliability of the two laws in question, by 
the introduction of a new conception, viz., the incre-- 
mental reluctivity, p’ = dH /d@ as a reciprocal of 
u’ = dad6/dH. Starting with Frolich’s law, we have 
pw’ =d6/dH = K (S—'s)? equation (18) 


Then 


Vp =pHt+q (32) 
where p and q are abbreviation constants involving 
Sandh. Again starting with the exponential law, 

6 =S(1—- be) equation (30) 


hal HES a De 
= K (H +h)? 
Kae d/ Saal oN; 


equation (17) 
S—6=Sh/(H +h) 


equation (13) 
or 
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We have, 
ds/dH =S.a.be™ 
Sab. (dd H/d By =e" 
aH = log (Sab) + log (d H/d8) 
or 


(33) 


I 


log p’ => H +9 
where p and q are abbreviation constants involving 
a,b, and S. Therefore, if Frolich’s law be the true law 
of magnetization near saturation, the curve for /p’ as 
a tunction of H must be straight for the corresponding 
values of H; on the other hand if the logarithmic law, 
log y = f— gH, be the true law of magnetization, the 
curve for log p’ as a function of H should be a straight 
line. In Fig. 3-3, the curve for /p’ is certainly not 
straight even in part over any reasonably large range of 
H, above H = 300 g, which disproves Frolich’s law for 
this range. In Fig. 3-4 the curve for log p’ is straight 
for the range of H = 400 to 800 g, which supports the 
logarithmic law for the part of the 8 H curve near 
saturation. A careful study of the curve indicates that 
this curve resolves itself into two straight lines con- 
nected by a short transitional curve, and suggests the 
possibility of a change of constants, fandg. A similar 
phenomenon was observed in the case of Fig. 1-6, 
1-7, (See §2, 6-d). This point is now under investiga- 
tion, for which further experiments are in progress. 


TABLE I 


4 per cent Silicon Steel: Sample No. R-437-6 (Ref. G. L. 39705 -39, -41) 

Note: This is a very unusual sample selected for purpose of illustration 
only because it combines in a single sample all the characteristic peculiari- 
ties that call for a demonstration. The sample is not a representative of 
the grade of steel to which it nominally belongs. Tests above H-200 are 
made by Saturation Permeameter and below H = 200 by the B of S. method. 


Table 1-1; test by the Saturation Permeameter 
(Not reliable below H = 1000) 


on —— 


Bb p ¥ D 
H B B (8/H) | (H/g) \(S=17600)| (8/y) | LogD 
4000 | 17,600 | 21,600 4.40 |0.2273 
3000 | 17,600 | 20,600 5.87 |0.1705 
2500 | 17,600 | 20,100 7.04 |0.1421 
2000 | 17,600 | 19,600 8.80 |0.1136 
1500 | 17,600 | 19,100 11.73 |0.0852 
1300 | 17,600 | 18,900 13.54 |0.0739 
1200 | 17,600 | 18,800 14.66 |0.0682 
1100 | 17,600 | 18,700 16.00 |0.0625 
1000 | 17,600 | 18,600 17.60 |0.0568 0) 
900] 17,575 | 18,475 19.53 |0.0512 25 702. 2.896 
800 | 17,550 | 18,350 21.94 |0.0456 50 352. 0.546 
700 | 17,525 | 18,225 25.03 |0.03995 (63) 234. 0.370 
600 | 17,475 | 18,075 29.12 |0.03434 125 139.7 0.145 
500 | 17,400 | 17,900 34.8 |0.02874 200 87.0 1.940 
450} 17,350 | 17,800 38.60 |0.02595 250 69.4 0.842 
400 | 17,300 | 17,700 43.25 |0.02312 300 Shiai Oww6k 
350 | 17,200 | 17,550 49.15 |0.02035 400 43.0 0.633 
300 | 17,000 | 17,300 56.66 |0.01765 600 28.3 0.452 
250} 16,750 | 17,000 67.00 |0.01493 850 19.7 0.294 
200} 16,350 | 16,550 81.75 |0.01224 - 1250 
150 | 15,800 | 15,950 105.30 |0.00949 1800 
100} 15,100 | 15,200 151.0 |0.00662 2500 
50 | 13,900 | 13,950 278.0 \0.00360 3700 


ee ES 
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TABLE I—(Continued) 


Table 1-2: Test by the B. of S. Compensation Permeameter 
be OY D 
H B B (8/11) p (S =17600)| (6/yv) |Log D 
400 17,300 43.3 |0.02311 300 By haut 1.761 
350 17,150 49.0 |0.02041 450 38.1 0.581 
300 17,000 56.6 |0.01765 600 28.3 0.452 
250 16,750 67.0 |0.01493 850 19.7 0.294 
200 16,350 81.75|0.01224 1250 13.15 |\0- 16 
150 15,900 106.0 |0.00943 1700 9.55 |0.980 
100 15,200 152.0 |0.00658 2400 6.33 |0.801 
70 14,550 207.8 |0.00481 3050 4.77 |0.678 
50. 14,100 282.0 |0.00355 3500 4.03 |0.605 
30 13,300 443.5 |0.002254 
20 12,500 625.0 |0.00160 
15 11,900 794.0 |0.00126 
12 11,400 950.0 |0.001053 
10 10,800 1080.0 |0.000926 
8 9900 1240.0 |0.000808 
U6 9250 1320.0 |0.000756 
6 8350 1390.0 |0.000719 
5.5 7700 1400.0 |0.000714 
5.0 7000 1400.0 |0.000714 
4.5 6150 1364.0 {0.000732 
4.0 5100 1285.0 |0.000784 
3515) 3900 1115.0 |0.000897 
3.0 2750 916.0 |0.00109 
2a 1700 680.0 |0.00147 
2.0 1100 550.0 |0.00182 
b.5 400 366.0 |0.00375 


TABLE I—(Continued) 


Table 1-3: Reconstruction of 8 H and 8 pw curves according to the law 
logy =f =o 

Note: The values of y for required values of H are read from the graph 

y H (Fig. 1-7), forrange of H 50 to 400, and by extrapolation up to H 1200. 
The value of S taken from test, (Table 1-1). 


H a S B Me p 
30 4080 17,600 13,520 450.7 0.00222 
50 3500 14,100 282.0 0.003548 
70 3050 14,550 208.0 0.00481 
100 2480 15,120 151.2 0.00662 
150 1740 15,860 105.7 0.00946 
200 1220 16,380 81.9 0.01221 
250 870 16,730 66.9 0.01495 
300 600 17,000 56.7 0.01764 
350 425 17,175 49.1 0.02038 
400 300 17,300 43.3 0.02310 
450 210 17,390 38.7 0.02585 
500 150 17,450 34.9 0.02866 
600 70 17,530 29.2 0.03425 
700 35 17,565 25.1 0.03984 
800 20 17,580 21.9 0.04569 
900 10 17,590 19.5 0.0513 
1000 0 17,600 17.6 0.0568 
1100 0 17,600 16.0 0.0625 
1200 0 17,600 14.7 0.06805 


fe SS ee ——————————————————————ee 


feb BR BS Y 7 a h Sod0 
200 16,350 17,600 1250 SL. 7%5 .0654 15.29 269,000 
(2) Computation of 8 and other cognate quantities. 
a D dp/d H 
H H+h SA = Sh/(H + h) S B L p (B/y) =7/(H + h) 
0 15.3 26,900 17,600 17,600 1150 0.000869 oO. 
10 25.3 10,630 6,970 697 0.001435 0.656 420 
25 40.3 6680 10,920 437. 0.002290 1.635 166. 
50 65.3 4120 13,480 270. 0.00371 Bina 63.1 
100 £153 2330 15,270 152.7% 0.00655 6.54 20.2 
150 | 165.3 1630 15,970 106.5 0.00939 9.82 9.87 
200 215.3 1250 16,350 81.75 0.01225 13.08 578i 
250 265.3 1015 16,585 66.3 0.01508 16.35 3.90 
300 315.3 855 16,745 55.8 0.01792 19.63 Bie 
400 415.3 650 16,950 42.4 0.02360 26.17 1.565 
500 515.3 520 17,080 34.15 0.02920 B20 1.010 
600 615.3 440 17,160 28.6 0.03500 39.25 0.715 
700 a15.3 375 17,225 24.6 0.04065 45.80 0.526 
800 815.3 330 17,270 21.58 0.04635 52.34 0.405 
900 | 915.3 295 17,305 19.23 0.05200 58.9 0.322 
1000 1015.3 265 17,335 17 33 0.05770 65.4 0.261 
TABLE III 
Curve for transformation ratio for standard steel for range H = 50-0 400 
Meruop oF TEST 
1. Material: Several rings were punched from a single sheet of standard 
sheet steel .014in. From these punchings several rings were made of the TABLE I1I—(Continued) 
same weight, and similarly wound for preliminary test. Two rings were Ring, standard sheet steel 0.014 in. 
selected having as nearly as possible the same magnetization curve. Diameter 3.5 in., 2.7 in.; mean diameter 3.1 in. = 7.885 cm. 
2. Windings: The two selected rings were now wound for the differen- Sectional area 1.245 sq. em. 
tial test; the potential coils were wound next to the iron and were of about Table 3-1: test for incremental permeability 
500 turns of fine wire uniformly wound, each ring having the same number 
of turns. The magnetizing coil was made of a cable of twenty conductors, H, Ha AH 8 mean AB/A H 
connected in series, with a tap at each joint. This scheme of winding 
permits a change of magnetizing value from any predetermined value to 400 380 20 19491.5 3.61 
higher values in small and definite equal steps. 380 360 “ 19419.0 4.01 
3. Scheme of wiring: The two magnetizing coils of the two rings were 360 340 “  19335.5 4.41 
connected in series; the two potential coils were also connected in series. 340 320 “ 19335.5 4.86 
In all respects the scheme of wiring was the same as the usual scheme for 320 300 “ 19130.5 5.26 
tests on toroids. Two dial switches were provided for contro] of number 300 280 “« 19015.5 5.81 
of windings. One of the rings was used for measurement and the other 220 260 “ 18888 .0 6.61 
for compensation. The potential coil of the compensating ring was pro- 260 240 “ 18752.5 7 16 
vided with a supplementary potential coil of few turns and a fractionizing 240 220 “ 18602 .0 7.86 
shunt for exact adjustment of the compensating interlinkage. (For wiring 920 200 “ 18442.0 8.61 
diagram, See Fig. 3-0.) J 
4. Test procedure fer magnetization curve: The magnetization coils 200 190 10 18316.0 9.06 
of the compensating ring and the test ring are tested alone according to the 190 180 “ 18223 .5 9.56 
asual procedure. The galvanometer is calibrated to read 100 gausses per 180 170 “« 18125.5 9.96 
millimeter. Assuming that an error in reading the galvanometer cannot 170 160 “ 18020.5 10.36 
exceed half millimeter, it follows that the relative error does not exceed 160 150 “ 17913.0 1116 
50 gausses. 150 140 ca 17798 .0 TNs} 
5. Test procedure for differential test: The galvanometer is calibrated 140 130 “« 17678.0 12.36 
to read a flux density of one gauss per millimeter of deflection. The dial 130 120 “ 17555.0 13.01 
switches of both rings are set at 10 each; the magnetizing current is adjusted 120 110 “ 17425 .0 1266 
to give H = 50, 100 or 200. On reversing the magnetizing current, there 110 100 “ 17287 .5 14.46 
should be no deflection, that is, if the two rings are exactly alike; but as i 
there is always a slight difference, a small deflection is produced in all cases, 100 95 5 17170.0 15.06 
which can be eliminated by a careful adjustment of the supplementary 95 90 “ 17084.0 15.66 
‘coil and fractionizing shunt. The dial switch of the test coil is now set 90 85 “ 16997 .0 16.26 
at No.11. Onreversing the current, a deflection is produced which repre- 85 80 “ 16906 .0 16.86 
sents the increment of flux density in the test ring. Other details of test 80 75 “« 16810.0 17.66 
procedure are too obvious to need explanation. : 75 70 ae 16709 .0 18.26 
6. Limits of error: The relative error of any individual point in relation 70 65 “ 16622.0 19.26 
to the whole curve does not exceed 0.5 gauss (corresponding to half milli- 65 60 i 16516.0 20.26 
meter of deflection) and is probably much less for small deflection, which is 60 55 3 16387 .0 21.26 
capable of being read correctly to 1/5 of a millimeter. The whole curve 55 50 ce 16271.0 22.86 
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TABLE II 


Hypothetic curve for Frolich’s law and cognate equations 
B =S —y =S —Sh/(H +h) Frolich’s law 


mn 
D= H/h =aH 
d B/d H = y/(H + h) 


Note: In the following computations, the value of S is taken from Table 1; the value of h is so selected 


6 asin Table 1. 
(1) Determination of constants. 


S/(H +h): p = (H +h)/S; 


(equat 


10 


ion 15) 


as to give for H = 200 the same value of 


may, however, be in error by any amount not exceeding 50 gausses. 
In interpreting the curve, it is permissible to assume the curve to be 
straight enough for extrapolation, and yet the error in the indicated value 


of S may be as high as 50 gausses, even though the plotted curve were 


‘strictly a straight line. ; : 
Note: The original measurements were made in terms of H and apparent 


B; the true value of B was computed by making correction for space factor. 


S = 20250 by extrapolation, (see Fig. 3-1) 


; 
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TABLE III-II 


Curve for Incremental Reluctivity for Standard Steel for Range H = 300 
to 1000 g 


This test is similar to that of test table 3-1, except that the increment 
A H is in each case one-twentieth part of H. The magnetizing coil of the 
test ring was made up of two parts of 700 turns, and 35. turns; the first 
section alone produces the magnetizing force H, and the two sections pro- 
duce the force H2. The compensating ring has the magnetizing coil of 
700 turns, which also gives the magnetizing force H;. The potential coils 
are connected as in test 3-1, giving the value A B. Each ring is also 
equipped with a compensative bakelite ring (see table 4-1) which gives 
the result in terms of A 8 instead of A B. The values p’, log p’ and ¥ mp 
are obtained by computation. 


TABLE III-1I—( Continued) 


Ring same as in Table 3-1 
Windings same as in Table 4 
Scheme of wiring same as in Fig. 3-0 


Ay Ho H mean Ne sf AB ju ip Vv p’ 
300 315 307 .5 15. 80 5.33 0.1785] 0.433 
325 341.3 Sooel 16.25 79 4.62 0.2055 | 0.453 
350 367.5 359. 17.5 TA 4.057 0.2464 | 0.4967 
375 393.7 384. 18.75 67 3.555 0.2813 | 0.5302 
400 420. 410. 20. 59 2.951 0.3422 | 0.582 
425 447. 435.5 21.25 53 2.494 0.4010] 0.6334 
450 473. 461. 22).5 42 1.867 0.536 0.7322 
500 525. 512.5 25. 31 1.240 0.8064} 0.898 
550 578 564. 27.5 22 0.800 1,250 2 be liv 
600 630. 615. 30. 15 0.500 2.00 1.414 
650 683. 666. 32.5 10 0.3077 3.25 1.802 
675 709. 689. 33.75 8 082387 4.22 2.055 
700 Vee 718. 35. 6 0.1714 5.834 2.413 
750 788 768. 37.5 4 0.1066 9.38 3.060 
800 840. 820. AO. 2 0.0500 | 20.0 4.470 
850 893. 871. 42.5 10) 0 inf inf, 
900 946. 922. 45. 0 (0) < v3 
950 998. 974. 47.5 (0) 0 3 ee 
_1000 1050 1025. 50. 10) 0 2 “ 
Notes: 
Hy = H; X.1.05 


H mean = H, X 1.025 
AGED = Hy Xe 0.05 

A B/AH 

A H/AB 


ll 


~ 


TABLE III-II—(Continued) 
Test data in Table 3-1; further computation to determine relation of 


p’to H 
a p! H 

H Ha AH | A6/AH |(=AH/Af)| Mean Vp! 
400 380 20 3.61 Onin 390 0.516 
380 360 if 4.01 0.2493 370 0.499 
360 340 & 4.41 0.2268 350 0.4765 
340 320 i 4.86 0.2059 330 0.454 
320 300 u 5.26 0.1890 310 0.435 
300 280 a3 5.81 0.1721 290 0.415 
280 260 @ 6.61 0.1513 270 0.389 
260 240 a WAG 0.1396 250 0.3735 
240 220 @ 7.86 0.1272 230 0.357 
220 200 Ks 8.61 0.1162 210 0.341 
200 190 10 9.06 0.1104 195 0.332 
190 180 o 9.56 0.1046 185 0.3235 
180 170 oe 9.96 0.1004 175 0.317 
170l, 160 “ 10.36 0.0964. 165 0.3105 
160 150 te TY G3 0.0896 155 0.2995 
150 140 ee 11.76 0.0850 145 0.2915 
140 130 a 12.36 0.0809 135 0.2845 
130 120 a 13.01 0.0768 125: |0.277 
120 110 Gs 13.66 0.0732 115 0.271 
110 100 i 14.46 0.0691 105 0.263 
100 095 5 | 15.06 
95 90 Ms 15.66 
90 1 85 CON ha tCays Seta} 
85 80 us 16.86 
80 Thi i 17.66 
Pfs oe kes. led Vena 1S; 260 ene Stl thine 
70 65 cs 19.26 
65 60 ae 20.26 
60 55 us 21.26 
55 50 @ 22.86 


S = 20,250 by extrapolation (see Fig. 3) 
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Transactions A. I. E. E. 


TABLE IV 
Magnetization Curve for Standard Steel 


The ring used for this test is the same as the test ring in Table 3, Fig. 3- 
The ring was unwound, and rewound with heavier wire to obtain a magnet- 
izing force of H = 1000. In order to eliminate space factor error a com- 
pensative ring of bakelite of the same size as the test ring, and wound with 
the same number of turns of same size wire, was used as a companion ring. 
The two rings were then treated as a single ring and wound with a common 
magnetizing coil. During test, the two potential coils of the test ring and 
the compensative ring are connected in opposition; this arrangement 
compensates for the entire spatial flux inside of the potential coil of the 
test ring, and therefore serves the double purpose (1) of eliminating the 
space factor error and (2) of deducting the spatial flux in the magnetic 
material. With this arrangement, the galvanometer deflections indicate 
directly the intrinsic flux density. In testing for saturation value, this 
method of compensation has the further advantage that the measurement 
of 6 is not affected by errors in measurement of the magnetizing current; 
the adjustment of the current need not be accurate; this permits rapidity 
of measurement and prevents excessive heating. Without this facility, 
measurement of saturation value in toroid rings would have been impracti- 
cable except in the case of permalloy and other similar material of low 
magnetic hardness. The following is the result of the test: 


TABLE IV—(Continued) 


Ring Standard Sheet Steel 
(Same ring as in Table 3) 
Table 4-1: Test Data 


D 
H B BK p oh ( = B/y) 
1000 20,200 20.2 | 0.0495 0 
900 20,200 22.4 |0.04465 0 
800 20,200 25.3 | 0.0395 (0) 
750 20,200 26.9 | 0.03715 0 
700 20,200 28.9 | 0.03465 a) 
650 20,200 Bied) (0.03215 0 
600 20,150 33.1 | 0.02980 50 403: 
550 20,100 36.5 |0.02748 100 201 
500 20,000 40.0 | 0.02500 200 100 
450 19,900 44.2 |0.02260 : 300 66.3 
400 19,750 49.4 |0.02025 450 43.9 
350 19,550 55.8 |0.01767 650 30.05 
300 19,250 64.2 | 0.01558 950 20.25 
250 18,900 75.6 |0.01323 1300 14.52 
200 18,450 92.3 | 0.01084 1750 10.55. 
150 17,900 119.4 | 0.00838 2300 7.78 
100 17,200 172.0 | 0.00581 3000 5.74 
90 17,050 189.5 | 0.00528 3150 
80 16,900 211.0 |0.00474 3300 
60 16,500 275.0 | 0.00364 3700 
50 16,300 326.0 | 0.00307 3900 
30 15,700 523.0 |0.00191 4500 
20 15,200 760.0 | 0.001315 
15 14,800 986.0 - | 0.001013 
10 14,200 1420.0 | 0.000704 
8 13,700 1712.0 |0.000584 
6 12,900 2150.0 | 0.000465 
5 12,000 2400.0 |0.0004165 
4 11,250 2817.0 |0.0003555 
3 9900 3300.0 | 0.0003030 
nb 8600 3440.0 |0.0002905 
2.0 6600 3300.0 | 0.0003030 
1.5 4100 2735.0 | 0.000367 
1.2 2800 2335.0 | 0.000429 
1.0 1600 1600.0 | 0.000625 
0.8 1000 1250.0 | 0.000800 
0.6 500 833.0 |0.001200 
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TABLE IV—(Continued) 
Table 4-2: Reconstruction curve according to Frolich s 1 i i = i a ; j 
(1) Determination of constants S and h, = S law on the basis of two points H = 300 & 500, (i. e. Yensen’s region approximate) 
ef 
6 Le Ap AB a h y (= hp) S Sh a (=h/S) 
as one - * 24.17 750 0.03224 31 1240 21,240 659,000 0.00146 
’ od 
1990 21,240 
(2) Reconstruction of curve. 
HH H +h S.A Y Ss) B 0) p d B/dH 
=Sh/(H +h) = 7/(H + h) 
(8) 31 
50 81 65,900 8140 21,240 13,100 101.6 
100 131 5040 16,200 162 0.00617 38.5 
150 181 3640 17,600 29.1 
200 231 2860 | 18,380 12.37 
250 281 2350 18,890 8.37 
300 331 1990 19,250 6.01 
350 381 1730 19,510 4.54 
400 431 1530 19,710 3.55 
450 481 1370 19,870 2 ; 85 
500 531 1240 20,000 2.335, 
600 631 1045 20,195 1,66 
700 731 900 20,340 1.232 
800 831 790 20,450 0.951 
900 931 710 20,530 0.762 
1000 1031 640 20,600 20.6 0.04855 0.620 
1200 1230 535 20,705 0.435 
1500 1530 430 20,810 0.281 
2000 2031 325 20,915 0.161 
3000 3030 220 21,020 0.0703 
4000 4040 165 21,075 0.0402 


TABLE IV—(Continued) 


Table 4-3: Reconstruction of curve according to Frolich‘s law with 
constants selected for agreement at H = 200, and infinity 
(1) Determination of constants. 


7 heat. CESai 


yf B Ps y 
200 18,450 20,200 1750 92.25 18.97 383,000 
(2) Determination of 6 and cognate quantities. 
B dB/d H 
H H+h Sh Y (S =20,200) BL p y/(H +h) 
0 18.97) 38,300] 20,200 0 1064 0.000939]1063 
50 69. 5525 14,675 "293. |0.00342 86.8 
100 |} 119. 3215 16,985 169.7 |0.00589 27.0 
150 | 169. 2265 17,935 119.6 |0.00836 13.4 
200 | 219. 1750 18,450 92.25 |0.01085 7.99 
250 | 269. 1425 18,775 75.1 |0.01333 5.30 
300 | 319. 1200 19,000 63.3 |0.01579 3.76 
350 | 369. 1037 19,165 54.8 |0.01827 2.81 
400 | 419. 914 19,285 48.2 |0.02074 2,18 
500 | 519. 728 19,470 38.9 |0.02570 1,42 
600 | 619. 619 19,580 32.6 |0.03060 1.00 
700 | 719.. 533 | 19,665 28.1 |0.03560 0.742 
800 | 819. 468 19,730 24.7 |0.04050 0.571 
900 |-919. 417 19,785 22.0 |0.04550 0.454 
1000 |1019. 376 19,825 19.8 |0.0504 0.369 
1200 |1219. 314 19,885 0.258 
1500 |1519. 252 19,950 0.166 
2000 |2020. 190 20,010 
3000 |3020. 120 20,070 
5000 |5020. ; 74 20,125 . 


TABLE IV—(Continued) 
Table 4-4: Reconstruction curve according to equation 
Logy =f —g9H 
On the basis of agreement for H = 300, 500 and infinity 
(1) Determination of constants f and g 


A Log 
H H B Ss ¥ 1 | Log 7 | = ¥ g gH i 
300 200 19,250] 20,200) 950 |2.9775]0.6765|0.003383)1 .0149}3 .9924 
500 20,000 200 |2.3010 


1.6915|3.9925 


(2) Determination of 6 


ye g gH fae || og yeaa, Ss B a p 
100} 0.003383 |0 .3383/3.9924| 3.654] 4510 | 20,200)15,690/156.9 | 0.00637 
150 0.507 | 3.485] 3055 17,145}114.3 | 0.00874 
200 0.676 3.316| 2070 18,130] 90.7 | 0.01103 
250 0.846 3.146| 1400 18,800} 75.2 | 0.01331 
300 1.015 2.977! 950 19,250] 64.2 | 0.01558 
350 1.185 2.807 640 19,560} 55.9 | 0.01790 
400 1.354 2.638| 435 19,765} 49.4 | 0.02024 
450 L527 2.465 290 19,910} 44.25) 0.02260 
500 1.692 2.300} 200 20,000] 40.0 | 0.02500 
550 1.862 2.130 135 20,065} 36.5 | 0.02740 
600 2.031 1.961 90 20,110} 33.5 | 0.02985 
650 2.200 1.792 60 20,140] 31.0 | 0.03228 
700 2.370 1.622 40 20,160} 28.8 | 0.03478 
750 2.540 1.452 30 20,170] 26.9 | 0.03720 
800 2.705 1.287 20 20,180] 25.2 | 0.03965 
900 3.047 0.945 10 20,190] 22.4 | 0.04460 
1000 3.382 0.610 0 20,200] 20.20] 0.04950 
1200 4.060 -1.830 0 20,200} 16.8 | 0.0594 
inf. 20,200! O 


EE ” 
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TABLE V 
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Insensitiveness of Reluctivity Curve 


Table 6-2: Reconstruction of curve (T 


Transactions A. I. KE. E. 


TABLE VI—(Continued) 


able 6-1) by the law log y =f —9 H 


Table 5-1: Dr. Yensen’s Experiment: IN. WN, 1D. 19},, MRO, tos CEN Note: The values of y are read from the straight line graph of Fig. 6-3. 
7 3.2 264 
20 16,600 | 830 0.0012 me bees 21,000 ieee 
100 18,330 | 183.3 |0.0055 . = 3900 17.100 114 
200 18,670 93.35 |0.0107 Error in B, probably typographic 150 y 18.250 91.25 
300 | 20.430 | 68.1 |0.0147 | Error ing, probably observational 200 aoe Pee elt 
400 21,030 | 52.6 |0.0190 250 eae IDS 
500 21.310 | 42.6 |0.0235 300 re eee eee 
, 350 960 20,040 57.3 
200 | 19,670 | 98.35 |0.01016 |. Corrected by guess 200 ost ee aoe 
300 20,500 | 68.33 |0.01463 | Corrected by reference to 6 H 450 480 sts 
He 500 340 20,660 41.3 
550 240 20,760 SG 
phenet ere , “ = 600 170 20,830 34.7 
Table 5-2: Dr. Kennelly’s Curve; A. I. H. E., 1891, p. 509 A 120 20,880 32.1 
a | je 700 85 20,915 29.9 
B |(=B/H) H B p (B/H) 750 60 20,940 27.9 
800 40 20,960 26.2 
0 40 850 30 20,970 24.7 
100 50 Dh. 98 |0.0204. 49 900 20 20,980 23.3 
420 100 4.2 416 |0 61010 | 99 1000 10 20,990 21.0 
720 150 4.8 715 |0.006712| 149 1100 0 21,000 19.1 
1100 200 5.5 | 1095 |0.005028) 199 1200 0 21,000 
1500 225 6.6 | 1493 |0.004465] 224 
2080 | 200 | 10.4 | 2070 |0.005025| 199 TABLE vil 
2500 150 16.66| 2483 |0.006708) 149 Nickel Pure: 99.5 per cent Nickel: Ring No. N-D 
2960 100 29.6 2930 |0.01010 99 Test 7-1: test for 8 H curve 
3500 70 50.0 | 3450 {0.01450 | 69 D 
3920 50 78.4 | 3482 |0.02040 | 49 
4500 32 146.0 | 4354 |0.03353 | 29.8] H, 8B, p, and 6/H HF . Z a “4 cy 
f incorrect 375 5810 155 0.0645 
5000 92. | 227.0 | 4773 |0.04756 | 21 270 5810 21.5 0.0465 
240 5810 24.2 0.0413 
4500 32 140.6 | 4360 |0.03225 | 31 H, 8, p. and 6/H cor- aid 5790 27.6 0.03625 20 289.5 
nected 180 5750 32.0 | 0.03122 60 95.8 
150 5700 38.0 0.02631 110 51.8 
120 5650 47.0 0.02129 160 35.3 
105 5600 53.3 0.01875 210 26.68 
90 5550 61.6 0.01625 260 21.34 
75 5475 73.0 0.01370 325 16.85 
60 5350 89.2 0.01121 460 11.63 
TABLE VI 45 5200 115.5 0.00866 610 8.52 
Electrolytic Iron: Sample E-B 30 5000 166.8 0.00600 810 6.17 
Table 6-1: Test for 8 H Curve 15 4600 306.5 0.00326 1210 3.80 
Method of test same as in Table 4 7.5 4100 547 .0 0.00183 1710 2.41 
6.0 3900 650.0 0.00154 1910 2.04 
D 4.5 3600 800.0 0.00125 2210 © 1.63 
H B Me p a ( =8/7) log D 3.0 3050 1015.0 0.000986 2760 i ale 
2.5 2750 1100.0 0.000910 
1160 21,000 18.1 0.0552 0 2.0 2400 1200.0 0.000833 
1000 21,000 21.1 |0.0476 0 1.5 1900 1267.0 0.000790 
900 21,000 — 23.3 10.0429 0 1.0 1200 1200.0 0.000833 
850 21,000 24.7 10.0405 0 0.8 850 1060.0 0.000944 
800 21,000 26.3 |0.0381 ) 0.6 450 750.0 0.001333 
750 20,980 28.0 |0.03575 20 1050 3.021 0.4 225 560.0 0.001785 
700 20,950 30.0 |0.0334 30 700 2.845 0.2 100 500.0 0.002000 
650 20.900 32.2 10.0311 100 209 2.320 > 
2 _ 5 
yt teens Mk ooo Weeon\ | x.brs TABLE A aia 
500 20,650 41.3 |0.0242 350 59 1.771 Table 7-2: Reconstruction of curve (Table 7-1) by the law logy =f —g H 
450 20,500 45.6 |0.02195 500 AL 1.613 Note: Values of y are read from the straight line graph of Fig. 7-3. 
400 20,300 50.7 |0.0197 700 29 1.462 H Y S B an 
350 20,000 57.2 |0.0175 1000 20 1.301 a 
300 19,700 67.7 \0.01525 1300 15.15 | 1.180 20 860 5810 4950 247.5 
250 19,300 77.2 \0.01295 1700 11.35 | 1.055 40 620 5190 129.6 
200 18,800 94.2 |0.01065 2200 8.5 0.930 60 440 5370 89.5 
150 18,300 122.0 |0.00820 2700 6.8 0.832 80 320 5490 68.8 
100 17,500 175.0 |0.00572 3500 5.0 0.698 100 230 5580 55.8 
50 16,650 333.0 |0.00300 4350 3.84 | 0.585 120 160 5650 A7.1 
26 15,900 795.0 |0.001258 5100 3.12 | 0.495 140 120 5690 40.6 
10 15,400 1540.0 |0.000649 5600 2.75 | 0.440 160 80 5730 35.8 
3 14,250 4750.0 |0.000211 180 60 5750 31.9 
1.0 12,500 | 12500.0 |0.0000800 200 45 5765 28.8 
0.70 | 11,500 | 16400.0 |0.0000608 220 SOM eg 5780 26.2 
0.60 | 10,650 | 17750.0 |0.0000563 240 20 5790 24.1 
0.55 | 10,000 | 18200.0 |0.0000550 260 15 5795 22.3 
0.50 9250 | 18500.0 |0.0000541 280 10 5800 20.7 
0.45 8300 | 18450.0 |0.0000542 300 (t) 5810 19.35 
0.40 6950 | 17400.0 |0.0000575 320 0 5810 18.15 
0.35 5500 | 15700 0 |0.0000636 340 0 5810 17.10 
0.30 3800 | 12650.0 |0.0000789 360 0 5810 16.15 
0.25 2550 | 10200.0 |0.0000980 380 0 5810 15.3 
0.20 1450 7250.0 10.000138 | 400 eed RT PREP I 5810 14.5 
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Cobalt Pure: (Percentage composition not specified. 
that was used by Mr. Ball in his well-known experiment published 


TABLE VIII 
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in G. E. Review, 1916, p. 379) 


This ring is the same 


Table 9-2: 


TABLE IX—(Continued) 


Logy =f —gH 
Note: Values of y, are read from the straight line graph of Fig. 9-2. 


Reconstruction of curve by the law: 
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H 


HT B be p 
1600 13,000 8.13 0.1232 
1400 12,600 9.00 OrLligg 
1200 12,100 10.08 0.0992 
1000 11,600 11.60 0.0862 
800 10,950 13.70 0.0730 
700 10,550 15.07 0.0664 
600 10,200 17.00 0.0588 
500 9700 19.40 0.0516 
400 9050 22.63 0.0442 
360 8800 24.45 0.0409 
320 8500 26.55 0.03775 
280 8200 29.30 0.03411 
240 7800 32.5 0.03075 
200 7300 36.5 0.02740 
160 6750 42.2 0.02370 
120 6000 50.0 0.02000 
100 5550 55.5 0.01802 
80 4950 61.8 0.01618 
60 4200 70.0 0.01429 
40 3200 80.0 0.01250 
30 2500 83.3 0.01200 
20 1650 82.5 0.01213 
10 600 60.0 0.01666 
1200 12,130 10 0.0989 \ Corrected by reference 
700 580 kaya WE 0.0662 to the 8 H curve 
TABLE IX 
Nickel—Iron Alloy. Ring No. R-309 
Table 9-1: Test for 8 H curve 
A B BK p Y B/y 
346 12,250 35.4 0.02825 
ZH bf 12,250 44.2 0.02260 
208 12,250 58.9 0.01700 
73 12,210 70.6 0.01416 40 305 
138.5 12,170 88.0 0.01136 80 152 
104. 12,080 116.1 0.00860 170 a 
90. 12,060 134.0 0.00746 190 63.4 
79.5 11,900 149.8 0.00668 350 34 
69.3 11,730 169.5 0.00590 520 PLAS) 
62.3 ft 550 185.5 0.00539 700 16.5 
554 11,390 206.0 0.00485 860 3p 74 
48.5 11,080 228.5 0.00438 1170 9.46 
41.5 10,690 258 0.00388 1560 6.85 
34.6 10,250 296 0.00338 2000 Be pes 
BIEN 9600 348 0.00287 2650 3.43 
20.8 8830 425 0.00235 3420 PA se} 
17.3 8370 484 0.00207 3850 Pal bef 
13.85 7820 564 0.001775 4430 1.76 
10.4 7210 693 0.001442 5040 1-AS 
8.65 6780 784 0.001275 
6.93 6380 921 0.001085 
5.54 6020 1085 0.000921 
4.15 5630 1355 0.000738 
PASTE 5120 1850 0.000540 ’ 
2.08 4780 2300 0.000435 
1.39 4370 3140 0.000318 
0.693 3730 5380 0.000186— 
0.415 2950 7100 0.000143 
0.388 2820 7300 0.000137 
0.346 2610 7540 0.000133 
0.319 2330 — 7300 0.000137 
0.277 1870 — 6760 | 0.000148 
0.208 950 | 4560 0.000219 


i* < 


0.000820 


oe S B Me 
10 5040 12,250 7210 1eAAl 
15 4150 8100 540 
20 3450 8800 440 
30 2350 9900 330 
40 1600 10,650 266 
50 1100 11,150 223 
60 760 11,490 191.5 
70 530 11,720 167.4 
80 360 11,890 148.6 
90 240 12,010 133.4 
100 165 12,085 120.8 
110 110 12,140 110.4 
120 80 12,170 101.4 
130 55 12,195 93.8 
140 39 nA fs) 87.3 
150 25 123225 81.6 
160 17 12,233 76.2 
170 10 12,240 72.0 
180 10) 12,250 68.1 
190 0) 12,250 64.5 
200 10) 12,250 61.2 
TABLE X 
Cobalt Iron Alloy: 20 j:er cent Cobalt 
Table 10-1: Test for 8 H curve 
HA B Me p ay D 
1500 23,200 15.45 0.0646 
1350 23,200 i718 0.0582 
1200 23,200 19.33 0.0517 
1050 23,200 22.1 0.0453 
900 23,200 25.8 0.0388 
750 23,170 30.9 0.0324 30 ti2 
660 23,130 35.1 0.0285 70 331 
600 23,100 38.5 0.0260 100 231 
540 23,056 42.7 0.02342 150 153.5 
510 23,000 45.1 0.02217 200 Mis 
480 22,950 47.8 0.02092 250 92 
450 22,880 50.8 0.01969 320 715 
420 22,800 54.3 0.01842 400 5K 
390 22,700 58.2 0.01719 500 45.5 
360 22,550 62.6 0.01596 650 34.7 
330 22,300 67.7 0.01476 850 26.3 
300 22,150 73.8 0.01355 1050 21.1 
270 21,900 81.2 0.01233 1300 16.7 
240 21,650 90.2 0.01109 1550 13.9 
225 21,450 95.3 0.01050 1750 12.25 
210 21,300 101.4 0.00986 1900 11.20 
195 21,150 108.5 0.00922 2050 10.30 
180 20,950 116.4 0.00859 2250 9.3 
165 20,730 125.6 0.00796 2470 8.4 
150 20,550 137.0 0.00730 2650 Gans: 
135 20,300 150.3 0.00665 2900 7.00 
120 20,050 167.0 0.00598 3150 (eI 
105 19,800 187.5 0.00530 3400 5.82 
90 19,500 217.0 0.004615 3700 
67.5 19,050 283.0 0.0354 4150 
45.0 18,400 409 .0 0.002445 4800 
30 17,750 592 0.00169 
24 17,450 TRAE 0.001375 
18 16,950 942 0.001062 
15 16,550 1103 0.000906 
12 15,900 1325 0.000755 
9 14,850 1650 0.000605 
hee 14,050 1875 0.000534 
6.75 13,350 1975 0.000505 
6.0 12,800 2130 0.000469 
5.4 12,100 _ | 2240 0.000446 
4.8 11,300 2355 0.000425 
4.5 10,850 2410 0.000415 
4.2 10,400 2475 0.000404 
3.9 9750 2500 0.000400 
336 9200 2555 0.000391 
3.3 8500 2575 0.000388 
30) 7750 2580 0.000387 
PAE Cf 6800 2520 0.000397 
2.4 6000 2500 0.000400 
201 4950 2360 0.000424 
1.8 3800 2110 0.000473 
1.5 2650 1765 0.000566 
fi 32) 5 1600 1330 0.000750 
0.9 800 890; 0.001125 
0.6 350 585 0.001710 
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Table 10-2: 


GOKHALE 


TABLE X—(Continued) 


Reconstruction of curve by the 
law logy =f —g H 


Values of y read from straight line graph of Fig. 10-2 


S 
H ¥ 23,200 B be 
100 5100 18,100 181 
150 3450 19,750 131.6 
200 2300 20,900 104.6 
250 1550 21,650 86.6 
300 1050 22,150 73.8 
350 700 22,500 64.3 
400 470 22,730 56.8 
450 320 22,880 50.8 
500 210 22,990 45.7 
550 140 23,060 41.9 
600 95 23,105 38.5 
650 65 22,135 35.6 
700 45 22,155 33.1 
750 30 23,170 30.9 
800 20 23,180 28.95 
850 13 23,187 27.25 
900 10 23,190 25.8 
1000 10) 23,200 23.2 
1100 0 23,200 21.1 
1200 0 23,200 19.3 
TABLE XI 


Cobait—(Table 8) 


Reconstruction by the equation 


Logy =f —9H 
Table 11-1: Approximate determination of S according to equation 


dp/dH =ay 
H B AB PN eh AB/AH B Mean 
1600 13,000 
400 200 2.00 12,800 
1400 12,600 
470 200 2.30 12,365 
1200 12,130 
530 200 2.65 11,865 
1000 11,600 
650 200 3.20 1 gs 
800 10,950 
370 100 3.70 10,765 
700 * 10,580 
380 100 3.80 10,340 
600 10,200 


As the points for the curve 8/H as functions of 8 do not form a very good 


S = 15,350 by extrapolation; see Fig. 11-1 


straight line, the extrapolation is a matter of personal judgment. 


Table 11-2: Reconstruction of curve by the law 


TABLE XI—(Continued) 


Log y =f —g H, by graphic method 
Values of y read from graph of Fig. 11-2 


H Y B 
100 7600 15,300 7700 
200 7000 8300 
300 6500 8800 
400 6000 9300 
500 5500 9800 
2000 1700 13,600 
2500 1150 14,150 
3000 770 14,530 
4000 350 14,950 
5000 160 15,140 
6000 70 15,230 
7000 30 15,270 
8000 15 15,285 
9000 5 15,295 
10,000 0 15,300 


- LAW OF MAGNETIZATION 


Transactio 


TABLE XI—(Continued) 

Table 11.3: Reconstruction of curve by the law 

log y =f —gH, by the analytical method 
Determination of f and g 


ns A. I. H. KE. 


A Log 
H B S ¥ Log ¥ g gH f 
600 10,200 | 15,300 5100 | 3.7075 |0.346 .000346 |0.2076 |3.9155 
1600 13,000 2300 | 3.3615 0.5536 |3 9155 
Table 11-4: Reconstruction and extrapolation of the 6B H curve 
H g gH f log y ¥ S 6 Mw 
100 |0:000346 | 0.0346 | 3.9155] 3. 8805 | 7600 | 15,300 7700 | 77 
200 0.0692 3.8459| 7010 8290 | 41.5 
300 0.1038 3.8113] 6480 8820 | 29.4 
400 0.1384 3.7767 | 5980 9320 | 23.3 
500 0.1730 3.7421) 5522 9780 | 19.6 
600 0.2076 3.7075| 5100 10,200 | 17.0 
700 0.2422 3.6729| 4710 10,590 | 15.1 
800 0.2768 3.6383 | 4350 10,950 | 13.7 
1000 0.3460 3.5691 | 3708 11,592 | 11.6 
1200 0.4152 3.4999 | 3160 12,140 |} 10.1 
1400 0.4844 3.4307 | 2695 12,605 9.0 
1600 0.5538 3.3615] 2300 13,000 8.13 
2000 0.692 3.2231)| 1670 13,630 6.82 
2500 0.865 3.0501] 1125 14,175 | 5.67 
3000 0.6038 2.8071 755 14,545 4.85 
4000 1.384 2.5311 340 14,980 3.74 
5000 1.73 2.1851 160 15,140 | 3.03 
6000 2.075 1.8401 70 15,230 2.54 
7000 2.422 1.4903 30 15,270 2.18 
8000 2.768 1.1461 15 15,285 1.91 
9000 3.115 1.8001 5 15,300 11, fA9) 
10,000 3.460 0 15,300 1.53 
12,000 4.152 0 15,300 1.28 


TABLE XI—(Continued) 


Cobalt Pure (Table 8) 
Table 11-4: Reconstruction of curve by Frolich’s Law on the basis of two 
points at H = 1200 and 1600 


(1) Determination of constant h and S. 
H 8 be Ap B h Y S Y S.h 
wh (8+7) 
1600 13,000 8.1251.985 870 438.3 3560 16,580 3560 7,260,000 
1200 12,130 10.11 4430 16,560 4430 
(2) Reconstruction of 6 H curve. 
tak H+h Sia v » B 
7,260,000 16,560 
100 538 13,500 3060 
200 638 11,380 5180 
300 738 9840 6720 
400 838 8670 7890 
500 938 7740 8820 
600 1038 7000 9560 
700 1138 6380 ' 10,180 
800 1238 5860 10,700 
1000 1438 5050 11,510 
1200 1638 4430 12,130 
1409 1838 3950 12,610 
1600 2040 3560 13,000 
2000 2440 2980 13,580 
2500 2940 2470 14,090 
3000 3440 2110 14,450 
4000 4440 1635 14,925 
5000 5440 1335 15,225 
7000 7440 975 15,585 
10,000 10,440 695 15,865 
20,000 20,440 355 16,205 
30,000 30,440 240 16,320 
40,000 40,440 180 16,380 
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TABLE XII 
Electrolytic Iron 
Sample: Yensen-rod 1413-A 
Test made at the Bureau of Standards 
Table 12-1: (Test No. Tem. 41893) 


Original data for H and B received through courtesy of Dr. T. D. Yensen, 
and computation of 8, u and y made by S. L. Gokhale 


A B B Me p Y D 
0.2 460 2300. 0.000435 
0.4 4600 11500. 0.000087 
0.5 7300 14600. 0 .0000685 
1.0 11,150 11150. 0.0000985 
2.0 14,230 7115, 0.000141 
4.0 15,770 3940. |0.000254 
20.0 17,020 17,000 850. 0.00118 4500 3.78 
100. 18,700 18,600 186. 0.00537 2900 6.40 
200. 19,960 19,760 99. 0.0101 1740 11.34 
400. 21,320 20,920 52.3 |0.0191 580 36.1 
600. 21,900 21,300 35.5 |0.0282 200 105.5 
1000. 22,500 21,500 21.5 |0.0465 0 
1500. 23,000 21,500 14.3 |0.0700 (0) 
2000. 23,500 21,500 10.7 |0.0935 0 
2500. 24,000 21,500 8.6 |0.116 0 


TABLE XII—(Continued) 
Table 12-2: Reconstruction of the curve by the Logarithmic law 
Note: Values of 7 read from the straight line graph of Fig. 12-3. 


H ey: S B be 
20 4500 21,500 17,000 850. 
50 3850 17,650 353. 

100 2930 18,580 185.8 

150 2240 19,260 128.4 

200 1710 19,790 ° 98.95 

250 1310 20,190 80.4 

300 1000 20,500 68.3 

350 760 20,740 59.3 

400 585 20,915 52.3 

450 450 21,050 46.8 

500 340 21,160 42.3 

600 200 21,300 35.5 

700 115 21,385 30.5 

800 70 21,430 26.8 

900 40 21,460 23.85 

1000 20 21,480 21.5 
1100 10 21,490 19.5 
1200 0 21,500 17.9 
1500 0 21,500 14.3 
2000 0 21,500 10),7 
2500 0 21,500 8.6 


TABLE XII—(Continued) 


flectrolytic Iron (Yensen) 
Table 12-3: Comparison of two samples of nearly identical magnetic 
character 
Tests at Bureau of Standards 
Test No. Tem. 41893 


Rod No. 1413-A Rod No. 1413-B 


(Annealed) . (Unannealed) 

A B B Mb p B B be p 
2500 | 24,000 | 21,500 8.6|0.1162 | 24,100 |} 21,600 8.6410 .1157 
2000 | 23,500 |} 21,500} 10.7 |0.0935 | 23,600 | 21,600 | 10.8 |9.0926 
1500 | 23,000 | 21,500 | 14.3/0.0700 | 23,100 | 21,600 | 14.4 |0.0694 
1000 | 22,500 | 21,500 | 21.5/0.0465 | 22,600 | 21,600 | 21.6 |0.0463 

600 | 21,900 | 21,300 | 35.5/0.02815] 22,000 | 21,400 | 35.7 |0.02800 
400 | 21,320 | 20,920] 52.3/0.01913] 21,370 | 20,970} 52.4 |0.01910 
200 | 19,960 | 19,760} 99.0/0.01010] 19,950} 19,750 | 98.7 |0.01013 
- 100 | 18,700 | 18,600 | 186.0°10.00538] 18,600 |! 18,500 '185.0 10.00541 


' 


Discussion 


J. R. Craighead: Jn the study of any characteristic of a 
material for engineering purposes the first results must be ob- 
tained by measurement. From these results an empirical 
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formula is usually developed which should be accepted until 
fresh data disagree, when the formula should be modified or 
extended to include all the data. 

When knowledge of the characteristic advances sufficiently, 
a rational formula may be proposed. To be acceptable, the 
rational formula must not be inconsistent with the existing data 
and must meet the mental needs of engineers by representing a 
theory of the variation of the characteristic. 

In this case the formula of Frolich with the other developments 
of it to which Mr. Gokhale has referred, constitutes a long step 
toward a rational formula. Weber’s theory of molecular mag- 
nets is at present the fundamental on which magnetic formulas 
should be based. 

Frolich’s law is obtainable from Weber’s theory by assigning 
a specific value to the distribution ratio. Mr. Gokhale’s tests 
have shown that this value is not suitable for determining the 
actual performanee in the region near saturation. 

Consequently, Mr. Gokhale attempted to find a substitute for 
that value, and a new formula which would be at least equally 
in agreement with the Weber theory. He found this in the 
formula which is quoted in the paper. 

Following this step he studied it in comparison with previous 
formulas and determined it to be a corollary of Lamont’s equa- 
tion, consequently basing it on Weber’s theory in the same way 
that Lamont’s equation is based. Thus the formula has a 
mathematical connection directly back to previous magnetic 
efforts and represents an effort to connect with the latest data 
those which were available to those who developed the earlier 
formulas. 


It is not claimed that Mr. Gokhale’s law of magnetization 
near saturation is the final one or that there will never be any 
more data which will extend it. It is possible that the funda- 
mental Weber theory will be changed, in which ease there may be 
radical changes in the formulas derived from it. But in establish- 
ing a step in advance of the formulas that have already been 
recognized, covering very much more thoroughly a wider range 
of data, Mr. Gokhale has made a definite advance in the 
art. 


Hans Lippelt: The magnitude of the problem in hand is well 
illustrated by the fact that the author confines his work to the 
range of magnetization near saturation, limiting it at the lower 
end by a magnetizing force of H = 300, which is a high value for 
practical and industrial purposes. 


In going over the experimental data given, it should be ob- 
served that no attention whatever has been paid to magnetic 
hysteresis. Small as it may be near saturation, it becomes 
noticeable and effective as the magnetization curve falls off the 
saturation value. The majority of the test data start with a 
high value of H, which is receding as the test proceeds. This 
state of affairs characterizes each of the respective GB curves as 
part of the descending branch of a hysteresis curve. Both 
branches of the hysteresis curve should be subjected to test and 
observations recorded and presented. 

The establishment of a new law of magnetization necessarily 
calls for conclusive evidence. With one-half of the evidence 
left out, the other evidence presented can hardly be called con- 
clusive. This is said without depreciating the great merits of 
this exemplary piece of research work. 

In connection herewith it should be observed that not all the 
B H curves are shown with their ordinates (or axis of ordinates) 
starting at the zeroline. Fig. 1-8 has the first division at 13,000, 
and that seems to be the residual magnetism of the sample, being 
corroborated by Figs. 1-3 and 1-2. It is doubtful whether such a 
high residual magnetism will be accepted as the basis or starting 
value for a new law of magnetization. Strictly speaking, the 
maiden curve of magnetization, which goes through the origin of 
the system of coordinates, is the only pure representative of 
the true law of magnetization. 

The author, in paragraph 15 of his paper, has explained the 
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insensitive character of the reluctivity curve, and has pointed 
out that its apparent straightness is no reliable criterion for the 
course of other correlated curves. I believe it befalls the author 
to prove that the line of incremental permeability, Fig. 3-1, is 
inherently sensitive to the curvature of correlated curves. In 
other words, it should be proved that in spite of other correlated 
curves (say the 6 » curve) possessing a certain definite curvature, 
the curve of incremental permeability is actually a straight line, 
and not merely the average value of several undulations such as 
are noticeable in Fig. 3-1. 


The justification for such a proof will hardly be denied in view 
of the fact that the main equations (29) and (30), which represent 
one main result of the study, are derived from that line. 

We also should not lose sight of the fact that the author of 
the paper violates his own theory (to a certain extent) when 
he eliminates 8 from equation (21) and reduces it to the form 
of (23) and (26). 

Fig. 1-6 shows two straight logarithmic lines. They give rise 
to the question as to whether the material under test undergoes 
a distinct molecular change. Such a change may be either 
gradual and finishing, or occurring abruptly at the point of their 
intersection. Such a phenomenon would not be unusual with 
iron, which is known to suffer a change of its elasticity and 
strength, when under thermal stress. (Breaking strength of 
steel increases up to 300 deg. cent.) 

Another possibility would be that the two straight lines are 
really the asymptotes of a curve which otherwise runs very close 
to its asymptotes. 

It is conspicuous that no corresponding kink can be detected 
in the correlated H D curve of Fig. 1-6. 


That Frolich’s law permits a modification which renders it 
more flexible was shown by myself in a recent paper on the 
magnetic hysteresis curve.! ® 

I believe it would be advantageous for the readers if, in Mr. 
Gokhale’s paper, the method and wiring of the tests were illus- 
trated by diagram. 


J. E. Jackson: It is quite gratifying to find that Mr. Gok- 
hale’s saturation curve is a straight line, since it was a considera- 
tion of Weber’s theory two years ago that led O. E. Charlton and 
myself? to predict that the a-c. iron losses would decrease as d-c. 
excitation was superposed on the core. Weber’s theory states 
that hysteresis loss is due to friction between the molecules or 
electrons as they reverse their position or polarity under the 
influence of an alternating magnetomotive force. If this is true, 
a strong d-e. field should hold the molecules locked in one posi- 
tion so that they cannot reverse, and therefore the hysteresis 
loss would not appear. Also, the permeability of the specimen 
should approach that of air. Both of these facts were proved by 
actual tests; as d-c. excitation was increased the a-c. iron losses 
decreased. 


A. E. Kennelly (communicated after adjournment): The 
paper is an interesting compendium of the various formulas 
which have been offered, at different times, to account for the 
phenomenon of magnetization in the magnetic metals, from the 
point of view of the physicist, and particularly in regard to the 
phenomenon of high magnetization, near saturation. It shows 
that the various formulas of Bosanquet, Emery, Lamont, and 
the speaker, are much more closely connected with each other 
than is generally evident or recognized, and also connected with 
the pioneer work of Frolich, in 1882. It shows, moreover, that 
none of them is quite satisfactory in the neighborhood of satura- 
tion. Near saturation, the paper advocates the formula given 
in the synopsis, which is a modified form of Lamont’s 
formula. 


1. A.I.E.E.Journat, April, 1926, p.355. See also Discussion A.I.E.E. 
JouRNAL, August, 1926, p. 770. 


2. Losses in Iron under the Action of Superposed Alternating- and 


Direct-Current Excitations, by O. E. Charlton and J. E. Jackson, Trans. 
A. I.E. E., 1925, p. 824. 
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When we consider the relatively complex and unstable molec- 
ular configurations involved in the generally accepted Ewing's 
theory of magnetization in iron, it would be quite surprising if 
any single and simple formula satisfied the entire process, from 
the feeblest to the most powerful magnetization. Near satura- 
tion, however, when the last dregs of latent magnetization are 
being evoked, an exponential relation of the type advocated in 
the paper seems very reasonable. That is, if we plot the latent 
induction > against the magnetizing force 5C, on arith-log paper, 
as in Fig. 1-7, we should look for a straight line, or a pair of 
straight lines, as saturation approaches. This relation should 
be carefully examined in future, with various samples of magnetie 
material. The technique of magnetic measurement for advanced 
values of magnetizing force, however, should be standardized for 
that purpose. If this straight-line relation between log y and 3C 
is brought out, the paper will have supplied a valuable 
contribution. 

In regard to the assumption on the fourth page of the paper 
about latent flux, namely, that ‘it ismade up of two groups of fiux 
lines in opposite directions making an algebraic total of zero 
lines,”’ it seems to need some proof. The conception of each iron 
molecule inherently possessing its own bundle of magnetic flux, 
so that when they are all completely alined, the resulting flux 
density is determined only by the number of molecules per 
square em. of cross-section, is interesting but- perhaps unsafe. 
It seems to go beyond the needs of Ewing’s theory. 


In regard to my paper of 1891, the ascending straight-line law 
of metallic or intrinsic reluctivity there pointed out, is indeed 
based upon the previously published researches of Ewing, Row- 
land and others, as the paper states. The speaker arrived at the 
relation, however, from his own tests of samples of dynamo steel, 
for which the notes and records are still retained. It was found 
that when the reluctivity p was plotted on ordinary squared 
paper, as ordinates, against magnetizing force 5C as abscissas, 
the graph was always a pair of straight lines, one descending and 
then the other ascending, with an elbow connecting them, and 
with the maximum value of the permeability occurring at this 
elbow. From an engineering point of view, it appears to the 
speaker that this is still the simplest quantitative relation be- 
tween the ordinary magnetic phenomena. From a strict 
physical theory standpoint, however, this pair of straight lines 
may be only a first approximation .to a much more complicated 
phenomenon. It seemed more convincing, in 1891, to express the 
geometrical facts in relation to already published researches than 
in connection with new and unchecked tests. 


S. L. Gokhale: _ I believe that some of the points brought out 
in the course of the discussion ean be best explained by a brief 
history of the investigation which forms the subject of the paper 
under discussion. 

In January 1913, I was called upon to add to our equipment a 
simple and reliable method for determination of saturation value 
of magnetic material used for engineering purposes. Prior to 
this date and also for some years afterwards, this determination 
was made by extrapolation according to Kennelly’s law on the 
basis of data for H = 50 to 200. By the beginning of 1915 I 
had sueceeded in developing a new method of measuring satura- 
tion value, (A. I. E. E. Trans., 1920, p. 819) together with a 
suitable instrument for that purpose, viz., the saturation perme- 
ameter. (See Law of Magnetization, Table I-1.) The new 
method was easily recognized as the simplest method for this 
work but its reliability was seriously questioned because the 
saturation value determined by this method did not agree with 
the computed value by extrapolation according to Kennelly’s 
law. (See Circular of B. of S. No. 17, p. 36.) When the result 
of a measurement by anew method conflicts with a law unani- 
mously accepted by the scientific world for nearly forty years, the 
reliability of the new method should be questioned rather than 
the law; this was the generally accepted view, and I must con- 
fess that I held the same view at first. For about five years I 
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tried unsuccessfully to detect error in the saturation permeameter, 
until by the beginning of 1920 I began to feel convinced that the 
permeameter was quite reliable and that the error was probably 
in the extrapolation method. In April 1920 I expressed this view 
in the discussion of Dr. Yensen’s paper, but I could not convince 
him at that time. In May 1923 I was able to demonstrate the 
existence of the second inflection together with the left-handed 
curvature above that point (Fig. 4-2) by tests on toroid rings; 
this demonstration indicated the possibility of failure of Kennel- 
ly’s law for values of 8 near saturation, although the point was 
still not proved conclusively. About this time I had also succeeded 
in obtaining by tests on toroid rings the curve for inere- 
mental permeability (Fig. 3-1) which suggested the linear equa- 
tion of progress (equation 26), together with the corresponding 
exponential law of magnetization (equation 30). I showed these 
results to Dr. Steinmetz, who seemed to be well convinced by the 
evidence, but he suggested that a successful demonstration of the 
phenomenon of saturation would be much more convincing. In 
September 1923 I succeeded in demonstrating saturation for a 
toroid ring of standard sheet steel for a range of H = 650 to 
1000 (Fig. 4-1.) 

In May 1924, I showed my notes to Dr. Kennelly and solicited 
his criticisms. He made many valuable suggestions, the most 
important one being that I should secure more data on a larger 
number of test samples tested by approved methods. This 
advice has been carefully followed; in the preparation of the 
paper only tests on toroid rings were included for purpose of 
demonstration. 

For purpose of data for the 8 H curve, the test procedure was 
the well-known procedure described in standard books. The 
curve obtained is what Mr. Lippelt calls the ‘‘maiden curve,”’ 
which in every case probably goes through the origin as may be 
seen from the tables of data. In plotting the curve the lower 
part of the curve is generally omitted for the simple reason that 
this paper is limited to a study of the law of magnetization for 
values of 6 near saturation; the reason for the preference has 
already been explained. 

In order to develop a sufficiently strong magnetizing force 
without excessive heating, a form of winding of the magnetizing 
coil has been developed. (See Fig. 6-0 accompanying this dis- 
cussion.) This scheme of winding offers the best facilities for 
cooling; it was found in one case that a test at H = 1000 occupy- 
ing a period of 15 sec. caused a fall in temperature from 23.4 deg. 
cent. to 22 deg. cent. instead of a rise, which demonstrates the 
cooling efficiency of this kind of winding. 

Fig. 3-0 herewith gives the scheme of wiring for the test for 
incremental permeability and Fig. 4-0 herewith, for the 6 H 
relationship; the method of test is described fully in the intro- 
ductory paragraphs in Tables III and IV. 

Mr. Lippelt observes that in my investigation ‘‘no attention 
whatever has been paid to magnetic hysteresis.’? The point is 
correctly observed; I have concentrated my attention for the 
present on the form of the normal induction curve near saturation, 
just as he has concentrated his attention on the form of the 
hysteresis curve. The field of magnetic phenomena is too vast to 
be covered fully and satisfactorily by any single explorer; it 
ealls for the collective effort of a large number of physicists, who 
are expected to divide the field into sections, each one choosing 
for himself the part he is best fitted to study. Lord Raleigh and 
Dr. Kennelly made a special study of the magnetization curve 
below the point of maximum permeability. Dr. Kennelly 
carried the upper limit of test to H = 90; Dr. Steinmetz carried 
it to H = 200; Dr. Yensen eovered the range H = 200 to 500. 
When my turn came, I started where my predecessors had 
stopped and carried the limit to H = 1600 on toroid rings, and to 
H = 4000 on the saturation permeameter. The problem of 


hysteresis is certainly very important, and I believe we are all 


glad to know that Mr. Lippelt has been studying it very care- 


fully, but I fail to see what that problem has to do with the study 
of the phenomenon of saturation and allied phenomena. 


GOKHALE: LAW OF MAGNETIZATION 


1033 


Incidentally, I may mention here that the ( H curves in the 
paper under discussion are normal induction curves; they are not 
the descending side of the hysteresis loops, as has been assumed 
by Mr. Lippelt. A large part of his criticism is based on this 
assumption and needs no further discussion. 

With reference to the comparative sensitiveness of the several 
types of curves, it should be remembered that this peculiarity 
has no reference to curves expressing the relationship of directly 


MND BIST MISE 


Fig. 3-O—ScuemMe ror Tust ror INCREMENTAL PERMEABILITY 


Pt Potential coil for test ring (Sheet iron ring No. 1) 

Pc Potential coil for auxiliary ring (Sheet iron ring No. 2) 
Ps Potential coil for auxiliary (Supplementary) 

Fs  Fractionizing shunt 

Mt Magnetizing coil for test ring (Sheet iron ring No. 1) 

Mc Magnetizing coil for auxiliary ring (Sheet iron ring No. 2) 
Ms Standard mutual inductor 

G  Galvanometer 

R C Calibrating resistance 
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Fig. 4-0—Toroip Ringe witH CorRECTION FOR Space FAcTOR 


Pt Potential coil for test (Sheet iron ring) 

Pc Potential coil for compensation (Bakelite ring) 
M Magnetizing winding 

G Galvanometer 

Ms Standard mutual inductor 

Re Calibrating resistance 

RS Reversing switch 


measured variables; it refers to derived variables only. For 
example, in plotting a H p curve the values of H are plotted 
directly from measurement, but the values of p are derived by 
computation from values of 8 and H. 

The question of sensitiveness has no reference to the 6 H 
curve; it is relevant in reference to the H p curve; this is also true 
of the B » curve because the values of « are not obtained by direct 
measurement, but are always derived by computation from 
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values of B and H. In the case of the 6 uw’ curve (Fig. 3-1) the 
data for B or w’ are both obtained directly, which makes irrele- 
vant any question about the sensitiveness of the 6 u’ curve. 

As to the law of magnetization, the function of the straightness 
of the B pu’ curve (Fig. 3-1) is purely suggestive; it is not intended 
to demonstrate the law. The law in its final form is an equation 
expressing the relation of B to H (equation 30); its legitimate 
demonstration should consist of an agreement of the 8 H curve by 
observation, with the corresponding curve by computation from 
the equation in question (see Figs. 1-8, 4-4, 12-4, etc.). 

For the same reason the H, log 7 curve is not well suited to the 
purpose of demonstration. There is no method available at 
present for direct measurement of log y for any required value of 
_H. ‘The values of log y are derived by computation from mea- 
sured values of 8. The value of the H, log 6 curve for purpose of 
demonstration is dependent on the sensitiveness of the curve, 
which is quite insensitive for low values of H, and supersensitive 
for high values of H, as saturation approaches. In view of these 
facts I have based my demonstration on the agreement of the 
B H curve with the corresponding reconstruction curve, rather 
than on the straightness of the H, log y curve. 

One part of Mr. Lippelt’s criticism is not clear to me; he says: 
“The author of the paper violates his own theory (to a certain 
extent) when he eliminates 6 from equation (21), and reduces 
it to the form of (23) and (26). I should be glad to give full 
consideration to his criticism on this point, if I only knew what 
he meant thereby. 


Fie. 6-O—Crate-Wounpb Iron Rina SAMPLE 


As to the two straight lines in Figs. 1-6 and 3-4, the study of 
that part of the problem has just been started. It is not possible 
to say anything confidently at present, while further experiments 
are in progress. Mr. Lippelt’s suggestions are noted for con- 
sideration. The absence of a corresponding kink in the H D 
curve is not significant, as none was to be expected. Such kinks 
are scarcely noticeable except when they are very pronounced, 
or unless the curve is very nearly straight. For example, the 
practically abrupt bend in the H p curve has long been noticed, 
but nobody notices a corresponding kink in the 6 H curve. 

With reference to Mr. Lippelt’s modification of Frolich’s law, 
that modification does not affect the form of the curve near 
saturation. The law even in its modified form, therefore, is not 
expected to give any better agreement with the observation curve 
than the law in its original form. 

With reference to Dr. Kennelly’s comments, it is satisfactory 
to note his agreement on all the main points, except one which 
will be discussed later. 

With reference to latent flux, he takes exception to the assump- 


tion that ‘‘it is made up of two groups of lines in opposite direc- 


tions making an algebraic total of zero lines.’”’ Perhaps he is 
right; the assumption may need more evidence than has yet been 
presented, but I fail to see how that criticism concerns me, All 
I have done in paragraph 4 of the paper is to present the Weber- 
Ewing theory in my own words, so as to be able to reduce the 
theory to an analytical form as represented by equations 5 and 6. 
Valid or invalid, it is their theory and my duty was merely to 
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paraphrase it correctly in my own words. It is easy to see that 
that aspect of the theory to which Dr. Kennelly takes exception 
is really a part of the original theory as presented by Prof. Ewing. 
This may be seen from the following extracts from Ewing’s 
Magnetic Induction, Chapter XI, Molecular Theory. 

“The Weber molecule is a magnet before it begins to act, and 
the amount of magnetism in it need suffer no change, however 
widely the magnetism of the bar be altered. Hence Weber’s 
theory explains the process of induction to this extent, that it 
makes the magnetic change in the bar be brought about by a 
change in the position of the molecules, and not by any change in 
the quality of the molecules.”’ 

“The fact that a definite saturation value is now known to 
exist adds much probability to Weber’s hypothesis.” 

In article 179, ‘““Amount of Retentiveness Possible Under 
Molecular Theory,’ Prof. Ewing takes m = magnetic moment of 
a single molecule, and treats it as a constant in the integral 
equations which are functions of the angle of orientation a. Itis 
obvious, therefore, that the constancy of flux in a magnetic 
molecule is one of the requirements of the Weber-Ewing 
theory. 

Incidentally, I may add that this is also my personal view, but 
that this consideration is not responsible for my statements in 
paragraph 4 of the paper, which is merely a presentation of the 
Weber-Ewing theory, irrespective of my own views on the subject. 


On one point it seems we have not been able to reach an agree- 
ment; the best I could do is to state the difference as I see it, in 
explicit terms; I hope that in the course of time one of us or per- 
haps both of us will have reason to revise the present views, and 
thus reach an agreement. 


Dr. Kennelly’s view is that for a range of magnetizing force up 
to about H = 90, 


(1) The H pcurve has the form of approximately two straight 
lines with a short elbow connecting them. (This is Kennelly’s 
law.) 


(2) This law was well supported by test data prior to the 
discovery of the law; later test seems to have confirmed it. 
Some new tests seem to contradict it, but these are yet unchecked 
and their evidence is yet unconvincing. 


(3) From an engineering point of view, the straight-line 
relation presented by the H p curve is the simplest relation, con- 
necting the fundamental quantities H and 8. 


(4) From the physical theory point of view, the straight line 
is the first approximation towards a more complicated law, and 
the straight-line law is therefore quite correct in that limited 
sense. 

My own view is: 


(5) The straightness of the H p curve is not approximate 
straightness as is generally believed, but only an apparent 
straightness caused by the insensitive character of the H p curve. 


(6) Assuming that the reliability of Kennelly’s law was well 
proved by the data presented by Dr. Kennelly in the first place, 
it must be conceded that no new data have been presented by me 
or by anybody else to refute it. 


(7) On the contrary, my own tests have strongly supported 
the law over a limited range, viz., (a) for the region of first 
inflection, (b) for the region of second inflection, (¢) for the region 
of saturation. 


(8) My objection to Kennelly’s law is merely this—that it is 
not reliable for purpose of computing saturation value. On this 
point there is no difference of opinion between me and Dr. 
Kennelly. This objection to Kennelly’s law is not an objection 
to that form of the law, but to Frolich’s law in general, of which 
that law is only one form. 


(9) In addition to the above mentioned objection, which 
holds against all forms of Frolich’s law, there is one objection — 
peculiar to the Kennelly form of the law, viz., that the reluctivity 
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curve is insensitive and misleading. The straightness of the 
curve is only apparent due to the insensitive character of the 
curve, and is therefore illusive. The insensitiveness of the 
reluctivity curve has been demonstrated in the paper analyti- 
cally by equations 31-2, and graphically by Figs. 5-1 and 5-2, 
I believed that this evidence of insensitivity should have been 
quite convincing. Fig. 5-2 was expected to convince Dr. 
Kennelly in particular, as it represents data (Table V-2) on which 
he had based his law, instead of what he calls ‘“‘new and unchecked 
tests.”’ 

(10) Kennelly’s law is not the simplest form of Frolich’s law. 
Bosanquet’s law, u = a y, is certainly a much simpler form, as 
may be ascertained by anybody who tries to compute the values 
of H for any required value of B. 


(11) The only reason why Bosanquet’s law never became as 
popular as Kennelly’s law is that in that ease the failure of the 
law to represent facts is so obvious as to compel one to reject it. 
In the case of the failure of the linear law of reluctivity not being 
so obvious, some of the best scientific minds have been misled 
by the apparent straightness. For example, in 1891, while 
expounding the law of reluctivity, Dr. Kennelly had said that 
the purpose of his paper was to show that while the 8 peurve isa 
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“complicated curve’—a curve which “you would not like to 
define by any particular formula’’—the “eurve which follows 
from the conception of inverse of permeability is fortunately a 
very simple one,”’ being made of two straight lines connected by 
an elbow. In the paper under discussion, I have shown by 
mathematical reasoning that if for any range of magnetizing 
force the H p curve consists of two straight lines, the 6B u curve 
for the same range must also consist of two straight lines, and 
conversely if, as Dr. Kennelly admits, the 8 u curve be incapable 
of representation by a pair of straight lines, neither can the H p 
curve be so represented. The appearance of straight lines in 
such a case must be recognized as illusory and misleading, and 
its value as evidence must be ignored. 


The above conclusion (No. 11) is the main point of difference 
between myself and Dr. Kennelly. The conclusion is not based 
on any particular tests old or new, checked or unchecked; it 
follows a mathematical reasoning, based on a study of the rela- 
tion of 8 » and H p curves irrespective of any test data. If, 
therefore, this conclusion is unacceptable to Dr. Kennelly, it 
must be only by reason of some fallacy in that reasoning of which 
I am unconscious and which he has not yet disclosed. I would 
be very thankful if he makes himself clearer on this point. 


Surface Heat Transfer in Electric Machines with 
Forced Air Flow 


BY G. E. LUKE? 


Associate, A. I. E. E. 


Synopsis.—Since the insulation of windings in electric machines 
has comparatively low temperature limits, the problem of cooling 
these machines with the most economical use of material becomes 
one of major importance. The design of such machines from a 
temperature standpoint is usually based on tests of a previously 
made similar machine or else is of the “‘cut and try’ type where 
such tests are not available. 

The predetermination of the operating temperature depends 
a great deal upon the rate at which the heat losses can be liberated 
from the ventilating surface to some cooling fluid such as air, 
which is considered in this paper. Some data are available regard- 
ing this rate of heat dissipation with forced air convection currents; 
a comparison of the various results published, however, shows them 
to be inconsistent. The purpose of this paper ws to submit additional 
information that should be of value to the industry and that will 
also explain some of the inconsistencies in the past tests. 

Extensive experimental tests were made regarding the rate of 


from point to point along the duct. 


surface heat transfer with air flows of various velocities for radial 
and axial ducts. The influence of shape, size, cross-section, 
condition of surface, mean temperature, and other factors were 
investigated. 

The most important factor found was that this rate of heat transfer 
was not constant along the air flow path but that its value varied 
This variation in rate of heat 
liberated at a constant velocity, in a gwen duct, is due to changes in 
the turbulency of air flow along the duct, and results in a rate of 
heat transfer near the entrance of the duct of about twice that found 
beyond the entrance where stable flow conditions are found. The 
above fact explains why the surface heat transfer coefficient of a duct, 
averaged over the total length, will be an inverse function of the 
length, and why results as given by experimenters on ducts of various 
lengths should vary. The above also explains why electric machines 
having short duct lengths have a capacity in proportion to the surface 
greater than those with similar ducts of longer air flow paths. 


INTRODUCTION 


HE main factor that limits the capacity of electric 

machines is the temperature of the windings. 

temperature limit is comparatively low, ranging 
from approximately 100 deg. cent. to 150 deg. cent., 
depending upon the class of insulation and the type of 
machine. Air is used as a cooling medium in the great 
majority of rotating machines. The heat resulting 
from the iron and copper losses of the machine is 
conducted to the ventilating surfaces where it is 
transferred to the moving air. To conduct this heat 
through the solid material and to transfer it from a 
surface to a fluid requires a temperature gradient. 
Such a flow is shown on Fig. 1 with a radial duct. 
From the standpoint of heat transfer from a surface, 
air is one of the poorest of fluids. From 20 to 75 per 
cent of the temperature rise in rotating machines is due 
to the gradient necessary to transfer the heat from the 
surface to the ventilating air. This factor is therefore 
of considerable importance in the design of an econom- 
ical machine. 

Considerable data in the past have been published 
concerning heat liberated from surfaces with natural 
convection currents, but it has been just recently that 
data applicable to electrical machines with forced air 
flow have been available. To obtain information re- 
garding the rate at which heat is dissipated with high 
velocity air flow is difficult since it will depend upon 
the particular conditions of air flow as well as the mean 
velocity. Experimental results published by various 
workers do not agree, therefore, in many cases. The 
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This 


purpose of this paper is to discuss some of the available 
tests and to submit new tests covering conditions of air 
flow such as are found in electric machines. The new 
data presented also will correlate some of the work 
which offhand seemed to be inconsistent. 


COMPARISON OF PUBLISHED DATA 


Throughout this paper the coefficient of surface heat 
transfer will be symbolized (K.) or W/sq.in./deg. 


ee ee 


Fig. 1—Tremprerature Grapient Dur to Heat FLow To 
Arr StrREAM-IN Raprat Duct 


cent. which means watts transferred per square inch of 
ventilating surface per deg. cent. difference between 
the surface and mean air temperature flowing in the 
duct. Thus, in Fig. 1, (K,) for the particular air flow 
would depend not upon the minimum air temperature 
nor upon the mean temperature as given by the curve 
but upon the integrated mean temperature taking into 
account the total mass flow. This is the only practical 
way of defining (K,) since in any ventilating duct the 
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air temperatures and velocities vary greatly at any 
particular point. 

This coefficient of surface heat transfer is often called 
rate of surface heat flow, dissipation constant and 
erroneously, the emissivity constant. It may also be 
expressed in other units; the relation of some of these is 
approximately as follows: 

1B. t. u. per sq. ft. per deg. fahr. per hr. = 0.00366 

watts per sq. in. per deg. cent. 

1 Calorie per sq. cm. per deg. cent. per sec. = 

watts per sq. in. per deg. cent. 

1 Kilo-calorie per sq. m. per deg. cent. per hr. = 

0.00075 watts per sq. in. per deg. cent. 
1 watt per sq. cm. per deg. cent. = 6.45 watts per 
sq. in. per deg. cent. 
A few of the experimental results published by Nusselt, 
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Fig. 2—Surrace Herat TRANSFER CONSTANT AGAINST 
AVERAGE AiR VeELociry ror Various Ducts or ATMOSPHERIC 
PRESSURE 


Curve Author Type 
1 Luke! Snooth circular 114 in. Dia. 36 in. long. 
2  Luket Rough circular 114 in. Dia. 36 in. long. 
3  Nusselt# Smooth circular 0.866 in. dia. 
4 Luke! Smooth concentric 25 in. by 26 in. dia. 36 in. long. 
5 Dicksee? Smooth concentric 3 in. by 5°/g in. dia., 7 in. long. 
6 Rice? Rough concentric 1.1 in. by 2 in. dia., 5.86 in. long. 


Dicksee,? Rice,? and the writer,‘ giving the rate of sur- 
face heat transfer for various air velocities, are plotted 
on Fig. 2. In all of these tests the air velocity referred 
to is the mean velocity in ft. per min. obtained by 
dividing the weight of air, in pounds, passing through 
the duct by the cross-sectional area of the duct in 
square feet, and by the weight of air in pounds per cubic 
feet (0.074). This factor (0.074) is the weight of dry 
- air in pounds per cubic foot at 25 deg. cent. and at- 
mospheric pressure of 29.92 inches of mercury. Thus 


1, 2, 3, and 4. See Bibliography. 
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the weight of air flowing will be proportional to the 
velocity factor. 

The velocities dealt with in this paper result in 
turbulent air flow. In ducts such as are found in 
electric machines this turbulent flow will be obtained 
with velocities above 500 ft. per min. For velocities of 
250 ft. per min. and below, a stream line or laminar 
flow may be found. With such flow the rate of heat 
transfer will be small and hence should never be used. 
The range between the lower and upper limits of critical 
velocity for air in a circular duct are: 


1:75 


V (225 to 330) / T ) 
Oth d ( 273 


where 
V.is the critical velocity in ft. min. 
T = temperature Kelvin of the air. 
d = diameter of duct in inches. 


Curves 1, 2, and 4, given by the writer, were with air 
flowing through ducts such as are found in electric 
machines and are called axial ducts. Curve 1 applies 
to a smooth brass tube 114 in. in diameter and 36 in. 
long, with air flowing through it. Curve 2 is for a 
duct similar to Curve 1 except that the surfaces are 
rough, since the tube was made by stacking washers 
of 0.017-in. varnished iron with a 114-in. inside di- 
ameter. Since the punching and stacking varied 
a few thousandths of an inch, the inside bore was com- 
paratively rough. This increased the coefficient of 
friction (f) at least 50 per cent and the heat transfer 
(K,) from 20 to 30 per cent. Curve 1 provides a 
reasonably close check on the data given by Nusselt 
(Curve 3) which was obtained by using a smooth 
0.866-in. diameter tube. Jordan® also gives the results 
of surface heat transfer constants (K,) with air flow 
through smooth tubes which are slightly below Curve 1. 

Curves 4, 5, and 6 were obtained with the air flowing 
axially between two concentric cylinders. In the tests 
made by the writer the cylinders were 25 and 26 inches 
in diameter and 36 inches long. Due to the radiation 
loss the values are slightly greater than those indicated 
by Curve 1. This radiation loss is present in Curves 
4, 5, and 6, since the heated surface was the outer _ 
surface of the inner cylinder. This radiation loss is 
approximately 0.003 to 0.005 W/sq.in./deg. cent. and 
will be independent of the air velocity. Curve 5 by 
Dicksee? was obtained with a much smaller heater 
cylinder upon which were soldered various numbers of 
radial copper fins with surfaces parallel to the air flow. 
The values of the heat liberated are about twice those 
given for Curve 1. Curve 6 by Rice*® was plotted in 
terms of mean velocity instead of maximum velocity 
by using the mean velocity ratio of 0.85. The values of 
heat transfer are comparatively large, being about five 
times as great as those of Curve 1 and about 214 times 
as great as those of Curve 5. 


From past experience in the cooling of electric ma- 
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chines with free convection currents, values of heat 
transfer from the ventilating surfaces have been ob- 
tained that are considerably greater than those given by 
Curves 1 to 4. The writer has never obtained such 
high values, however, as those given by Curve 6 and 
hence additional tests were planned and executed for 
the purpose of giving more information concerning 
the variation of this cooling constant (K,) as in- 
fluenced by varied air flow conditions. 


EXPERIMENTAL 


1. Air Flow Between Two Parallel Flat Plates. 
Electric machines are cooled more by radial ventilating 
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Fig. 3 Apparatus FOR DETERMINING. THE Heat Loss FROM 
Fruatr ParaLLeL PLATES 


ducts in the iron core than by any other method. These 
ducts range in width from }4 in. to lin., 3% in. being the 
more common figure. The air flow through them is 
very turbulent, due, not only to the ventilating spacers 
or fingers and the coils, but also to the changing cross- 
section for air flow. On large bore machines the 
change in air velocity due to the radial flow may not be 
great. The first test made was to imitate such condi- 
tions where a minimum rate of heat transfer is to be 
expected. This test is described in greater detail than 
is the one following since it is typical of the others in 
the methods used. 


A sketch of the apparatus is shown on Fig. 3 and an 
illustration of the assembled outfit is shown on Fig. 4. 
The air was supplied by a centrifugal fan driven by a 
variable speed d-c. shunt motor. ‘This fan discharged 
into an expansion chamber. The air then passed 
through the ventilating duct formed by two hot 
plates 8 in. wide by 22 in. long, separated a definite 
distance by proper spacers. The hot discharge air 
then passed through an outlet duct where its average 
temperature was measured. : 


The hot plates from which the heat dissipation was to 
be measured were composed of 14-in. smooth steel 
plates fixed to a soapstone base between which a heater 
_was placed. This heater was made of 0.005-in. by 
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0.25-in. resistor ribbon and covered practically the 
entire area. It was insulated with a 0.010-in. mica 
sheet. On the bottom plate were twenty thermo- 
couples and five were on the top plate. These couples 
(0.010-in. d.c. ¢. copper-advance) were soldered in 
small holes drilled in the plate with the junctions flush 
with the surface. The leads of the couples were brought 
out through the soapstone so that no obstruction was 
placed in the air path. The large number of couples on 
one plate was required to make a temperature traverse. 
The plates were thermally insulated on the inactive 
side. by the soapstone 1 in. thick, two sheets of 14-in. 
magnesia, and a disk of wood 1 in. thick. In order 
to calibrate the stray heat loss through this insulation, 
five stray loss thermocouples were placed between the 
magnesia plates distributed axially along the duct. 

In all tests on heat transfer with forced air flow the 
accuracy of the data depends upon the true mean air 
velocity or volume. This volume may be obtained by 
using the pilot tube, anemometer, orifice meter, and 
other similar methods, but in many tests of this nature 
the writer has obtained the best and most accurate 
results by using the specific heat method. The volume 
was obtained after thermal equilibrium had been 
reached from the watts input to the air and the re- 


Fig. 4—AppARATUS FOR DETERMINING THE RATE OF Heat 
_ TRANSFER FROM Far PARALLEL PLATES 


sulting air temperature rise. The watts absorbed by 
the air equals the total watts input minus the stray 
loss as given by the calibration curve corresponding to 
that particular heater temperature. The temperature 


-rise of the air was obtained by five thermocouples with 


the hot and cold junction distributed in the outlet and 
inlet air respectively. The accuracy of this method 
depended upon obtaining the true temperature rise, 
which necessitated a thorough mixing of the hot air. 
This is accomplished best as shown by allowing the air 
to expand on discharge with a baffle placed in the 
direct path of the high velocity air, forcing the airto 
change its path. This scheme functioned successfully 
as shown. by temperature traverses of the air with 
a single couple. The equation used was 
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1.765 W 
Ke 
Gi. 
where 
V =cubie feet of air per minute (25 deg. cent. 
temperature) 

W. = watts absorbed by the air 
6, = resulting air temperature rise deg. cent. 


The constant (1.765) is the degrees centigrade one cubic 
foot of air will rise with the storage of 1 watt-minute of 
energy. This is based upon air as weighing 0.0740 
Ib. per cubic foot and having a specific heat of 0.2418, 
all at 25 deg. cent. and at standard atmospheric pres- 
sure of 29.92 inches of mercury. Thus a simple and 
accurate method is obtained which is independent of 
local variations in humidity and barometric pressure. 


The average air velocity (v) through the duct, then, 
is 


VW 
A 


y= 


where 

0 = average air velocity in feet per minute, and 

A = cross-sectional area of duct in sq. ft. 

The rate of heat loss (K,) from the surface for any 
given velocity was determined from the equation 


W, 


where 

K, = surface heat transfer constant in W/sq. in/deg. 
cent., 

W. = watts dissipated to ventilating air, 

S = ventilating surface of duct in sq. in., 

6, = average surface temperature rise of duct above 
intake air deg. cent., and - 

6, = temperature rise of the outlet air deg. cent. 


A stray heat loss curve for each spacing was obtained 
which gave the watts stray loss for any average plate 
temperature. This was made by completely closing 
the ends of the duct so as to minimize loss by convection. 
The heater input then, when steady conditions had been 
reached, was the stray loss flowing through the heat 
insulation. ‘ With forced convection the duct was given 
a definite spacing and air at a constant velocity was 
forced through. The current through the heaters was 
adjusted until an average plate temperature of about 
80 deg. cent. was reached. When the temperatures be- 
came stable all thermocouples and heat inputs were 
measured. Direct current was used as the heater 
supply. The voltage dropped across the heater, 
across a fixed resistance in series with the heater, and 
the potentials given by the couples were all measured 
with a Leeds & Northrup type K potentiometer. In 
_ this manner tests at various velocities were made for 
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M-in., -in., 34-in., and 1-in. spacings, and (K,) was 
calculated as previously shown. 

The results of these tests are shown on Fig. 5. These 
curves show a slight decrease in (K,) with increasing 
duct spacing. The values of the constant are not 
materially different from those of Curve 2 in Bioe2Z. 
The average equation for heat loss, as shown, is 


v ) 0-80. 
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In air blast transformers similar ducts between pan- 


K, = 0.020 ( 


0.08 


0.07 


fo) 

(o) 

a 
] 


S 
co) 
a 


== 


So 
(2) 
BB 


S 
o 
@ 


WATTS PER SQ. IN. PER DEG. CENT. 


ifereel ss Pree 


COEFFICIENT OF HEAT DISSIPATION Ky. 


aul 


0 A 
© 1000 2000 3000 4000 5000 
RAGE AIR VELOCITY IN FT. PER MIN. 


U AVE 
(BASED ON AIR DENSITY OF 0.074 LBS. PER CU. FT. 
Fie. 5—Curves ror Fiat Parannet Pirate Duct 


6000 


Size duct 8 by 22 in. 
Equations of Curves 


0.81 
Curve No. 1; Ky. = 0.0207 (~) (for 14-in. spacing) 


,, 0.814 
\ 


Curve No. 2; Ky. (for 14-in. spacing). 


Curve No. 3; Ky. 


0.795 


I< 8 
=) 


V 
= 0.0200 (=) (for 34-in. spacing.) 
Curve No. 4; K,. = 0.0194 ( 


) (for 1-in. spacing). 


cake coils are used, the coils being separated by the so- 
called “‘wavy”’ fiber spacers. Such spacers will increase 
the turbulency of the air flow and should increase (K,). 
Results obtained with a 3¢-in.-width duct by the use of 
these spacers are shown on Fig. 6. The air velocity was 
calculated from the minimum cross-sectional area be- 
tween spacers (0.375 in. by 1.25 in.), and the surface 
was taken as the product of the minimum clear dis- 
tance between spacers times the straight line length of 
the duct (1.25 in. by 22 in.). This heat loss coefficient 
is 40 or 50 per cent greater than that found in the duct 
without wavy spacers. The coefficient of friction (f) 
was about 100 per cent greater than that for the duct 
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without spacers. Curve 1, Fig. 6 shows that the tur- 
bulency of air flow was practically the same as that in 
Curve 5 of Fig. 2. 

2. Air Flow in Radial Duct. The above described 
tests were on ducts of constant cross-section. In 
radial ducts, however, the cross-section is changing from 
point to point along the air path due to the resulting 
change in the diameter of the duct. In practise, also, 
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such ducts will contain irregular spacers (ventilating 
fingers) and will be traversed by the conductors. All 
of these factors will tend to produce very turbulent 
air flow which should result in a high rate of heat loss. 
A sketch showing the cross-section of the apparatus is 
given on Fig. 7. The duct proper was formed by sep- 
arating two parallel hot plate disks. These plates were 
94 in. in outside diameter and 10 in. in inside diameter. 
They were made of resistance wire wound uniformly 
on one side of a -in. plate; mica was used as insulation 
with shellac as the binding cement. The heater and 
plate were likewise cemented to a 1-in. soapstone slab 
which acted as a heat insulator and also gave rigidity 
to the heater plate. ‘Two such plates properly spaced 
were enclosed in a wooden box which acted as an air 
. chamber. Ports were provided for attachment to 
the fan and discharge duct. Eighteen thermocouvles 
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distributed over the plate and attached as de- 
scribed in the previous test. These were used for 
obtaining the average plate temperature. The air vol- 
ume was also measured, as in Test 1, by the specific 
heat method. As shown inside hoods and baffles were 
provided so as to correctly measure the air temperatures 
both on inlet and outlet. The ports to the duct were 
arranged so that the air direction could be changed to 
provide either divergence or convergence with respect. 
to the duct (the latter being radially inward toward the 
center). For determining the stray loss from the back 
side of the hot plates, the watt loss was calibrated 
against the temperature gradient across a definite 
thickness of the heat insulation. 

For the first series of tests, (without ventilating 
fingers), the hot plates were separated by three small 
strips of iron about 1 in. and '/161n. thick, with a width 
equal to the duct spacing. This gave a radial duct 
free of obstructions. Later, ventilating fingers 7 in. 
long and made of 1/;.-in. sheet iron were used as sep- 
arators; also wooden blocks were uniformly distributed 
along the outside edge so as to simulate conditions 
found in practise due to the conductors. The cross- 
section of these blocks was 0.75 in. by 1.75 in. and the 
thickness was equal to the duct spacing. 

The heat loss constant (K,) was calculated as before, 
based upon the average temperature difference 
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the average velocity based upon the cross-section in the 


were 


), The air velocity used in the curves is 
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middle of the duct and hence corresponds to the section. 
where the duct diameter is (24 + 10)/2 or 17 in. 
When ventilating fingers were used the surface of the 
fingers was also included. 

The results of tests with diverging flow through the 
unobstructed radial duct are shown on Fig. 8. The 
heat loss constant at a definite velocity is greater for the 
1-in. ducts than for the 14-in. duct which is the reverse. 
of the case given on Fig. 5. The values are also much 
higher due to greater turbulency of air flow. These 
values are of the same approximate value as that repre- 
sented by Curve 5, Fig.2. Thecurvesof the 3¢-in. or 14-- 
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in. ducts, Fig. 8, seem to be out of place. The values 
given, however, were rechecked several times. 

When ventilating fingers and conductors are placed in. 
the duct the curves are as shown on Fig. 9. Since the 
surfaces of the spacers are also included, the results 
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show that they are almost as effective as the duct 

surface. 
Many machines are now ventilated with air flow 

radially inward (converging flow) through a portion of 
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the ducts. The results of such a flow are shown on 
Fig. 10. It should be noted that the values obtained 
are lower than those obtained with diverging flow; 
Curve 2, particularly, is materially lower than the 
similar curve on Fig. 8. This fact is to be expected 
since it is known that diverging air flow will be more 
irregular or turbulent than converging flow with the 
same axial change in cross-section. Thus the tur- 
bulence obtained with Curve 2, Fig. 10, is about the 
same as that found in Fig. 5 with a constant cross- 
section since the rate of heat loss is about the same. 
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3. Air Flow between Two Concentric Cylinders. 
Mr. C. B. Dicksee?, working in this laboratory, in- 
vestigated the heat loss from an air cooled gasoline 
engine cylinder with numerous fins attached. Curve 5, 
Fig. 2, gives the average results of these tests on a 
cylinder with 5 to 40 axial metal fins attached. These 
fins extended to the outer cylinder. The heat loss 
constant (,) was independent of the number of fins 
used. At the time these tests were made the value of 
(K,,) was considered high and no reason could be sug- 
gested why the heat loss should be any greater than, 
let us say, Curve 2. 

The writer at that time had tests made with the 
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smooth cylinder without fins as shown on Fig. 11. 
This test equipment was the same as used in the above 
test. The cylinder was supported as shown with a 
square orifice air intake. The average temperature 
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of the inner cylinder was obtained with thermocouples 


as before; (K,) was calculated as it had been done 


previously and the air velocity was calculated from the 
cross-sectional area of the duct. 

Curve 2, Fig. 12, gives the results of these tests. 
The values of (K,) are a little greater than those ob- 
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tained on the finned cylinder, Curve 1. In comparing 
this Curve 2, Fig. 12, with Curve 4, Fig. 2, a great 
difference is observed, although the types of air flow 
system are about the same; the main difference is the 
length of duct (7 in. and 36 in.). 

It has long been known that when air enters a duct of 
constant cross-section from a larger chamber a con- 
vergence or ‘‘vena contracta”’ of the air stream will take 
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place, and later the effective air stream will expand and 
gradually assume a stable velocity condition. This 
convergence near the entrance of the duct and the 
resulting change in velocity beyond the “‘vena con- 
tracta’”’ will result in turbulence and an increase in heat 
loss coefficient (K,). This is evidently the explanation 
for the high value of (K,) shown on Curves 1 and 2, 
Fig. 12. Since the major part of this effect extends 
over only a few inches, this explains why its influence 
is small on Curve 4, Fig. 2, with a 36-in. length of duct. 

About this time Rice* published his Curve 6, Fig. 2. 
This curve, as previously mentioned, gives values of 
(K,) about 21% times as great as those of Curve 1 or 2, 
Fig. 12, and as Rice states, about five times those of 
Nusselt... The explanations suggested were that the 
conditions of air flow and heater surface were different. 

In order to investigate this inconsistency, the writer 
made tests on the smooth cylinder with a converging 
entrance simulating conditions as described by Rice. 
This was done by attaching extensions to the cylinders 
as shown in the dotted lines, Fig. 11. 
this are given by Curve 3, Fig. 12, and show a decreased 
heat transfer instead of an increase. This decrease was 
expected since a converging entrance will result in less 
air turbulence than a square entrance. 

To check the effect of roughness.on the rate of heat 
transfer, the above 3-in. cylinder was closely wound with 
0.0155-in. diameter enamel copper wire (0.0394 cm.). 
This was insulated from the brass tube and the outer 
exposed enamel was removed with sand paper. The 
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resistance of this outer wire surface was obtained with 
a wheatstone bridge from which the temperature was 
calculated. The results of these tests were practically 
the same as the results of tests made with the smooth 
cylinder and line up with Curve 3, Fig. 12, within the 
error of test. 

These test conditions, while not exactly the same as 
those given by Rice,’ are nevertheless very similar. 
The dissimilarities due to size and other conditions 
should not be expected to give a value of (K,) of 
more than 20 to 30 per cent difference. The results as 
given for 4000-ft. per min. air velocity are, however, 
0.09 for Curve 8, Fig. 12, and 0.28 Rice’s value, Fig. 2. 
Such a discrepancy is enormous and the writer’s 
opinion is that Curve 6, Fig. 2, is incorrect since it is out 
of line with all other tests. 

In the previous tests the amount of heat transferred 
(W/sq. in.) has been assumed to be directly pro- 
portional to the temperature difference between the 


Oe 
—=-), In-.other words, 


surface and the air (0. = 5 


(K,) in W/sq. in. /deg. cent. should be a constant, 
independent of the surface and air temperature. 
This is not actually true since (K,) does vary slightly 
with temperature. The variation of (K,) with tem- 
perature is rather difficult to determine experimentally | 
due to many other variables which must be controlled. 
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Nusselt,! Pohl,® Jordan,> and Latsko’ have stated that | 
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(K,) will increase with temperature G ae 


Rice? * has calculated the opposite effect. 

Tests on the heat transfer (K,) from the smooth 
cylinder with a square entrance at a constant velocity 
and with variable wall and air temperatures are given 
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According to Rice,?® (K,) varies as tds awhere 
(nm) ranges from 0.56 to 1.0 and (Tavo.) is the average 
temperature, Kelvin, of the surface and air. A value 
of (n) of about (0.5) would check the test approximately. 


RATE OF HEAT Loss AS INFLUENCED BY Duct LENGTH 


It was previously suggested that the rate of heat loss 
due to air flowing through a duct will not be constant for 
all parts of the duct, even with a constant cross-section. 
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Fig. 14—ApparaATus FOR DETERMINING Rate or Heat Dissi- 


PATION FROM AxtAL Ducts 


It has been observed in machine design that machines 
with short duct lengths, both radial and axial, can dissi- 
pate more heat in proportion to the surface than can 
large machines with the same type and section of duct 
but with longer air flow path. A part of this difference 
was believed to be due to the conditions of air flow. 
The turbulence caused by the vena contracta at the 
duct entrance should cause an increase in heat loss 
comparable to that loss where the stream flow was more 
uniform. This effect has been masked in many of the 
past researches due to the difficulty in obtaining the rate 
of heat transfer over any part of the duct. Thus the 
work described by Nusselt,! Pohl,® Rice,’ Dicksee,? and 
Jordan® was all -based on an average heat transfer 
constant taken over the total length of the duct. The 
writer! notices this increased heat loss near the duct 
entrance but was unable to determine its value ac- 
curately because of a variable stray end loss. The 
Curves 1 and 2, Fig. 2, were, therefore, based upon the 


average heat loss in the middle 14 section of the duct. . 


Curve 4 was based on the average loss over the total 
duct. 

This variation in rate of heat loss with length of duct 
has been analytically considered by Latzko.’ He 
developed a theory of heat transfer as determined by 
form and dimension with reference to the turbulency of 
flow. His work was based upon the hydro-dynamical 
principles of fluid flow. No experimental work, how- 
ever, was available, and none was submitted to sub- 
 stantiate the analysis. 

The following work was planned in order to determine 
this variation in the rate of surface heat transfer with 
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duct length and also to check Curve 2, Fig. 2, previously 
submitted. 

4. Avr Flow ina Circular Axial Duct. This air duct 
used was practically a duplicate of that from which 
Curve 2, Fig. 2, was obtained. It is called an axial 
duct since it was made to imitate such ducts found in 
the punchings of electric machines. The duct was 
11% in. in diameter and 3914 in. long. The inside sur- 
face was rough since the duct was formed by stacking 
stampings in the form of washers made from 0.017 in. 
sheet steel (1 per cent silicon). These stampings were 
bolted together by three long bolts running the length 
of the duct. A sketch of the construction and details 
is given in Fig. 14. An illustration of the assembled 
test equipment is shown in Fig. 15. The air was fed to 
the duct from a pressure chamber which in turn was 
supplied by an adjustable speed motor-driven fan. 
The air volume flow was accurately determined as 
previously described by the specific heat method. 
Special care was taken to secure a true air temperature 
both on the intake and the outlet. In order to insure a 
constant heater current and air supply a large storage 
battery was used as the source of power supply. To 
obtain the temperature curve along the duct, twelve 
copper-advance (0.010-in.) thermocouples were soldered 
to the outside surface as shown in the sketch. The 
duct was thermally insulated on the outside by five 
layers of air-cell-corrugated cardboard. To deter- 
mine the stray loss three themocouples were placed 
in this insulation so that the temperature drop through 
the intermediate insulation could be plotted against 
watts loss. 

Since the iron temperature was determined on the 
outside of the duct it was necessary to calculate the 
temperature drop through the radial depth of the 
stampings. This could be done with high accuracy 


Fig. 15—ApparAatTus FOR DETERMINING THE Rate or Heat 
AND TRANSFER FROM AxtAL Duct 


since this temperature drop was only a few per cent of 
the surface temperature rise. The heater was a uniform 
layer of 0.057-in. diameter d. c. c. advance wire tightly 
wound upon the iron core. Since this wire has a 
practically zero temperature coefficient, the rate of heat 
generation was constant along the duct for any given 
current. The heat input in watts, as well as all thermo- 
couples, was read with a Leeds & Northrup type K 
potentiometer. The accuracy of these readings was 
evidenced by a maximum error of about 0.2 per cent. 
The duct was first tested for stray loss by closing 
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both ends. In this way a curve giving watts loss against 
temperature gradient in the outer insulation was ob- 
tained. With forced convection the fan was driven 
at a constant speed and the heater input adjusted so as 
to give a maximum duct temperature of about 85 deg. 
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cent. The average air intake temperature was about 
30 deg. cent. 

In order to find the rate of heat dissipation to the air 
at any section of the duct, knowledge was required of 
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the total watts generated by the heater, the stray loss, 
and the heat conducted to or away from that particular 
section across the punchings. Since the heater was 
uniformly wound, the loss in any section is proportional 
to the length of that section. Fig. 16 gives the curves 
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for a particular run. The stray loss from any section 
of the duct was proportional to the average temperature 
drop between the iron and outer insulation temperature 
of that section. Since the iron core temperature was 
not constant there is an axial flow of heat across the 
punching. Due to the high thermal resistance offered 
to this transverse flow by the various surface drops, 
however, the rate of heat flow was not great. The 
unit thermal conductivity was about 0.04 watt-in./sq. 
in./deg. cent. Thus the amount of heat flow axially 
along the punchings was proportional to the slope of the 
iron temperature curve at any point times the thermal 
conductivity of the punchings. This rate of heat flow 
across the punchings was determined experimentally by 
plugging the duct with cotton waste and heating one end 
of the iron core. When stability of temperature had 
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These curves are for duct with square entrance as shown 
11% in. diameter 3914 in. long 


been reached, a cooling curve along the duct was ob- 
tained. Then, knowing the rate of stray heat loss 
through the outer insulation, the thermal conductivity 
of the core could be determined from the cooling curve 
along the duct. 

Subtracting the outer stray watts loss and that lost 
by transverse conduction from the total watts gener- 
ated in the duct section, the remainder will be the watts 
dissipated to the air in the duct. Beginning at the 
entrance of the duct this procedure was performed for 
various sections of the duct axially. The air tempera- 
ture curve and the surface heat transfer curve (K,) 
were obtained as shown on Fig. 16. The calculations 
were rather laborious; however, any error, if made, 
would show up by giving an incorrect heat balance at 
the end of the calculations. 

Tests were made with a sharp or square entrance and 


duct. 
‘increase in (K,,) near the outlet of the duct. 
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with a round entrance as shown on Hivee ley these 
values of heat loss (K,) are the actual values obtained at 
any particular point along the duct. They verify the 
previously given theory that the rate of heat loss against 
duct length will be a variable and should be much 
higher near the entrance of the duct. For a constant 
velocity, the loss (K,) is about twice as high for the first 


0.16 lec 
| 
SCD eerie iy 
a trance Square Entrance 


Square En 
AAT 


il HATTA 


Xx 


o 
i 
nm 


oO 
a 
(=) 


| Square Ent 
| | | 
r—t + 


ee 
X=! 4 in— 


Round Entrance WZ 


= 
co) 
a 


Ky-WATTS PER SQ. IN, PER DEG, CENT. 
5 
cd 


o 
oO 
ax 


Square Entrance 
| —X= 24 in. 
Round Entrance 

; 


| | 
3000 


9S 
oO 
m 


00-4000 
VELOCITY IN FT. PER MIN. U 
(ON BASIS OF 0.074 LB. PER CU. FT.) 


Fig. 19—Rate or Heat Loss FROM SURFACE OF LAMINATED 
Axtat Duct For VARIOUS DISTANCES FROM ENTRANCE OF Duct 


0 
0 1000 2000 5000 6000 


0.16 | 
| 
0.15 | T 7 rs 
bel y 


0.14 
0.13 


2000 3000 4000 5000 
J 1 N_ FT. MIN. O 


VELOCITY PER ; 
(ON BASIS OF 0.074 LBS. PER CU. FT.) 
Fre. 20—Averace Ratt or Heat Loss FROM SURFACE OF 
Laminatep Ax1AL Ducts ror Various Lenatus or Duct 
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inch of the duct as that found near the middle of the 
It should be noted, also, that there is a slight 
This shows 
an increased turbulence and is verified by static air pres- 
sure explorations in that region. _ 

The influence of the entrance is shown by an increase 
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in (K,) with a square entrance over that given with a 
smooth entrance. Near the middle of the duct the two 
curves are practically the same. These curves with 
additional ones were re-plotted and are shown on Fig. 
18. Fig. 19 gives the rate of heat transfer (K,) at 
various points along the duct plotted against velocity. 
By integrating curves on Fig. 18 for various lengths 
along the duct, the average rate of heat transfer (K,) 
for that length of duct was obtained as shown in Fig. 20. 

Since this duct was practically the same as that tested 
in 1919, Curve 2, Fig. 2, a check on the accuracy was 
obtained. The curve referred to was calculated on the 
basis of the average (K,) over the middle third section 
of the duct. The curve shown on Fig. 21 gives similar 
results of the tests made six years later with different 
apparatus and experimenters. The results check to 
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in. long 


"These dots are for duct with round entrance 
x These dots are for duct with square entrance 


within one per cent, which is unusually good for this 
type of work. 


VARIATION OF HEAT LOSS COEFFICIENT WITH 
TEMPERATURE 

The previous tests were made with an air intake of 
about 30 deg. cent. and a maximum iron temperature 
of 85 deg. cent. This gave an average gradient be- 
tween iron and air in the middle section of the duct 
of about 35 deg. cent. The effect upon the heat trans- 
fer (K,) of varying this temperature gradient is shown 
on Fig. 22. This also checks the same effect as given 
on Fig. 18, the heat transfer varying approximately 


Ve 
as fhe 


Kelvin, of the wall and air. 

Coefficient of Friction. The static air pressure drop 
over a distance of 37.4 in. was measured. The equa- 
tions obtained are: 


where (7', _) is the average temperature, 
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) 
For square entrance duct p = 0.068 a) 


9 


v 
For round entrance duct p = 0.076 Ga 


where 


p = total static air pressure drop in inches jot water. 
This gives a coefficient of friction (f) of about 0.0108 
for an average compared to a value of 0.007 for the 
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smooth duct Curve 1, Fig. 2. Thus there is a definite 
tendency for the rate of heat transfer to increase with 
the coefficient of friction as suggested by Reynolds,’ 
Stanton,” Royds,"' Rice,* and others. It is not a 
direct proportionality, however, since (f) increased 
about 54 per cent with an increase in (K,) of about 25 
per cent. The exponent (n) of the velocity factor in 
the above equation is 2.0; for a smooth tube this ranges 
from 1.7 to 1.8. This results in the equation of 


nN 


ana (—) being 


1000 
Nd | 
Ho U0 178 ( for the rough surface 
and 
Bia wa 
K, = 0.0157 Ca for the smooth surface. 


An increase of both (A) and (n) for an increase in (f) is 
thus shown. 


General Discussion and Conclusions. (a). 


« 


Express- 
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ing the rate of surface heat transfer (K,) in terms of the 
average air velocity (v), the following 


Vv 
constants for the equation K, = A ( 0 —) are found 
Type of Duct A n 
Axial smooth surface const. cross-Section.....--++++++> 0 -0157* 85 
Axial Rough surface const. cross-section. .....2--++--.+. 0.0178* 93 
Axial Annular smooth surface const. cross-section......- 0.0367 75 


Rectangular smooth (3/3 in.) const. cross-section....... 
Rectangular smooth (3/gin.) (wavy) const. cross-section. .0298 


Radial °/gsin. diverging flow no fingers variable sect...... 0365 id 
Radial */s in. diverging flow with fingers variable sect... 0367 72 
Radial 3/3 in. converging flow with fingers variable sect. . 0310 70 


eocoocoeceo 
“J e 
J 


Radial */s in. converging flow no fingers variable sect... . .0204 
*This factor will increase as the duct length decreases 


These results show a wide deviation in values of (A) 
ranging from 0.0157 to 0.067 and of (n) from 0.70 to 0.93. 
In general the indications are that when (n) is low 
the coefficient (A) will belarge. The value of (A) of 
0.0178 for the axial duct was based on uniform air flow 
which would exist in very long ducts-_ As shown in 
Test 4, Fig. 18, this constant may increase to jabout 
double this value for very short ducts. Test 3, Fig. 12, 
showed that for such short ducts where very turbulent 
air flow is obtained, the imfluence of friction upon 
(K,) may be negligible. Test 2, Fig. 8, showed 
that radial ducts with diverging flow and changing 
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Fig. 23—Summary or Surrace Hear TRANSFER CONSTANT 
Acatnsr Average Atr Veuociry ror Various Ducts 


Average air temperature intake 25 deg. cent. 
Average surface temperature 75 deg. cent. 
Atmospheric pressure 


cross-section also gave irregular flow and hence high 
values for (K,). With converging flow, however, the © 
values of (K,), Fig. 10, were much lower, even ap- 
proaching the minimum values found in Curve 1, 
Fig. 2. The rate of heat transfer (K,) for Test 1, 
Fig. 5, with a rectangular duct of constant cross-section 
is also low and indicates a rather uniform air flow. 

A general summary of the variation in (K,) is given 
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on Fig. 23. It shows that the minimum value is given 
by the smooth 114-in. duct, Fig. 2, with regular flow. 
The maximum value of (K,) is found in the radial duct, 
Fig. 8, with a diverging air flow. This curve is closely 
approached by axial ducts, Fig. 19, with a 1- to 2-in. 
duct length. 

(b). Test 4, Fig. 18, giving the variation in (Kat 
any point along the duct explains why many researches 
along this line have been inconsistent. The majority 
of these tests have been expressed in terms of a (K,) 
averaged over the total duct length and since this 
length varied greatly (K,) would also vary as shown by 
Fig. 20. This variable factor of duct length is in 
principle a check of Latzko’s’ analysis. His equations, 
however, do not agree in detail with the curves on Fig. 
18. According to his calculations, based purely on 
hydrodynamical relations, the curves on Fig. 18 should 
reach their minimum value ina length from the entrance 
much less than shown. 

(c). Over the range of temperatures used, 25 to 150 
deg. cent., the rate of heat transfer (K,) at a constant 
mass air flow decreases slightly with increasing tem- 
perature; its approximate relation is: (K,) varies as 


A ih 
Hoteeo 


Kelvin of the wall and air. This is in the direction 
indicated by Rice,? Royds, and Campbell," but is op- 


where (7',,,.) is the average temperature 


_ posite to that given by Nusselt,! Pohl,® and Jordan.® 


(d). When air flows through ducts of constant cross- 
section and has reached a stable flow the heat transfer 
(K,) will tend to increase with the coefficient of surface 
friction. When the air flow is irregular, due to condi- 
tions such as entrance or irregular cross-section, (K,) 
will be large and may be practically unaffected by sur- 
face conditions. With the use of baffles the turbulency 
of the air can be greatly increased with an increase in 
rate of heat transfer (K,,). The increase in static air 
pressure drop, however, will be at a greater rate. 

(e). A general analysis of surface heat flow con- 
stant for a wide range of fluids and gases has been made 
by Davis,” Rice,** Nusselt,! Latzsko,’7 McAdams, Frost," 
and many others. The equations, based upon the phys- 
ical properties of fluids and upon frictional and hydrody- 
namical relations, were solved mainly by dimensional 
analysis. Asa general solution, such work is valuable. 
For specific information regaiding the heat transfer 
covering a definite fluid with definite conditions of flow, 
temperature, and the like, however, the above general 
solutions may be seriously in error. The workers 
listed above have shown that this rate of heat transfer 
is a function of the physical properties of the fluid such 
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as density, specific heat, viscosity, velocity, thermal 
conductivity and also a function of the shape and 
principal dimension of the surface. The tests sub- 
mitted by the writer have shown that this rate of heat 
transfer is also a function of the flow lines of the fluid 
and in this respect becomes a problem of more than a 
single dimension and at least involves a ratio of princi- 
pal dimensions. To derive a general solution taking 
into account the hydrodynamical conditions in addi- 
tion to the above physical properties seems visionary, 
at least as regards a practical solution. Thus, for 
specific information, which is desired by designing 
engineers of electric machines, experimental results 
such as submitted on Fig. 23 must be used. 


It is also hoped that these specific tests may aid in: 
forming a basis for a better general solution of this 
surface heat transfer problem covering, let us say, 
the more restricted field of gas flow which is of great 
importance in electrical industry. 


The writer wishes to express his appreciation of the 
valuable assistance given in the performance of these 
tests by Messrs. L. W. Schad, R. R. Sirrs, J. H. Cone, 
C. G. Veinott, and E. Steinert. 
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General Theory of the Auto-Transformer 
BY WALTER L. URSON: 


Member, A. I. E E. 


Synopsis.—The method of complex quantities lends itself ad- 
mirably to the development of general theory of the auto-transformer. 
As worked out, in this instance, it vs found desirable to maintain 
the actual voltage ratio instead of reducing values to an equivalent 
1:1 basis. Examples are given of calculations by this method, and 
also comparison is made with calculated performance of the two- 


circuit transformer. Certain inherent peculiarities of the auto- 
transformer are pointed out, being due to the effects of internal re- 
sistance and reactance. 

Part II is an application of the theory to transformers without 
iron and a number of interesting conclusions are brought out. 


* * * * * 


N auto-transformer may be represented as a 
single winding on an iron core, as illustrated in 
Fig. 1. Primary voltage, H,, is impressed on the 
winding, and secondary voltage, E», is obtained by 
suitable taps. The primary current, I,, flows in a 
portion of the winding of ¢,; turns. The rest of the 
winding carries current, I., which is the resultant of 
the current J; and the load current I:, and it consists 


of tf. turns. The total turns of the entire winding are 
t =t; +t. Ratio of transformation is given by 
t ty) + te EK, 
lie ised B SE 
at no load. 


Resistances of windings ¢, and t, are r; and r, respec- 
tively, and reactances are x, and 2». Fig. 2 illustrates 
the vector relations which exist. We may begin with 
the flux @, drawn vertically upward. This is produced 
by magnetizing current 7, in phase with it. Ninety 


8 


deg. ahead of the flux is the core-loss current Oi oe 
and i, vectorially added give the exciting current /,.. 
Ninety deg. behind the flux is the e. m.f., ¢:, induced 
in the turns t.. The load current J: = 11+ 7 1’ is 
drawn at any desired angle with reference to ¢;. 

So far, the vector relations are similar to those of the 
ordinary two-cireuit, constant potential transformer. 
But in the case of the auto-transformer a departure 
from similarity occurs at this point. This departure 
is due to two causes; (1) the current in the turns f, is 
not the load current, and (2) the vectors are given 
actual values and are not reduced to a 1 : 1 equivalent 
ratio. This latter consideration is not awkward on 
account of the fact that auto-transformer ratios do not 
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usually depart very far from 1 : 1, being in that respect 
quite different from two-circuit transformers. 

We now draw — f ¢:, 180 deg. ahead of ei, and this 
is that portion of the impressed voltage required to 
is the load com- 


produce ¢; in t2. Similarly, — 


Ik 
i. 
ponent of primary current, 180 deg. ahead of It. 
The entire primary current I, is the vector sum of 


ee Lt 
,an ay 
vector sum of I, and Ix. Secondary voltage, E., 1s 
obtained by subtracting from e; the [272 and I, Xe 
drops in turns {2. 

Primary voltage, H,, is obtained by adding to — f @: 
the I, 71, [1 21, I2r2, and I, 22 drops, all operations 
being, of course, vectorial. 

The method of complex quantities lends itself readily 
to this procedure. It is convenient to start with e; 
as the zero vector, however, rather than with £, or E>. 
This makes the use of the method very simple. Certain 
difficulties which are introduced may be readily pro- 
vided for. The chief difficulty is in ascribing to the 
load current a definite, desired phase angle with respect 
to Es, as the components of I: are given with respect 
to the zero vector e;. This and other points will appear 
in the case of examples cited. 


The vector equations are as follows: 
Te Ge r 4 , an! 
j ---F +i ti (ie f ) 
='4y 9 ty 
I, =[,¢h=n+it7 Gi’ +’) = +7) tr’ 
Ey = e;— [p22 = €:— ta %2 + V2! Xo — J (tn Lo + V2’ Tr) 


— 169 + 7 2’ 


The secondary current, I, in tz, is the 


I, ms J 


Ei, =— fe:+ Lie 4 To 22 
=—fetuam—uix¢'+ de 2 — 19' He 
+f (ay a1 + ty! 11 + ty Be + te’ M2) = C1 +5 ey 
Power input is Py = @1% + @4' 41’ 
Power output is P. = et + 9! in’ 
P, 
Ra 


Efficiency is ye 
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: P 
Primary power factor is P.fy = Shi e 
1 ] 
P, 
Load power factor is Pf, = Ee 


Regulation is given by the equation 


FH, at no load — E, 
By 


when the primary impressed voltage is constant. All 
the above relations, however, are based on an assumed 
constant induced voltage, e,, and consequently it would 
seem, judging by common experience with the two- 
circuit transformer, that the primary voltage will not 
be the same at load and no load. It is advisable, then, 
to determine both H, and FE, for the condition of no 
load, always keeping e; constant. 

The value of EZ, thus obtained should be multiplied 
by the ratio E, at load 


EF’, at no load 


Per cent regulation = 


Fig. 2 


This reduces FE, to the value it would have at constant 
impressed primary voltage. Carrying out this process, 
equations for the case of J: = 0 areas follows: 
IT, =te+Jtm = I. 
Ey = €; — t¢ 22 — J tm 22 = Ci — Uc T2 + Im Xe 
. =< 7 Gig 2 + tm Po) 
a = €2 +] 2" 
By, = — fe; + 0.1.4 2%) + J tm @% + 22) 
= — fe: +t. (ti +12) +5 tc (€1 + %2) 
— Im (£1 + Le) +7 Un (t'1 + 12) 
— fez tier: + te %2— bm £1 — tm Le 
+ 7 (te Hy + te Le + Im11 + tmT2) = 1 +7 er’ 
K E, (at no load) — E, (at load) 
E, (at load) 


E,, at load 
Ei, at no load 


Per cent regulation = 


where K= 


The value of this constant is either exactly unity or 
very near to it in praetical cases. The difference in 
voltage between H, at load and EF; at no load is given 
by the equation 

E, (at load) — E; (at no load) 


= (= 7tn) + ir’ a = i ) 
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+5[ af = 4 t) i(-F +r) | 


where r and « are total resistance 7, + ro, and total 
leakage reactance x, + 2, respectively. 

This difference reduces to zero in many cases, for 
example, when f = 2, r; = r2, and x; = x, which is the 
case with a uniformly wound coil tapped at its middle 
point. 


Thus, in this case, per cent regulation is simply 
fH, (at no load) — EF’, (at load) 
FE’, (at load) 


As an illustration of the whole method we will give 
values for the calculation of a 50-kva., 60-cycle, 220 /110- 
volt auto-transformer. 

Constants, on percentage basis, are as follows: 
Induced voltage = e; = 1 


Tor T= 0,01 

fy Fee =— O02. 

lame 02025) 

to =>20:01 

fi = 2 = ratio ot transformation 
ix =1+30 


Substituting these values into the above equations 
we get: 
I, =— 0.51 + 7 0.025 
I, = 0.49 + 7 0.025 
EB, = 0.9956 — 7 0.01005 
EH, = — 2.0012 + 7 0.0001 


ae power input = 1.0206 
P, = power output = 0.9956 
Efficiency == (974 
Primary power factor = 0.997 
0.9956 
P factor_of load qe=y =a at 
ower factor of loa 0.9956 


To obtain regulation, we have the following values 
for the condition of zero loading: 
Li =e = =)0.0lgs70:025 
E, = 1.0006 — 7 0.00005 
BE, = — 2.0012 + 7 0.0001 


E', at load a 2.0012 ss 
Gs E,atnoload ~~ 2.0012 — 
Therefore, 
c 1.0006 — 0.9956 0.005 
Regulation = 9.9956. = 0.9956 ~ 0.005 


This transformer may be considered as a 1 : 1 two- 
circuit transformer according to the usual method of 
calculation. Table I gives comparative performance 
as auto-transformer and as two-circuit transformer. As 
transformer of the latter type the constants are: 

6,2 1,75 =72 = 0.01, 2; = 2%, = 0.02, Pn) 05 
4, =0.02, Tc. = 1+ 7 0 | 

Values of the components of exciting current are 

seen to be twice those of the auto-transformer. In 
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general, in order that flux and core-loss shall be the 
same in the two transformers, it is necessary to divide 
the values for exciting current of the two-circuit ma- 
chine by the ratio of transformation of the auto- 
transformer. 


TABLE I 
Two-Cireuit 
Trans. Auto-Trans. 
hoads@urnenti aaa eee 14+ 70 1+ 70 
IDWAGINON, cok ooo none du. 0.963 0.974 
IRGIQOIEMOMN: 32 oc do bacon’ 0.022 0.005 


Comparative efficiencies are as we should expect. 
Due to reduction in copper losses the auto-transformer 
shows superiority. In regulation, however, its superi- 
ority is far more marked, due largely to the fact that 
the impedance drop in the secondary winding has a 
negative effect and tends to raise the secondary voltage 
instead of lowering it. 

Under short circuit, the exciting current ceases to flow 
in the secondary turns, and is diverted entirely into the 
short circuit. The short-circuit current may be con- 
sidered as made up of three parts, (1) that supplied by 
the secondary turns, which is the induced voltage 
divided by secondary impedance, (2) the load com- 
ponent of the primary which is equal to (1) multiplied 


te iets . 
by Cok? and (8) the exciting current, which, at short 
1 


t 
circuit, is equal to sk times J, at no load. In the 
1 


case considered, in which f = 2, it is: 


ei ei Te €; Xo 


sensei Sah pa cee az welt PE 
Taner = 212421, 
= 40.02 — j 80.05 


where J, is taken as flowing in the same direction as 
qe, thats) s-— 00D 0.025: 

Total short-circuit current is then 89, approximately. 

When operated as a two-circuit transformer, the 
short-circuit current is 22.3, or one-fourth as much as 
that of the auto-transformer. 

It is interesting to notice the conditions as relating 
to the exciting current with various loadings of the 
transformer. At no load, its value is the same in both 
parts of the winding, ¢; and t.. Exciting ampere-turns 
are I,t. As the load is increased the load impedance 
offers a path for the exciting current in parallel with tp, 
thereby causing a slight increase in the exciting current 
_ which flows in ¢, and a slight decrease in that which flows 
in t. No account is taken of this variation for ordi- 
nary loading, as it is insignificant. The total exciting 
ampere-turns remain constant for all loads, producing 
constant mutual flux and constant induced voltage in 
the secondary. Voltage induced in ¢,; must also be 
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constant. At short circuit, we have maximum exciting 
current in t,; and zero exciting current int; Ina2:1 
transformer the value of this current in t, is 27, where 
I, is the no-load exciting current. 

The total I, Z; drop in ¢; is approximately equal to 
e,, at short circuit, so that the impressed voltage 
Hh, =~2e¢; This relationship is similar to that which 
exists in a two-circuit transformer, where, at short 
circuit, the voltage drop in the primary 1s approxi- 
mately equal to the induced voltage. In this case, 
however, the equality is brought about by reduction 
in the value of the induced voltage, which, at short 
circuit, is only half its no-load value. 


Part II 
AUTO-TRANSFORMERS WITHOUT IRON” 

Air-core transformers are in general at a disadvantage 
owing to the fact that their magnetic fields are produced 
in a medium of unit permeability. Absence of iron, 
however, offers some compensating advantages, namely, 
absence of core-loss and exciting current distortion, and 
saving in cost of iron and in cost of construction. At 
sixty cycles, these advantages are far out-weighed by 
the disadvantages in performance as compared with 
two-circuit transformers. At higher frequencies the 
situation becomes more and more favorable for 
the air-core transformers, until at radio frequencies 
the use of iron is inadmissible. 

With auto-transformers the case is distinctly more 
favorable for the air-cores at lower frequencies. The 
same theory applies as with iron-core transformers 
except that the core-loss component ‘of the exciting 
current drops out. The constants are, of course, very 
different and it will be of interest to give some values 
and results that may be expected in practise. An air- 
core auto-transformer should be wound for maximum 
self-inductance of the entire winding and maximum 
mutual inductance of the two parts, that is, of t; and te. 
This maximum mutual inductance will, of course, mean 
minimum leakage reactance. 

An auto-transformer may be designed from either of 
two points of view as respects operation. It may be 
designed either to operate at a fixed ratio of transforma- 
tion or as a compensator with taps to give different 
voltages over a considerable range of ratio. 

Table II gives comparative results to be expected 
from an air-core compensator with three taps giving 
voltage ratios of 4:3,4:2,and4:1. The same volt- 
age is impressed on the primary in each case, and the 
same load current is assumed. The constants for the 
three cases are given in the preceding table. 

It is to be noted that for low ratio, the primary turns 
are relatively heavily loaded while the secondary turns 
are lightly loaded. 

With high ratio, the opposite is true. Therefore, if 


2. A paper on this subject was presented by the author before 
Section M of the American Association for the Advancement of 
Science, December 1916, but was preliminary in character and 
never has been published. 


—— 
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TABLE II 

4 B ¢ 
iiranstormerratio.......... 4:3 4:2 4:1 
Primary resistance,r;........ 0.01 0.02 0.03 
Secondary resistance, r...... 0.08 0.02 0.01 
Primary reactance, 2........ ORL 0.2 0.38 
Secondary reactance, x...... ORS OR Or! 
Magnetizing current......... 0.3 0.3 OFS 
Pouccewrrentirs ten. 8. ee IF I =9) Ih le=g al 
Induced voltage, e;.......... 1.5 1 OFS 
Primary yoltagce; By... 2.) 2.19 2) ee 
Prinarveacirnrent. lie ean: 0.838 0.61 0.41 
Power input! >... ccx os ae.. 41,5945 1.0642 0.53849 
Secondary voltage, Hy....... easy 1.047 0.52 
Secondary current,J2........ UrsT2 0.559 0.783 
Power output....... 1.5833 OS Ono25 
iicioneye ee sek a 0 O02 0.986 0.979 
Primary power factor........ 0.896 0.822 0.614 
Load power factor.......... Wap proxies ike 
Secondary no-load voltage.... 1.59 1.06 ODS 
Primary no-load voltage... .. 2,12 ZZ 2.12 
Per cent regulation.......... 0.0095 0.0124 0.0192 


the transformer is to be operated continuously at a 
fixed ratio, the cross-section of wire for primary and 
secondary should be proportioned to the respective 
currents to be carried. For a 2:1 ratio, the wire 
should be the same in cross-section for both windings. 

In the above table, we see, as we saw with the case of 
the iron-core transformer, that the impressed voltage 
is constant regardless of load. The effect of r J drop 
in the primary is exactly neutralized by the r J drop 
in the secondary except for the small and constant 
drop due to theexciting current. This balance of drops 
does not obtain if the resistances and reactances are 
not so proportioned as to accomplish it, but there is 
always a tendency in that direction. To illustrate 
this situation we will make comparison of two auto- 
transformers with the following constants: ratio of 
transformation, 5 : 4; exciting current, 0.3; load current, 
I: =1—j.2; induced voltage, 1; total resistance, 
0.04; total reactance, 0.4. The resistances and reac- 
tances of the two transformers are differently distrib- 
uted between primary and secondary, as follows: 


TABLE III 

D E 
Primary resistance, 7;}.......... 0.02 0.008 
Primary reactance, 7.......... 0.2 0.03 
Secondary resistance, m2........ 0.02 0.037 
Secondary reactance, z2........ 0.2 0.37 
Primanyceurrent, Iq. gat «ats - 0.922 0.922 
Secondary current, J2.......... 0.328 0.328 
Primary voltage, Hi........... 1.41 1.358 
Secondary voltage, H2......... 1.05 1.095 
No-load primary voltage....... 1.37 1.37 
No-load secondary voltage... .. 1.06 TLS 
Regulation constant, K........ 1.03 0.99 
Per cent regulation............ 0.038 Onoda 


Transformer E is seen. to operate at nearly constant impressed 
voltage, and it is this one in which the wire has been proportioned 


to the currents to be carried. 
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Certain inherent features of the performance of air- 
core transformers are of interest. They are due to the 
fact that the magnetic field is in a medium of constant 
permeability and consequently all 2ffects due to mag- 
netic saturation are automatically eliminated. 

1. Thus, if the characteristics of an air-core trans- 
former are known for one value of impressed voltage, 
they may be obtained for any other value. For 
example, let EL, = 100, and let maximum efficiency 
occur with a load of 10 amperes, and, let us say, 950 
watts. If, now, the voltage is raised to 110, maximum 


: ‘ 110 
efficiency will occur at 00. times 10 = 11 amperes, 


110 


2 
aaa) times 950 = 1150 watts. One efficiency 


and ( 
curve applies to the transformer, whatever the im- 
pressed voltage, provided the scale of amperes and 
watts is changed in the proper ratio. 

2. ‘To obtain maximum capacity, it is only neces- 
sary to impress such a voltage on the primary as will 
correspond with maximum permissible current in the 
windings at full load, or, conversely, the windings of a 
transformer may be so chosen as to carry maximum 
permissible current at full load with any specified 
impressed voltage. 

3. Regulation of an air-core auto-transformer is 
more affected by leakage reactance than by resistance, 
when operating at high power factor. This fact is 
quite apparent from a study of the vector diagram. 
The primary I x drop is almost directly in phase with 
the impressed voltage, instead of being at right angles 
to it, giving nearly the worst condition for regulation. 
To offset this, however, the secondary J x drop, while 
considerably out of phase with EF, is generally so 
directed as to assist regulation, partially neutralizing 
the bad effects of primary reactance. 

(4). Power factor of the air-core transformer is 
generally much poorer than that of the iron-core type 
because the magnetizing current is a comparatively 
large out-of-phase component of the primary current. 
This large magnetizing current is not altogether un- 
desirable, however. It causes a greater lead of I, 
with respect to EH’; and reduces the amount of I, without 
proportionally increasing J;. 

In general, it may be said that the air-core auto- 
transformer offers possibilities at 60 cycles. At higher 
frequencies, such as 120 or 180 cycles, it becomes of 
decidedly more than theoretical interest. 


Discussion 


J. R. Craighead: In calculations on instrument transform- 
ers, more exact work is necessary than on power transformers 
if the results obtained are to be worthy of the accuracy which 
can be developed in the transformer itself. 

One of the main difficulties that we have found in obtaining 
exact results by calculation is the separation of the primary 
self-inductance from the secondary self-inductance. It is very 
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easy to obtain a total self-inductance for a transformer but not 
easy to separate the two components. 

We have used various methods and are now able to separate 
the two quantities with reasonable accuracy on standard trans- 
formers. In certain cases where auto-transformers are Con- 
cerned, there is considerable difficulty in finding a method which 
will accurately separate the two components. 

I should like to ask if Mr. Upson has any suggestions as to how 
this fundamental separation of the two inductances can be made 
for purposes of accurate calculation? 

In attempting the separation of secondary reactance in current 
transformers we have calculated ratio and phase angle from 
exciting current and losses. Suecessive assumptions were made 
of secondary reactance until a value was found which brought 
the result of calculation into agreement with test results. This 
value of secondary reactance was then assumed to be character- 
istic of the structure of the type of transformer under considera- 
tion. We also built models in which the secondary was made of 
cored wire so that the inner wire could be used to obtain measure- 
ments from which the secondary resistance was excluded. 

Tf we did that with the auto-transformer, would the resulting 
complex of primary and secondary voltage render the function 
an unsatisfactory one from which to calculate? 
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W. L. Upson: I don’t think we should have any greater 
difficulty with the auto-transformer. In general, IT think it 
would be more symmetrical than the other, or may be made so 
at any rate. 

If you are going to fix up an auto-transformer, you Gan carry 
the wires themselves right along together so that they will be 
perfectly symmetrical with respect to one another and that will 
give you the minimum leakage reactance, which is what you want. 
In general, that is true; I don’t know whether you want it for your 
current transformers, but I presume that you do. You get 
better action from an auto-transformer with the minimum re- 
actance and there is no reason why you shouldn’t get your leakage 
reactances by that method in the auto-transformer if you can 
in the other. 

I think we can get the leakage reactances and inductances 
combined with some fair degree of accuracy. But, to separate 
them into their two parts and get the correct values for both of 
them,—the only way I know of doing that, (and it is no good for 
accurate work) is by some sort of graphical or geometrical study 
of the system. 

I have a feeling, though, that we can make some progress 
in that kind of determination and that that is about as far as I 
eango. Idon’t know how to get at it in any other way. 


The Vincent 220-Kv. Transmission Line 
Engineering and Construction Features 


BYCGe Ba CARLSON: 


Non-member 


Synopsis.—This paper deals with the design and construction of 
the third 220,000-volt line between Los A ngeles and Big Creek, 
giving the results and brief descriptions of the research engineering 
investigations which were carried out in connection with the design. 

The salient features of the line are: 

Terminals—Big Creek No. 3 and Gould Switching Station, 
near Los Angeles. 

Length—223.5 mi. 

Route— Direct route with few angles. 

Dead-ends—Dead-ends only at station terminals and heavy angles. 

Small angles—Small angles up to 11 deg. 40 min., in some cases, 
turned on suspension insulators. 

Conductors—Steel reinforced aluminum. 
aluminum, 54 strands. 134,000 cir. mils steel, 7 strands. Weight: 
1.33 lb. per ft. Diameter: 1.247 in. 

Overhead Ground Wire—None. 

Towers—Towers of high elastic limit steel. Height of standard 
towers, 64 ft. to crossarm. Height of anchor tower, 56 ft. to cross- 
arm. Weight of standard tower, 8890 lb. Weight of anchor 
tower, 13,600 lb. 


1,088,500 cir. mils 


and 
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Tower Footings—Grillage footings in earth. For standard towers, 
4 ft. 8 in. sq. at base and 8 ft. deep. Weight, 2040 1b. For anchor 
towers, 7 ft. 6 in. sq. at base and 9 ft. deep. Weight, 6720 lb. 

Tower Extensions—Height 7, 14, or 21 ft. Any of these heights 
may be placed on any or all corners of the tower and in a few special 
cases in combination with an additional 14-ft. extension on all 
corners. 

Insulators—10-in. cap and pin having minimum combined 
electrical and mechanical strength of not less than 18,000 lb. 

Suspension insulator assembly: Single string of 18 units where 
maximum stress in string will not exceed 6000 lb. Double string 
13 units in length where maximum load will exceed 6000 Ib. 

Dead-end assembly: Double string, 15 units in length. 

Tie-down assembly: Single string of 14 units. 

Shield Rings—H oops of 8-in. by */¢-in. strap iron. 

Bird Guards—Pans and saw-tooth guards on all towers. 

Increases in the generator capacity at Big Creek, which are 
scheduled to be completed in 1928, will require more transmission 
capacity to deliver the power to Los Angeles. For this reason, a third 
220,000-volt line is being built between those points. 


S indicated in Fig. 1, which shows the general 
A location, the line starts from Gould, crosses the 

San Gabriel Mountains where it reaches an eleva- 
tion of 5609 ft., and then crosses the Antelope Valley. 
Thereafter it passes over the Tehachipi Mountains 
at an elevation of 5361 ft., beyond which it crosses the 
southern end of the San Joaquin Valley, and then stays 
in the foothills along the eastern edge of that valley until 
it reaches the mountains at Big Creek where it crosses 
Pine Ridge at an elevation of 4827 ft. 

The first fifteen-mile section through the San Gabriel 
Mountains is the roughest and most inaccessible part of 
the route. Through this section it was necessary to 
construct a road to serve the line,—more than two miles 
of road for every mile of line. But this heavy road 
expense is less than the right of way expense would have 
been for a route paralleling the old Big Creek lines. 
The remainder of the line is very accessible to already 
existing lines of travel with a few exceptions where short 
pieces of road are being constructed 

The average number of towers per mi. is 3.94. The 
normal span in level country for standard towers with- 
out extensions is 850 ft. in heavy loading districts and 
1000 ft. in light loading districts. As a matter of fact, 
there are very few, if any, normal spans because of the 
man-made obstructions in the level country, such as 
roads, power lines, ete. The span lengths for the whole 
line range from a minirhum of 336 ft. to a maximum of 
5191 ft. The two longest spans are the same length. 


1. Both of the Southern California Edison Company, Los 


Angeles, Calif. 
Presented at the Pacific Coast Convention ofthe A. I. BE. E., 


Salt Lake City, Utah, Sept. 6-9, 1926. 


It happens that a change from heavy to light loading 
occurs at one end of one of these spans, so the conductors 
are dead-ended there. Otherwise these two long spans 
are supported on double-string suspension insulators. 


LOCATION AND SURVEY 


The general route of the line was chosen from a study 
of maps and from a general knowledge of the country. 
Reconnaissance along this route was carried out by 
airplane, automobile, horse, or on foot, the choice 
between the last three means being made according to 
the terrain. The whole route was flown over at least 
once and parts of it several times. In two highly 
developed sections, airplane photographs were taken. 

After the reconnaissance work was done, the line was 
run with transit and chain. It was so located with 
regard to topography and man-made improvements 
that a total of four circuits can be placed side by side 
with 80-ft. center line separation, but a 200-ft. right 
of way to accommodate two circuits is all that has been 
obtained. The line actually run on the ground was the 
center line of the west tower line. In the rough 
country where there were no control points, a tri- 
angulation system was laid out as a check on the line 
survey. 

The profile of this center line was run, using vertical 
angles and slope distances, and checking on U.S. G.S. 
and other bench marks of known elevation wherever 
such were available. Side slopes were taken at the 
probable tower locations and at all points where the 
clearance from one of the outside conductors to the 
ground would be near or less than the allowable 


minimum. 
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With this information on the profile the towers were 
located by means of a celluloid template. Survey crews 
took these paper locations into the field and staked out 
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the tower footings, moving the towers along the line if 
this improved the setting of the towers without de- 
creasing the conductor clearances below the allowable 
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amount. In staking the footing locations, the proper 
elevations of the footings were determined consistent 
with the use of the various lengths of leg extensions and 
downward footing extensions. This information was 
turned into the office where it was checked in regard to 
the proper footing elevations and the economic balance 
between cost of extension and cost of excavation. 
After checking, it was used for making bills of material 


for tower and footing extensions. 
TELEPHONE LINE 


A four-wire telephone lead supported on pressure- 
treated, southern pine poles is being built. It is located 
mostly along the roads near the transmission line. It 
will serve the Construction Department until the trans- 
mission line is completed, and after that it will be used 
for the routine operation of the line and as an additional 
communicational facility between Los Angeles and Big 
Creek. 

LOADING ASSUMPTIONS 


The line from Gould to the south end of the San 
Joaquin Valley and for 10 mi. south from Big Creek 
No. 3 is in so-called heavy loading territory where it is 
assumed that the most severe loading conditions will 
be one-half in. radial thickness of ice at zero deg. fahr., 
with a wind pressure of six lb. per sq. ft. on the pro- 
jected area of the ice-covering. These sections are 
generally above 3000-ft. elevation except the 18 mi. 
across the Antelope Valley, which has an elevation of 
2500 to 2700 ft. where the line crosses but which is 
subject to high winds and low temperature. The 
remainder of the line is in light loading territory where 
the maximum loading conditions are assumed to be 
no ice at 25 deg. fahr. with a wind pressure of eight lb. 
per sq. ft. on the projected area of the wire. 


CONDUCTOR 


The preliminary mechanical and electrical studies to 
determine the most economical conductor, tower 
height, and conductor tension were described by Messrs. 
Carlson and Shaw at the Pasadena, 1924 Convention.” 
Since that time the design has been completed. Con- 
struction of the necessary roads began in August, 1925, 
and actual line construction began about January Ist, 
1926. It is expected to have the 96 mi. between Gould 
and Magunden in operation by November, 1926, and 
the whole line in operating condition by the early 
months of 1928. 

The conductors are steel reinforced aluminum cables 
having 54 aluminum strands and seven steel strands 
each 0.1385 in. indiameter. The total diameter is 1.247 
in. and the cross-sectional area of the aluminum is 
1,033,500 cir. mils. This is equivalent in conductivity 
to 650,000-cir. mil copper. The weight is 1.33 lb. per 
ft. The approximate ultimate strengths are 20,000 lb. 


2. Transmission at 220 Kv. on the Southern California Edison 

- System, Sections 3-A and 3-B, Economic Studies of Transmission 
Line Design, C. B. Carlson and W. D. Shaw, A. I. EAE. JourNaL 
Vol. 43, Oct. and Nov., 1924, pp. 907 and 1025. 


Sept. 1926 


for the core and 36,000 Ib. for the composite cable. 
This is probably the largest cable ever used as a 
transmission line conductor. 

The line was designed for a maximum conductor 
tension of 12,000 lb. in both heavy and light loading 
territory, which gave practically the same unit stress 
as had existed in the old Big Creek lines for 11 years, but 
when it came to fitting the wire curve to the profile 
it was found that strict adherence to the 12,000-lb. 
maximum would give low clearance from conductor to 
ground in several spans where the topography made 
it very diffiult to move the towers to get the required 
clearance. If the 12,000-Ib. maximum could not be 
exceeded, one or more additional towers would be 
required in these spans and they would be in very 
costly locations. A slight increase in maximum tension 
would give ample clearance in these locations at which 
it was believed that neither maximum wind nor minimum 
temperature would occur at any time and surely not 
simultaneously. For these reasons it was decided 
to allow the maximum tension in these cases to go as 
high as 13,500 Ib. in the heavy loading district and 
12,600 lb. in the light loading district, when calculated 
on the maximum loading assumptions stated above. 


CONDUCTOR SPLICES 
The conductor splices are being furnished by the 
manufacturers of the cable and are of the latest type. 
The main improvement over the old type is in the 
method of splicing the steel core. Instead of using a 


Fic. 2—Conpuctor Spitice Being Manz 


Steel sleeve on core partially compressed. Aluminum sleeve slipped 
over cable to the right 


twisted McIntyre joint, the two.ends of core to be 
joined are each inserted from opposite ends half-way 
into a single-bore, soft steel sleeve, and then the sleeve 
is compressed onto the core. On test the core breaks 
approximately at its calculated ultimate strength and 
does not slip out of the sleeve. The use of this com- 
pression sleeve on the core permits the use of a single- 
piece, aluminum compression sleeve for connecting the 
aluminum strands instead of the two-piece, screwed- 
together compression joint used in the past. These 
improvements make better and cheaper joints than 
those previously used. 


The steel sleeve and the then exposed parts of the 


core are given a coating of hot asphaltic compound and 
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then wrapped with a layer of cambric tape after the 
compression has been made and before the aluminum 
sleeve has been slipped into place. This is to prevent 
the black-iron sleeve from starting a rusting reaction 
which may be communicated to the steel core and 
eventually destroy it. The tape is to prevent. the 
compound from being wiped onto the inside of the 
aluminum sleeve as it is slipped into place. Accelerated 
tests have led to the belief that such a coating will 
protect the core from rusting at least for the life of the 
galvanized steel and aluminum wires elsewhere in the 
line. Fig. 2 shows these splices being made. 


GROUND WIRE 


No overhead ground wire is being installed, but the 
towers are designed with sufficient strength to carry 
one ground wire if it should prove desirable to install it 
later. 

TOWERS 


The preliminary economical calculations to which 
reference was made determined the height of structure 
necessary as well as the maximum tension which would 
occur in the cable. The design of tower proper, the 
extensions, transposition frames, footings, etc., involved 
types of framing and panel lengths which would prove 
most economical. Previous experience had shown the 
desirability of vertical legged extensions rather than 
continuing along the batter of the main tower. 

Panel lengths of eight ft. in the main structure made 
the height of the tower to the crossarm 64 ft., while the 
panel length was reduced to seven ft. in the extensions 
to compensate for the increase in stress caused by 
change in direction. Extension heights of 7, 14, and 21 
ft. were those which seemed to supply the needs of the 
profile. These extension legs were arranged to permit 
combinations of any of them on a tower to more 
economically fit the profile. This latter arrangement 
has proved useful, as much of the country traversed 
was very rocky and difficult to excavate. 

Special cases required the combination of the 14-ft. 
and 21-ft. extensions making 35 ft. in all, and in the case 
of the Tule River Crossing two special 120-ft. towers 
were used. It was also necessary to supply certain 
other specialties such as transposition frames, attach- 
ments for towers to solid rock, footing extensions where 
uplift cover resistance was not available, and single 
leg extensions without bracing to main structure. 
These were developed to best suit field requirements 
which were reported in the field notes of the survey 
parties. 

Material for the structures was specified which would 
have a high elastic limit, permitting the use of higher 
unit stress value. This value was 22,500 lb. per sq. 
in. or a factor of safety of two on the elastic limit. 

For the light loading district, standard towers were 
designed to withstand (a) the strain caused by two 
broken wires having maximum tension (reduced by 
adding the length of the insulator string to the wire 
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length), plus (b) a wind pressure of 8 lb. ‘per sq. ft. on 
the wire surface and on 1! times the area of one tower 
face, plus (c) the vertical weight of the wire. In the 
heavy loading district the wind pressure was reduced 
to 6 Ib. per sq. ft., but 1% in. of ice radially was added to 
the cable. Weight and surface area were calculated 
on this basis. All loads were assumed as being simul- 
taneous for maximum conditions, which also included 
the component of the maximum angle, which was 
11 deg. 40 sec., to be turned on suspension towers. 

The anchor tower was designed for full breast pull, 
plus wind on line and tower, plus the component of the 
largest angle on the line, which was 35 deg. 14sec. The 
maximum loads were all assumed to be simultaneous. 


The footings were designed to use the 30-deg. cone 
of earth as resistance against uplift and to use a low 
unit value for bearing as resistance against settlement. 
They are of steel, soil conditions generally showing no 
bad effects toward corrosion. It is planned to coat 
those footings with bitumastic solution where alkali 
conditions prevail. The general practise in trans- 
mission line design of the use of hot dip galvanizing after 
fabrication and the use of galvanized bolts was main- 
tained for this line. The Southern California Edison 
Company’s experience seems to justify this method as 
proof against deterioration, but care must be taken to 
get well coated bolts. 

In order to justify the design, tests were conducted on 
both types of towers and contrary to the usual method 
of test in which towers are fixed to heavy concrete and 
steel foundations, the tests were made on the earth 
footings set to conform to ordinary line conditions. 
These tests proved that deflections unavoidable in 
newly tamped earth back fills do not furnish absolute 
fixed support. This condition in turn sets up secondary 
stresses which must be recognized in the design. In 
light framed structures, where there are no contributing 
elements toward strength such as are found in buildings 
or like structures, extreme care must be taken to avoid 
the combination of bending and direct stress. Also, 
as the connections are all partially fixed, and the ordi- 
nary resolution of forces by graphic or analytical methods 
does not allow for the bending set up in fixed or partially 
fixed joints, considerable judgment must be exerted 
in the design of the towers. 

It seems well worth while to spend the time on steel 
details to assure accuracy, as much time and trouble in 
erection is thereby saved. Also a small saving on parts 
will result in large aggregate saving due to the great 
numbers of parts required, but the designer should 
also guard against leaning too heavily toward saving 


which would result in the risk of the strength of the ~ 


structure. 


CONDUCTOR STRINGING 


The locating of towers on the profiles was done by 
means of a celluloid template representing sags at 


130 deg. fahr. on the basis of 30-ft. clearance for all . 
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territory susceptible of agricultural development, and 
25-ft. clearance elsewhere. Cross slopes were shown on 
the profiles and these clearances obtained under the 
up hill wire. 

The 130-deg. sags for the template were calculated 
on the basis of equal tensions in all spans at 70 deg. 
fahr. This method was used instead of the more 
usual method of equal maximum tensions for the fol- 
lowing reasons: In this line there are several very long 
spans which, in heavy loading, are stressed much 
higher than the other spans. To limit the tension by 
them would give low values not economical for the 
majority of spans. By making tensions equal at 70 
deg., the desired maximum tension of 12,000 Ib. could 
be attained in most of the spans, and exceeded in only a 
few. The proper value at 70 deg. was determined from 
preliminary profiles of representative sections of the 
line; one value being used for light loading and another 
for heavy loading. 

After towers had been located on the profile, survey- 
ing parties made preliminary field stakings from which 
tower grades were determined and extensions fitted to 
each location. Then, knowing spans and difference of 
elevation, sags were calculated and all clearances 
checked. Special calculations were made to determine 
clearances over other electric lines, under the assump- 
tion of a broken wire in the span adjacent to the crossing 
span. 

From the above field data, the-horizontal and vertical 
loads on each tower were calculated to determine where 
double strings of suspension insulators were required, 
where the insulators should be tied down, and also to 
check conditions at towers where horizontal angles were 
turned on suspension insulators. 

After much of the above work had been done, results 
from a 1060-ft. test span of the new cable showed that 
changes must be made in the calculations. Stress- 
deformation curves proved conclusively that there 
was a stretch of about 0.04 per cent in the cable after 
stringing, and that while the first or temporary value 
of the modulus of elasticity was 7,750,000 Ib. per sq. in., 
the final or permanent value was 9,800,000 lb. per sq. in., 
this latter value being effective after the cable had been 
subjected to the maximum tension a number of times. 
Figs. 4 and 5 show the test span and the recording 
dynometers. 

In order to string the cable under the above conditions 
and to maintain the 130-deg. clearances obtained from 
the template layout, the following method was used, 
all calculations being made on a catenary chart similar 
to the Thomas Curve: 

1. From the 130-deg. sag, calculate the maximum 
tension (under light or heavy loading conditions, as 
the case may be) using the permanent modulus. 

2. Reduce the stressed length by 0.04 per cent, 
thereby getting a temporary maximum tension for that 
loading, assuming no stretch from the increased tension. 

3. From this temporary maximum tension, find 
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sags and tensions at any desired stringing temperature, 
using the temporary modulus. 

From the tensions thus obtained, stringing values for 
40. deg., 70 deg., and 100 deg. were chosen such that 
the resulting maximum tensions would not exceed the 
values previously mentioned. These stringing values 
varied for different sections of the line, being dependent 
on the length and slope of the spans; and care was taken 
to have small changes in successive values, in order that 
the difference in tension would cause only a small 
deflection of the suspension insulators. 


Since the line was to be strung to tension by sag 
measurements, and since the parabolic formula for sag 
is much simpler than the catenary formula, correction 
curves were plotted showing the difference between 
parabolic and catenary sags for various spans and ten- 
sions. Then the catenary sag used is equal to 
( w 1? 

8H 
span, H = stringing tension at desired temperature, 

= angle of slope of span, and K = correction. 
Another curve was plotted showing the difference be- 
tween the stringing sag and the final sag at 130 deg. after 
the cable had stretched, this latter value being used for 
determining all final ground clearances. 

Two field engineers were assigned to each construction 
gang so that sags could be checked in at least two spans 
for each pulling section. The method used was to set 
a transit a distance below the point of support of the 
wire equal to the center sag, and sight along a line 
parallel to the chord of the span. The cable was pulled 
until it was tangent to this line of sight. Where the 
sag was less than the height of the tower, a specially 
designed clamp was used permitting the attachment of 
the head of the transit to the tower leg. In the longer 
spans, sag stakes were set at each end of the span, so 

that, for a fixed height of instrument, the transit was on 
the required line of sight, and the cable sagged in as 
before. 

‘Previous to the stringing of the cable there had been 
considerable discussion in regard to the proper methods 
of attaching the insulators to the cable. The absence of 
frequent dead-end connections and the length and slope 
of the spans made a complicated problem. It was 
speedily found that the suspension insulators would 
be vertical in the mountainous sections of the line only 
at the stringing temperature, and that in some extreme 
cases, having them vertical, they would not give the 
required length of wire in each span. The method 
finally adopted was to attach the suspension clamp 
vertically below the crossarm in every case, adjusting 
tension and attaching clamps span by span in the 
extreme cases to insure having the wire lengths right. 

Field experience has justified this method and shown 
that only in very rare cases is it necessary to insulate 
the spans separately. 


) sec. 6 + K, where W = weight per ft., 1 = 


CARLSON AND MICHENER: THE VINCENT 220-KV. TRANSMISSION LINE 


1057 


INSULATORS 


The insulators are practically the same electrically 
as those used on the Eagle Bell line. They differ 
mechanically from those in that all the units are of the 
high strength type; that is, they have a combined 
electrical and mechanical strength on short time tests 
of not less than 18,000 lb. The suspension insulators 
consist of a single string of 13 units where the maximum 
load will not exceed 6000 Ib. and of two parallel 
strings 13 units in length where the maximum load will 
be greater than 6000 lb. The dead-end insulators 
consist of two parallel strings 15 units in length. Fig. 3 
shows these three arrangements. It will be noted that 
the double suspension and dead-end assemblies use the 
same yokes and clevises. A single string of 14 units is 
used in the tie-down insulators where such is required 
to limit the side swing of the suspension insulators. 

About one-half of the units might have been standard 
9000-lb. units because they would have given the re- 
quired factor of safety of three in many of the suspension 
insulators. But it is very desirable to have units of 
only one kind in a line, so it was gratifying to find 
the bid prices such that the additional cost due to using 
high strength units throughout could be justified on 
the grounds of simplified construction, maintenance, and 
store stock. 

Extensive long time loading tests were made on 
sample high strength suspension insulator units sub- 
mitted by the various manufacturers for the purpose. 
A description and the results of these tests have been 
published in the National Electric Light Association 
1926 Annual Report of the Overhead Systems Com- 
mittee, Insulator Research Subcommittee, R. J. C. 
Wood, Chairman. 

Briefly, the tests were as follows: 

A frame was made in which four strings of 20 units 
each were suspended. Each string was composed of 
four units from each of five manufacturers. These 
strings were loaded at 9000, 11,000, 18,000, and 15,000 
Ib. each and the load maintained continuously except 
as interrupted by broken insulatorsand, at onetime, bya 
modification in the supporting structure. At irregular 
intervals the insulators were tested electrically, one ata 
time. Quick-time, ultimate, mechanical tests also were 
made on each make of these insulators. 

The conclusions drawn from these tests are worthy of 
quoting from the report; they are: 

1. That the quick-time ultimate mechanical 
strength cannot be relied upon as a criterion upon which 
to base working load, the relation between the two 
depending upon either design or material, or both. 

2. That more than one manufacturer can supply 
10-in. insulators that will apparently sustain from 
11,000 to 13,000 lb. dead load for very long periods of 
time, and it is safe to use them up to 6000 lb. dead 
load on long-span transmission lines. 

3. That incipient mechanical failure occurs at the 
time of electrical failure under load and will probably 
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be followed by complete mechanical failure at some 
subsequent date without increase of load. 

4. That there is some indication that at some’period 
during the long time test of 11,000 hours, the average 
ultimate mechanical strength of all insulators loaded 
to 9000 and 11,000 Ib. decreased some seven or eight 
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DEAD-ENDS 


The development (in so far as it had advanced by the 
summer of 1924) of a light weight, compression, dead- 
end fixture to minimize the effect on the conductor 
itself of conductor vibration has been described and 
illustrated. The main features of this compression 
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Fig. 3—InsutatoR AND INSULATOR HarpwARE ASSEMBLIES 


Showing single-string suspension, double-string suspension, and dead-end with compression clamp on cable 


per cent. Great caution must be observed, however, 
in generalizing from tests made upon an aggregate of 
only 83 insulators. 


INSULATOR HARDWARE 


All the insulator hardware is made of forged steel or 
wrought steel, except the aluminum part of the com- 
pression dead-ends and the long suspension clamps 
which latter are of malleable cast iron. All pins are 
of chrome-nickle steel. 


SHIELD RINGS 

The insulator shield rings are practically the same, 
electrically and also mechanically, so far as over-all 
dimensions and position on the insulator strings are 
concerned, as those used on the present 220-kv. lines 
of this company. However, instead of being of cast 
aluminum of an inverted U-shaped cross-section, they 
are each made of a hoop of 3/16-in. by 3-in. steel 
strap. These are much less expensive than the old 
shield rings. Laboratory tests do not indicate any 
particular advantage in favor of the old shape of ring 
in either voltage grading or flashover characteristics. 


Fig. 4—Tust Spans ror DeterMinina AMOUNT OF PERMA- 
Nent SrretcH AND Moputvus or Exvasticrry or 1,033,500-Cir. 
Mit Sree, Rernrorcep ALUMINUM CABLE 


dead-end had been worked out simultaneously by the 
Aluminum Company of America and the Southern 
California Edison Company. The main differences in 


3. Transmission at 220 kv. on the Southern California 
Edison System, Section 4, Vibration of Conductors and Overhead 
Ground Wires, by J. M. Gaylord, Journat of A. I. E. E., Nov. 
1924, p. 1026. 
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the two designs were that the former anchored the steel 
core in the steel clevis-socket by pouring melted zinc 
around the core in the socket while the latter accom- 
plished the same results by means of conical wedges in 
a conical socket, and that the former transmitted the 
load to the insulator assembly from the aluminum 
compression body through aluminum clevis ears cast 
onto it while the latter accomplished this result by 
screwing the aluminum body onto the steel clevis- 
socket. Both of these schemes undoubtedly would 
have given satisfactory results in service as they did on 
test but they were not tried because the Aluminum 
Company put forward an improvement in the method 
of attaching the steel core to the steel clevis. Instead 
of a conical socket, a steel tube about six in. long was 
forged as a part of the clevis. Into this tube the 
end of the steel core was placed and then the steel 
tube was compressed using the same press with smaller 
dies as was used to press the aluminum. Tests proved 
that the core would break at approximately its calcu- 
lated ultimate strength and would not pull out of the 
tube. 

The idea of having the load transmitted from the 


Test SPANs 


5—RECORDING DYNOMOMETER ON 


Fig. 


aluminum compression body to the insulator assembly 
through an aluminum clevis cast as a part of the com- 
pression body was accepted, but a change was made in 
the position of thé lug to which the jumper loop fastens 
which altered the appearance considerably. This 
change was due to the desire to have the centerline of 
the jumper loop, where it is attached to the dead-end, 
pass through the clevis pin of the dead-end and thus 
minimize the effect that the jumper loop has on the 
relative movement between the compression dead-end 
and the conductor immediately adjacent thereto, due 
to conductor vibration. A test briefly described below 
had indicated that the jumper loop very appreciably 
increases this relative movement and that all reasonable 
measures should be taken to minimize this effect. 

On a span having vibrations forced upon it by a 
vibration machine, measurements of the relative 
movement of the compression dead-end and the cable 
were made by means of a pencil attached to one and a 
strip of paper in a holder attached to the other. With 
neither shield ring nor jumper loop attached to the 
dead-end, the mark drawn as the paper moved past the 
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pencil was practically a straight line. With the shield 
ring but not the jumper loop attached, the waves in 
the pencil mark had an appreciable amplitude. And 
with both the shield ring and the jumper loop attached, 
the amplitude of these waves was several times as 
great as with the shield ring only; hence the conclusions 
stated above. 

Careful consideration was given to the bolted con- 
nection between the jumper loop and the compression 
dead-end. Such bolted connections have been known 
to give considerable trouble when the bolts and the 
lugs are of dissimilar metal. In the case of aluminum 
lugs and steel bolts, the greater expansion of the alu- 
minum with rise of temperature might cause either or 
both metals to be stressed beyond the elastic limit. 
In either case the joint would be loosened upon subse- 
quent cooling. This accounts for the large number of 
bolts in this connection. 


TROUBLE AT SUSPENSION CLAMPS 


About the time the design of the suspension clamps 
was being considered, it was discovered that many of 
the aluminum strands were broken at the ends of many 
of the suspension clamps on the old Big Creek lines. : 
This breakage was due to the repeated bending caused 
by conductor vibration. The old suspension clamps 
were divided on the vertical plane through the con- 
ductor axis and they ended with a very short radius of 
curvature on the part where the cable bore as it left 
the clamp. The conductor was protected by a sheet 
aluminum liner which hid the broken strands from 
outside inspection until a considerable number was 
broken. 


DESIGN OF SUSPENSION CLAMPS 


There seemed to be three main features which should 
be embodied in a new suspension clamp to avoid the 
troubles experienced with the old clamps: 

First, a saddle in which the cable will rest entirely 
outside of the section gripped in the clamp so that the 
last point of contact between clamp and cable would 
never be coincident with the end of the gripped section. 
This would allow the bending of the cable, due to its 
rise and fall relative to the clamp, to be distributed 
over an appreciable length of the cable and not be 
constrained to one particular point. 

Second, the radius of curvature of this-saddle over 
which the cable would bend should be sufficiently 
large to prevent the repeated bending from breaking 


‘the cable strands. 


Third, the clamp should be suspended in such a way 
that it would move with the cable as much as possible 
and thus keep the bending of the cable at the ends of the 
clamp to a minimum. 

Although, at the time of designing this clamp, it was — 
becoming apparent that the vibration in the conductors 
could be stopped, it was thought advisable to embody 
all three of these features in the clamp design. 

The points of design which would satisfactorily meet 
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these requirements were determined in an order the 
reverse of that in which the requirements are 
enumerated. 

The third was met by pivoting the clamp on a pin 
passing through it as close to the lower side of the con- 
ductor as possible. The clamp is free to move about 
this pivot through an angle of 23 and 30 deg. both ways, 
from the normal position for the short and long clamps 
respectively. 

It was determined that the second requirement was 
reasonably fulfilled by giving the end portions of the 
clamp a radius of curvature of 16 in. Of course a 
longer radius would give easier bending conditions on 
the cable, but cost must be given consideration. Con- 
siderable experimental work was done to determine 
this radius. Single strands of aluminum wire stressed 
to unit tensions approximately the average of those 
expected in the line were bent around curves of various 
radii a sufficient number of times to break them. 
From these tests it was determined that if bending 
around a radius of 16 in., the life of the cable can be 
expected to be in the order of five times as long as if it 

were bending about a six-in. radius, which is approxi- 
mately the radius of the old clamps. This was consid- 
ered a reasonable balance between increase in cable life 
and increase in cost of suspension clamps. 

The first feature specified required a straight section 
of clamp in which the cable is gripped with two end 
sections in each of which the cable merely rests for a 
part of the length. The length of the gripping section 
was determined to give the holding power desired. 
Tests show the first slips to occur at 20,000 and 16,000 
lb. for the short and long clamps respectively. 

It was decided to have the straight section of the 
bottom half of the clamp extend one inch beyond the 
grip of the clamp. At these points the two 16-in. 
radius end sections begin, the straight section being 
tangent to the two curved sections. To determine the 
length to which the end sections should be carried so 
that the most extreme points of contact between 
cable and clamp would be an inch inside the outer end 
of the 16-in. radius curve, one in. having been selected 
as a sufficient margin of safety, it was necessary to 
ealculate from the profile of the line the various angles 
at which the cable would leave the clamps. It was 
found that these angles varied from practically nothing 
to 22.5 deg. and that a clamp to accommodate all 
these conditions should be 21.75 in. long. Since there 


were comparatively few of the large angles, two types. 


of clamps were designed, one for angles up to nine deg. 
and the other for angles up to 22.5 deg. The former 
was made with a forged steel body 14.75 in. long and 
the latter was made of malleable cast iron 21.75 in. 
long. Both were equipped with cast aluminum liners. 
There are required for the line 2100 of the short clamps 
and 477 of the long ones. 
CoNDUCTOR VIBRATION 
The experiences with conductor vibration, the 
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methods of study, the causes, and the means of pre- 
venting conductor vibration have been previously 
described.*° Vibration dampers similar to those 
described by Mr. Stockbridge, but consisting of two 
cast iron weights attached to a straight and approxi- 
mately horizontal spring of guy cable, will be used on 
this line. Judging from the results obtained on the old 
line, these dampers will entirely eliminate all visible 
vibration. Fig. 6 shows this type of vibration damper 
as applied to the old lines. 
CONSTRUCTION 

Careful plans were made for the construction of the 
line, particularly with reference to construction equip- 
ment, and the results in the field have proved that the 
expense of this planning was well worth while. 

The setting of footings was largely a matter of pick 
and shovel and powder. for the excavation, transit 


& 


Fig. 6—Conpuctor VIBRATION DAMPER 


and level for alinement and elevation, and shovel 
and tamper for back-filling. It pays to do this job 
well. Fig. 7 shows footings being set. 


TOWER ERECTION 


When the Eagle Bell 220,000-volt line was built 
in 1923, several methods of erecting towers were tried, 
but the method of assembling piece by piece in the 
erected position was found to be the most economical 
if the erecting crews are selected and organized with 
care. 

On the Vincent line this method has been modified 
somewhat in that wherever it is possible to get a line 


4. Transmission at 220 kv. at the Southern California 
Edison Company Sy tem, Section 4, Vibration of Conductors 
and Overhead Ground Wires, by J. M. Gaylord, Journau of 
A. 1. E. E., Vol. 483, November 1924, p. 1026. 

5. Notes on the Vibration of Transmission Line Conductors 
by Theodore Varney. Presented at Niagara Falls cou 
A.1. 5. E., May, 1926. 

6. Overcoming Vibration in Transmission Cables, by G. H. 
Stockbridge, Electrical World, December 26, 1925, p. 1304. 
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from a truck the panels of the tower sides are assembled 
on the ground or horizontally on the top of the com- 
pleted portion of the tower and raised as a unit. Fig. 8 
shows the first side-panel being raised into position on 
top of a 14-ft. extension. The truck is raising the 
panel. 


In this way a crew ‘of 14 men, including the gang 


Fig. 7—Serrine Tower Footines 


Looking southeasterly along line in southern edge of Antelope Valley 


foreman and the truck driver, has been able to erect a 
standard tower in 4 hours and 15 minutes. This 
tower was put on top of a 14-ft. extension which had 
been previously erected. When the work is running 
smoothly, an average of six hours for a standard 
tower on easily accessible ground should be main- 
tained by a crew of 14 men and a two-ton truck. 


CONDUCTOR STRINGING AND STRINGING EQUIPMENT 


The most unsatisfactory part of transmission line 
construction in the past had been the conductor 
stringing. Many improvements have been made in 
the equipment for this work on this line. 

The most notable improvement and the one which is 
paying the greatest dividends is in the stringing sheaves. 
There was nothing on the market at all adequate 


Fig. 8—Erectine Tower on Top or 14-Fr. Extension 


Raising first side-panel 


for the job. Plain bearings, small wheels, and flat 
grooves that let the cable flatten and rub on the sides 
of the blocks seemed to be the rule without exception. 
It was decided that the friction in the sheaves should be 
made as low as possible by the use of roller or ball 
- bearings and that the sheave should be made of alu- 
- minum with a deep groove having a good fit to the cable 

and a bottom diameter of 12 in. These specifications 
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led to the design shown in Fig. 9. With these sheaves 
the length of cable that can be pulled to tension at 
one time is not limited by the sheave friction. Lengths 
as long as four miles have been pulled and the tensions 
in the various spans adjusted with entire satisfaction. 
On level ground it seems that the limit to the length of 
pull will be set by the number of sheaves available. 

The sheave blocks are attached to the bottom of the 
suspension insulator strings while the conductor is being 
strung. ; 

For pulling the conductor a 10-ton caterpillar tractor 
is used. Where the conductors have to be dragged out 
on the ground, all three are taken at the same time. 
The pulling of each conductor to final tension is done 
by the direct pull of the tractor wherever it is possible 
to find a place for the tractor to travel. The tractor is 
equipped with a winch, with both drum and spool, 
with which the pulling is done when the necessary 
traveling space for a direct pull is not available. The 


Fic. 9—StrRInGING SHEAVE 


direct pull of this heavy tractor works very nicely and 
saves much time over any method of using lighter 
equipment with a winch or blocks and falls. On 
level ground with the conductor on the ground except 
at the sheaves, four mi. of one conductor have been 
pulled up and the tension adjusted to its proper value 
at three places in the section in 45 min., no splices © 
having passed around the sheaves in this case. Three 
conductors of a four-mi. section have been pulled up 
in this way in three hours. 

Telephones are used for communication between the 
engineers who give the tension orders and the foreman 
at the tractor end of the section. In some cases twisted 
pair taps are run to the locations of these men from the 
telephone line which roughly parallels the transmission 
line. In other cases, where the telephone line is too far 
away, a twisted pair is laid along the transmission line 
from end to end of the pull section. Signaling with 
flags was tried but was found to be very unsatisfactory 
for such long pull sections. 
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As the conductors are pulled to tension, they are 
anchored to deadmen near the foot of the next tower 
ahead of the pull section. The come-alongs to hold the 
two outside wires are placed near the deadmen but the 
cone to hold the center wire is placed very near the sheave 
in the last tower of the pull section and a steel line is 
run to the deadman. These come-alongs hold the 
tension in the line until the cables in the next section 
to be pulled are spliced on and pulled to tension in the 
manner described below. 

For the outside positions the conductors are not put 
into the sheaves on the tower where the deadmen are 
located until the conductors are pulled to sufficient 
tension to relieve the tension on the come-alongs and the 
come-alongs are taken off the conductors. This takes 
place at practically full tension and without appreci- 
ably lifting the conductor at the come-alongs from the 
ground. After the come-alongs are cast off the con- 
ductors are placed in the sheaves at that tower. 

For the center position the conductor is put through 
the sheave at the tower near the deadmen and pulled 
until the steel line between the come-along and the dead- 
men is slack. Then the steel line is cast loose from the 
deadmen and the come-along removed from the 
conductor. 

On each wire, after getting loose from the deadman 
as described, the man at the back end of the pull section 
tells the foreman at the tractor to pull ahead or back 
off, as the case may be, until the insulators are vertical 
on the tower which was at the front end of the last 
pull, these insulators having been clamped in vertically 
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Fie. 10—Compierep SEcTION OF Linz on STANDARD TOWERS 
WwiTH HXTENSIONS 


on the conductor when it was anchored to the deadman. 
‘Then the engineer three or four spans farther into the 
section being pulled tells the man at the tractor to pull 
ahead or back, as required, until the sag in the span he 
is watching is right. Then another engineer, who is 
two or three spans back from the tractor, gives whatever 
orders are necessary to get his span right. If everything 
has gone well, no more adjusting need be done and the 
men at the tractor end put on a cume-along and attach 
it to the deadman. After this is done the conductor 
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can be transferred from the sheaves to the suspension 
clamps at will. 

In rough country, where long and short spans and 
spans at different elevations are mixed together in the 
same pull section, some slight modifications of this 
simple level country procedure are necessary. The 
longest span, or the span at the lowest elevation, takes 
more than its share of the proper conductor length for 
the pull section so it is necessary to let such a span 
govern the pulling tension until its tension is right and 
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11—TRANSPOSITION 


it’ insulators are clamped to the conductor. . Then 
that span is forgotten and the other spans are given 
their proper sags, any other spans being treated in this 
special way. if necessary. Of course all the insulators 
will not hang vertically but there is no way to 
put up such a line and have all the insulators vertical 
at all times. 


CoME-ALONGS 


The come-alongs used on previous work had many 
bolts to be tightened in making one fast to the cable. 
To shorten the time necessary for this, one was designed 
with only three set screws to be tightened and it is 
giving entire satisfaction. The body is of cast steel 
with aluminum liners held to each half by means of 
counter sunk screws. The pulling sling is of 14-in. 
steel cable and is zinced into clevis-sockets which 
attach to the come-along and the middle of the sling 
passes around a forged eye to which the pulling line may 
be attached. 

Fig. 10 shows a completed section of line on standard 
towers with extensions. This is looking north across 
the Antelope Valley. 

Fig. 11 shows a transposition tower with an extension. 
Two such towers are required at each transposition, — 
one with a right-hand and the other with a left-hand 
lower crossarm. These towers are not set off the 
center line as has been done in some cases. There are 
seven complete barrels in the line. 


BIRD GUARDS 


The towers will be equipped with guards to prevent — 
the hawks and other large birds from causing flash- 
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overs by their semi-liquid droppings bridging the air 
Space between the crossarm and the conductor. Ex- 
perience has shown such protection to be necessary.7° 8 
The center conductor position will be protected by a 
sheet iron pan approximately four ft. wide and ten ft. 
long on the lower members of the crossarm. This pan 
will catch the droppings from birds on the central 


7. Avoiding Flashovers on 220-Kv. Transmission Lines, by 
G. H. Stockbridge, Electrical World, Vol. 85, No. 12, March 12, 
1925, p. 611. 

8. Transmission at 220 Kv. on the Southern California 
Edison System, Section 1, Description of System and Operating 
Experience, by H. Michener, Journat of A. I. BE. E., October 
1924, p. 901. 
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portion of the tower top, their most favored perch. 
Birds will be prevented from perching above the out- 
side conductor by saw-tooth guards placed on the 
crossarm members for a distance of about six ft. from 
the end of the crossarm. These saw-teeth are three 
in. long and are made of thin galvanized iron. 


CONCLUSION 


It is the belief of the authors that the large amount of 
engineering investigation and careful design work in 
preparing for this line was decidedly advantageous, 
not only for this particular line but for the industry 
in general, parts of which already are profiting by the 
results of this work. 


Unbalanced Conductor Tensions 
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Synopsis.—Some interesting studies of the unbalanced tensions 
produced by heavy ice loadings on long spans supported by suspen- 
sion insulators were made in the course of designing the rec. ntly 
completed Wallenpaupack-Siegfried 220-kv. line of the Pennsyl- 
vania Power and Light Company. These studies included 
investigations of the effects produced on suspension insulator 


to Show Their Effects in a Long-Span Transmission Line 
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construction by a broken conductor. Computations were verified 
in an approximate way by experiments on @ one-mile section of 
the actual line. For the most part, results are given in diagrammatic 
form, in sufficient detail to allow both analysis and approximate 


application to similar problems. 
* * * * * 


GENERAL PROBLEM OF UNBALANCED CONDUCTOR 
TENSIONS 


REDETERMINING the effect of carrying long 
| Baas on suspension insulators has long been a 
perplexing problem. Span lengths have been 
gradually increased without any undue operating 
difficulties until several lines are now in operation with 
spans averaging well over 1000 ft. Studies for extra 
high-voltage lines show economies for even longer spans, 
especially when some of the very high-strength con- 
ductors are considered. Such construction requires 
careful attention to prevent unbalanced conductor ten- 
sions,—of no particular importance on shorter spans,— 
from assuming serious proportions, where combined 
with long insulator strings and heavy ice loading. In 
fact, the ice loading appears to be the most important 
factor. 
The unbalanced loads caused by a broken conductor 


Fig. 1—Span Loapep with Sanp Bacs BetwEEn TOWER 
No. 3 anp Tower No. 4 


are also of greater importance with the higher-strength 
conductors. The usual design for lines carrying com- 
paratively small conductors, making each tower of 
sufficient strength to support one or more broken 
conductors, does not seriously affect the cost. The 
same assumption applied to very high-strength con- 
ductors so seriously affects the cost of the entire con- 
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struction as to make a careful study of the character 
and amount of the loads caused by a break decidedly 
important. 

In working out the designs for the Wallenpaupack- 
Siegfried line of the Pennsylvania Power & Light 
Company, both of these problems assumed consider- 
able importance. The 1100-ft. spans and insulators 
with an effective mechanical length of over nine ft., 
located in a very bad sleet country, combined to 
create rather unusual conditions. Some tests and 
computations made of these problems on that line 
are given here in the hope that they may be of assis- 
tance in similar studies and in the consideration of 
extra high-strength conductors. 


PROBLEMS ENCOUNTERED ON THE WALLENPAUPACK- 
SIEGFRIED LINE 


Asa basis for certain features of design of the Wallen- 
paupack-Siegfried line, a rather extensive set of calcu- 
lations was made of the effect of unbalanced conductor 
tensions. The computed results are summarized in 
two charts, Fig. 5 showing the unequal tensions caused 
by a heavy ice load forming on a series of spans of 
unequal length and Fig. 6, the effect of ice dropping 
off of all but one or two of aseries of spans. Extensive 
calculations were also made to determine the. effect 
of the longitudinal swing of the insulator string and of 
the resulting slack thrown into the adjacent spans fol- 
lowing a failure of the conductor. 

The calculations were intended to obtain results for 
a few general conditions which could be used as a basis 
of selecting specific tower locations and as an aid in 
judging whether special precautions were necessary to 
meet any particular conditions encountered. For 
instance, when extra long spans were required over 
rough country, these calculations gave a logical means 
of determining how long a span could safely be carried 
on suspension insulators. : 

Realizing the importance of a practical verification 
of the computed results, a set of tests was made as 
soon as the construction work had reached a stage where 
it was possible to string a test conductor over a typical 
section of the actual line. The results of the experi- 
ments and a comparison with some of the computed 
results are shown in the diagrams, Figs. 2, 3, 4, 7,8and9. 
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Fic. 2—EXPERIMENTAL RESULTS OF ARTIFICIALLY LOADING ALL SPANS OF THE SERIES 


795,000-cir. mil steel-reinforced aluminum conductor sagged to 4550 lb. and then artificially loaded with sand bags representing one-in. ice 
and eight-lb. wind 
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Fic. 3—ExperRImentTAL Resutts or ARTIFICIALLY LOADING THE CENTER SPAN OF THE SERIES 


795,000-cir. mil steel-reinforced aluminum conductor sagged to 4550. lb. and the center span then loaded with sand bags representing one-in. 
ice and eight-lb. wind 
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Fic. 4—ExprerimMentaL Resutt or ARTIFICALLY Loaping Two CENTER SPANS OF THE SERIES 


795,000-cir. mil. steel-reinforced aluminum conductor sagged to 4550 lb. and the two center spans loaded with sand bags representing one-in. ice 
“se and eight-Ib. wind 
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The irregular profile and unequal spans of the experi- 
mental section as compared with the equal-length level 
spans assumed in the computations, together with the 
difficulties of making exact measurements in the 
field, make it impossible to consider the experimental 
results an exact confirmation of the computed results. 

The results should be viewed rather as a comparison 
of the actual conditions found on one particular section 
of the line with one of a series of conditions assumed to 
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Fig. 5—Comrputrep Errscr or Loapine A Sprizs or SPANS 


_ Chart showing maximum insulator deflection and conductor tension 
for all spans of a series loaded with one-in. ice and eight-lb. wind at 6 deg. 
fahr. 795,000-cir. mil steel-reinforced aluminum conductor 


simplify computations and intended to approximate 
practically any condition encountered on the actual 
profile. On this basis, the result of the experiments 
and computations show deflections and tensions of 
reasonable consistency. 


_ EXPERIMENTS WITH ARTIFICIAL LOADING 


The tests consisted of two sets of experiments; 
one set to determine the effect of a one-inch radial 
ice load applied to a part or to the whole section with 
the conductors intact; and a second, to measure the 
impact on the tower and the tensions in the conductor 
caused by a broken conductor under various conditions. 

A one-mi. length of 795,000-cir mil. steel-reinforced 
aluminum conductor was strung on snatch blocks 
over the section of line shown in the diagrams. The 
wire was dead-ended to ground pins about 600 ft. 
ahead of Tower No. 7, sagged to a tension of 4550 lb., 


and dead-ended about 900 ft. back of Tower No. 1. 
The insulators were then clamped in, and loading tests 
made by suspending sand bags from the conductor at 
about 20-ft. intervals. A reproduction of a photograph 
of the line, with sand bags in place, is shown in Fig. 1. 

The impact tests were made by “cutting’’ the con- 
ductor at a point about 700 ft. back of Tower No. 1, 
and allowing the conductor to swing free, supported 
only by the suspension insulators. The resulting 
insulator deflections at each tower and the sag in each 
span were measured both with and without artificial 
load. 

The diagrams showing test results are generally self 
explanatory. Figs. 2, 3 and 4 indicate the conditions 
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Fig. 6—Computrrep.Errrcot or LoapINGc CENTER SPANS 


Chart showing maximum insulator deflection and conductor tension 
with one and two spans of a series loaded with one-in. ice at 32 deg. fahr. 
No wind 795,000 cir-mil. steel-reinforced aluminum conductor 


resulting from the artificial loading together with the 
results computed from a roughly similar series of spans 
on a level profile. The conductor tensions shown were 
computed from the measured sags. The vertical 
weights are obtained from the conductor lengths 
scaled from the profile with the sags drawn in to scale— 
the weight on an insulator being taken as the weight 
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of conductor from the insulator to the low point of the 
sag. All of these quantities show slight discrepancies 


due to small errors in the sag measurements, but more 


accurate methods of measurement would not have in- 
creased materially the value of the results. 
These experiments may be considered as an approxi- 
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795,000-cir. mil steel-reinforced aluminum conductor 
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Fic. 8—ExprerimentaL Resutt or Breakinac Conpuctor Upon Artirician Loap 


795,000-cir. mil steel-reinforced aluminum conductor strung to 4550 1b. and then an artificial load of approximately 3.17 lb. per ft. added! 


equivalent to one-in. and eight-lb. wind. Clamps set to slip at 5000 Ib. 
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Fic. 9—ExprrRIMENTAL Resuutts oF BrEakING CoNDUCTOR AT 15,000-Ls. TENSION 


795,000-cir, mil steel-reinforced aluminum conductor “cut’’ when sagged to 15,000-lb. tension without artificial loading. Clamp on Tower No. h 
? ° : ¥ ; 
; f- - + set with positive grip. Other clamps set to slip. 
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mate check of one of the many combinations of span 
lengths given by computation and shown in diagram 
in Figs. 5 and 6. 


EXPLANATION OF CHARTS SHOWING COMPUTED RESULTS 


Some explanation is required of the use of these charts 
and methods of making the calculations. 
. A series of spans was assumed with the insulator 
supports all on the same, level and the conductor 
strung to the correct sagging tension at 80 deg. fahr. 
The series of spans consisted of a long “center span” 
or, in one case, two “‘center spans” and several equal- 


Fig. 10—Trippinc Devicr UsrepD TO Give THE EFFECT OF 
“Curring”’ THE ConpucToR IN MAKING BROKEN-CONDUCTOR 
TESTS 


A pull on the lower arm instantly releases the clamp, shown at right of the 
illustration, to which the conductor was attached 


length shorter ‘‘adjacent spans’ on each side of the 
center. 

Fig. 5 shows the average deflection of the insulators 
on the center span and the tension in the conductor 
of the center span caused by dropping the temperature 
from 80 deg. to 32 deg. fahr., and adding a one-inch 
ice load to the entire series. The solution of each 
combination of adjacent and center span lengths was 
made by a series of trials, interpolating between trial 
results for the correct solution. In making up the 
chart, a separate set of computations was carried 
through for each of several combinations of span 
lengths. These results were plotted and connected 
by a curve again by interpolating, obtaining results of 
intermediate conditions. As an example it may be 
assumed that in a section of the line over which spans 
averaged about 1000 ft., a span of 2000 ft. was en- 
countered. For this case, the effect of a heavy ice load 
may be read from Fig. 5, thus: Following the curve 
for a 2000-ft. center span to its intersection with the 
curve for 1000-ft. adjacent spans, we find an insulator 
deflection of 0.7 ft. and a conductor tension of about 
19,300 lb. in the center span. In the same manner, we 
may determine the effect of one center span of any 
length loaded with ice if the adjacent spans are 
unloaded from Case I, Fig. 6, or for two center spans 
loaded from Case II, Fig. 6. Sags may easily be com- 
puted from the tension. ' 
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Considering the computations involved in solving 
the various combinations of span lengths shown on 
Fig. 5, it is evident that the heavy ice loading causes 
considerably more stress in the long center span than 
in the shorter adjacent spans, and that this causes the 
insulators to swing over until the horizontal component 
of stress in the insulator string is equal to the difference 
in tension between the two adjacent spans. This 
effect is, of course, complicated by the swing of succes- 
sive insulators on each side. However, it was found that 
about the fifth insulator from the center has a swing of 
only a few degrees, and that (approximately) the ten- 
sion in the next span beyond is unchanged. Cases 
involving very large insulator deflections or more 
aceurate results require this assumption to take effect 
at a greater distance from the center span. 

One other assumption was required—that the 
deflections of the two insulators at the opposite ends ofa 
span had the effect of increasing or decreasing, as the 
case might be, the length of the wire in the span by 
the sum or difference of the insulator deflections. With 
this assumption, supplementary “deflection-tension”’ 
curves were made, showing the change in tension in 
any span of the particular conductor and loading under 
consideration, for any increase or decrease in the length 
of the wire or as assumed difference in swing of the 
supporting insulators. These curves are easily made 
by use of the Thomas Chart, treating changes of wire 


Fig. 11—Tower No. 1 arter ‘‘Cur’ SHowine Dummy INnsv- 
LATOR EMBRACING SPRING DYNAMOMETER AND Impact DYNAMOM- 
ETER 


Conductor cut about 700 feet to the left 


length due to insulator swing exactly as if due to tem- 
perature change. 

As a trial, the deflection of the fifth insulator was 
assumed at some definite amount from one to 10 deg. 
and the conductor tension and insulator deflection 
computed for each successive span by use of the 
“deflection-tension”’ curve for the ‘“‘adjacent spans.” 
On reaching the “‘center span’ it was found that the 
deflection and tension thus computed generally corre- 
sponded more or less closely to the relation between 
deflection and tension shown on the “‘deflection-tension”’ 
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curve for the “center span.’’ Two or three trials were 
generally sufficient to interpolate for the correct results. 

The chart shown on Fig. 6 was made in a similar 
manner. 

Incidentally, there is shown in Fig. 2 an interesting 
comparison between the experimental and computed 
tension resulting from adding an ice load to the steel- 
reinforced aluminum conductor. The computed ten- 
sion resulting from loading a 1100-ft. span, sagged to 
4550 lb. with an ice load of 3.17 lb. per ft., is 18,800 lb. 
The average tension from the artificial loading in the 
experimental span series was 14,480 Ib. 

The computations in this case assumed that the 
steel and aluminum strands, initially of exactly the 
same length, worked together, each taking load pro- 
portional to its respective area and modulus of elasticity 
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reduced by the swing of the insulator. There was, 
however, a great deal of doubt as to what relation this 
reduced tension bore to the maximum load thrown on 
the tower. This maximum load would be applied sud- 
denly and, depending on the momentum developed 
and the elasticity of the parts absorbing this momen- 
tum, the load on the tower might be anywhere from 
a few per cent to several times greater than the final 
tension in the span. 

The broken-conductor test results are shown in 
diagram in Figs. 7, 8 and 9. These tests were made to 
determine the effect of a broken conductor under 
normal tension, Fig. 7, under maximum ice load, Fig. 8, 
and under a heavy tension without ice load, Fig. 9. 
In addition to the insulator deflections and conductor 
tensions, these diagrams indicate the impact load 


up to the elastic limit of the aluminum strands. For recorded on the tower next the break. As a check on 
TABLE I 
SUMMARY OF IMPACT TESTS 
Final Reading of 
; tension Impact maximum 
Wind Initial in span from hand of 
Temp. velocity tension adjacent Cylinder calibration dynamom- 
Deg. ft. per in conductor, to break, length, curve, eter, See 
Description of test Fahr. min. Ib. lb. in. Ib. lb. diagram 
Conductor sagged to 4550 Ib. Clamps é 
tightened with positive grip....... 41 410 4550 2680 0.3850 6800 6850 Fig. 7 
Conductor sagged to 4550 lb. Clamps 
tightened with positive grip...... 45 4550 0.3935 6500 
Conductor sagged te 4550 lb. Clamps 
tightened with positive grip....... 45 4550 0.4028 6100 5800 
Conductor sagged to 4450 lb. Clamps 
tightened with positive grip....... 45 800 4550 0.3837 6900 8000 
Conductor sagged to 4560 lb. Clamps 
SOUTER a eee, Ae en ae 32 4500 0.3975 6300 
Conductor sagged to 15,000 lb. 
Clamp set with positive grip...... 35 15,000 5540 0.423 15,450 21,500 Fig. 9 
0.426 
Conductor sagged to 4550 lb., then 0.427 
loaded with sand bags to give a 
f 4.19 lb. per ft. Clamps ; 
cheianrs ¥ ‘i SAMIR gh BAA. 5558 32 14,500 0.4719 8470 10,000 Fig. 8 
Bb atbotsine a Soe 
0.4713 


tensions greater than this, it was assumed that the 
steel alone carried the increasing loads. 

‘In this connection, it should be noted that the 
experiments were made under roughly constant tempera- 
ture conditions and that while this temperature 
actually averaged about 35 deg. fahr., the tensions in 
the conductor corresponded to about 80 deg. fahr. 
These tensions were used to approximate usual summer 
conditions. Actually, therefore, the artificial loading 
experiments correspond to about one-in. radial ice and 
eight-lb. wind at 80 deg. fahr. 


TESTS ON THE EFFECT OF A BROKEN CONDUCTOR 


Computed results indicated that the tension in the 
span adjacent to a break would be very materially 


the impact readings, certain of these tests were re- 
peated. A summary of the results is shown on Table I. 


The tests of a break under normal tension were made 
with the suspension clamps all bolted down firmly to 
prevent any slipping and to obtain actual impact 
readings. In the test of the conductor with artificial 
load, the suspension clamps were used as they were 
assembled in the completed line; that is, to allow 
slipping under an unbalanced tension of about 5000 
lb. The third impact test was made _ without 
any superimposed load but under a tension of about 
15,000 lb. The conductor was positively gripped at 
the suspension insulator Tower No. 1 but the remaining 
clamps were set to slip as before. 

The specific values of insulator deflections recorded 
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in the latter tests are therefore of little general value. 
While quite aside from the scope of this discussion, 
it might be mentioned that this type of clamp effectively 
held down the loads on the tower as intended. Further- 
more, the results left a serious doubt as to whether a 
siipping clamp can be so applied to a multi-layer cable 
of this type as to avoid injury to the strands when slip- 
ping takes place. 

The impact values given in these tests were measured 
by an ingenious adaptation of the U. S. Ordnance 
Department’s “Crusher | Gage” designed and made 
by J. B. Thomas, Chief Engineer of the Texas Power 
& Light Company, and shown in Fig. 12. 

The conductor tests were all made with this impact 
dynamometer used in place of insulator disks on the 
insulator string of the first tower. The impact dyna- 
mometer was attached directly to the suspension clamp. 
Directly above this was placed an ordinary spring- 
type dynamometer and the remainder of the “insulator 
string” consisted of an iron bar of a length and weight 


Fic. 12—Impact DYNAMOMETER Usrep 1n Measurine Impact 
on TowrER RESULTING FROM A BroKEN CONDUCTOR 


to make the whole the same length and about the same 
weight as the usual string of insulator disks. 

A little consideration will show that it is an exceed- 
ingly difficult matter to measure the force exerted on a 
tower by the breaking of a conductor. The crusher 
gage method was devised for measuring the pressures 
developed in guns. As thus used, the device consists 
of a small steel cylinder with a light piston so arranged 
that the force of the explosion will compress a carefully 
calibrated cylinder of soft copper. The pressure is 
measured by the reduction in length of the copper 
cylinder. A description of the uses of the crusher 
gage is given in the U. S. Bureau of Standards, Tech- 
nologic Paper, Paper No. 185. After consulting 
numerous authorities on the subject, it was concluded 
that even for the comparatively slowly applied loads 
resulting from these tests, the accuracy was well within 
practical requirements. 

The spring dynamometer which was used in series 
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with the impact dynamometer did not show consistent 
results. The impact was taken as the reading of the 
maximum hand. This hand is so arranged as to follow 
the indicating hand up to its maximum reading and 
remain at this point. The results indicated that the 
maximum hand was probably thrown beyond the proper 
reading as in only the first of the six tests made did the 
maximum hand approximately check with the crusher 
gage. It was also found in calibrating the dyna- 
mometer, that after tests had been completed, the dyna- 
mometer readings were over 1000 Ib. lower than before 
the test. 

A small moving-picture camera provided with a tele- 
scopic lens was used in the test of the broken conductors, 
and set up about 300 ft. on one side from the first tower. 
A:time analysis of these pictures should give some 
interesting information and should be a real aid in 
solving the mechanics of the problem. Thus far, 
however, time has not been available for this analysis. 


CONCLUSIONS 


The results of these experiments and computations 


were derived only for application to the Wallenpaupack- 


Siegfried line and in this served as the basis for im- 
portant decisions. 

The results indicated that even with the extraordi- 
narily heavy ice loading adopted for the line, seriously 
unbalanced longitudinal loads would not result when 
span lengths were reasonably uniform in length. On 
the other hand, they indicated that the maximum 
tension increased quite rapidly for spans materially 
longer than the average. Consequently an effort was 
made to equalize span lengths as far as practicable, and 
spans greater than 1750 ft. were not carried on suspen- 
sion insulators without a suitable reduction in the sag- 


‘ging tensions. 


Curves of Fig. 6 were used as a means of checking the 
safety of the conductors against coming in contact with 
the ground under the condition of heavy ice load on 
one or more adjacent spans, all other spans being un- 
loaded. Two adjacent spans, fully loaded, were 
assumed as the limiting condition for ground clearance. 

Broken conductor tests demonstrated that insulator 
deflection from the vertical, of magnitude for practical 
concern, did not extend back more than five towers from 
the break. Furthermore, these tests demonstrated the 
ability of the slipping clamp to successfully protect the 
tower against impact and other stresses from the 
conductor. 
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Construction of the 110-Kv. Transmission Line 


of the Washington Water Power Company 
BY LESTER R. GAMBLE: 


Associate, A. I. E. E. 


Synopsis.—This paper describes some of the features of design 
and construction of the 110-kv. transmission lines of The Wash- 
ington Water Power Compnay. 

A brief outline is given of the loads served and existing inter- 
connections, with other electric utilities. 

The general design of single- and double-pole circuits, covering 
the alinement, the profile, and the structure types, ts taken wp in 
detail. Special reference is made to certain long-span construction 
and to the construction required in heavy frost-loading dreas. 


The materials used are fully described and several important 
construction details are discussed. Illustrations are included, 
showing the form of sag tension curves used for stringing and sag- 
ging conductors. 

A new type of 110-kv. fuse used in conjunction with an induction 
type relay is described, the new type of fuse being used on 110-kv. 
substations of relatively low capacity. 

The paper is concluded with a full description of a new method of 
pole preservation known as the ‘‘Cold Treater Dust Method.” 


GENERAL 


4 Ree territory served by The Washington Water 
Power Company extends 200 miles in an easterly 

and westerly direction from the Montana state 
_line through northern Idaho into the state of Washing- 
ton as far west as the Cascade Mountains and 150 
miles in a northerly and southerly direction from the 
Canadian border almost to the south boundary line 
of Washington. 


The industrial and agricultural development in the 
area described has been very marked during the past 
few years. In the northern and western parts of the 
area, large sections of land have been utilized in the 
growing of orchards. These orchards are irrigated in 
most cases by electric pumping. In the west and 
south is a large wheat growing section. Most of this 
land is non-irrigated but the large annual production 
of grain has been effective in developing a number of 
thriving communities. To the east is the Coeur 
d’Alene Mining District of northern Idaho, where 
large quantities of both base and precious metals 
are produced. To the north and south of the mining 
districts are some of the large lumber producing areas 
of the Pacific Northwest. che 


The power supply to the section above described is 
about centrally located, so that it requires the trans- 
mission of large blocks of power over distances of 100 
miles or more. 

In the year 1917, the first 110-kv. transmission line 
was built from the Long Lake generating station, south- 
westerly to Taunton. This line is 113 miles long and 
was built to serve the Chicago, Milwaukee and St. Paul 
Railway when their line through the Cascade Moun- 
tains to the coast was electrified. After the building 
of this line, the 110-kv. transmission facilities were 
rapidly extended, until now they carry power into every 
section of the area served. The single line diagram 
shown in Fig. 1 is the existing 110-kv. transmission 
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system. This diagram indicates the industries served, 
their power requirements and the distances of 
transmission. 


INTERCONNECTION WITH OTHER POWER COMPANIES 


The interconnection which exists with the Puget 
Sound Power & Light Company on the west and the - 
Montana Power Company on the east is shown also in 
Fig. 1. The connection on the west is made with the 
Snoqualmie plant through the Chicago, Milwaukee and 
St. Paul Railway 110-kv. bus. This connection is 
maintained continuously and successful operation is 
accomplished. The connection on the east is made, 
at the present time, through 100 miles of 60-kv. 
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transmission line and a 15,000-kv-a. bank of from 
110,000- to 60,000-volt transformers. Continuous 
parallel operation has not been possible with this con- 
nection because the transformer bank has not sufficient 
capacity to take care of the large swings in power 
transfer. 

With the new 110-kv. line now practically completed 
into the Coeur d’Alene Mining territory, a direct 
connection with the Montana Power Company will be 
made, as shown in Fig. 1. A study has been made of 
this proposed tie and it is found that a maximum of © 
30,000 kw. can be transmitted. The interconnection 


1071 


1072 GAMBLE: CONSTRUCTION OF 
of the three power companies will represent an electri- 
cally connected system, 550 miles in length, reaching 
across the entire states of Washington, Idaho, and 
half way into the state of Montana. 


DESIGN FEATURES 


Voltage regulation and power loss. The voltage 
regulation and power loss for various kinds and sizes of 
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7 Copper Conductors 


Horizontal Configuration; 7-Strand, No. 
conductors are determined by means of the Perrine- 
Baum chart, and the economical size of conductor 
calculated with due regard to corona limitations. 
Where stability is a factor, it is also evaluated. All 
factors established, the kind and size of conductor 
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which will give the most desirable and economical 
line is chosen. On account of corona loss in the usual 
altitudes encountered, the minimum size of conductor 
used is one having a diameter equivalent to seven 
strands of No. 8 copper. For altitudes above 2800 ft., 
a diameter equivalent to seven strands of No. 7 copper 
is specified. 

Alinement and profile. The data furnished by the 
survey of a line is sufficient for the drawing up of a plan 
and profile. (Profile shown in Fig.2.) Theplan is drawn 
to a scale of 400 ft. to the inch and the profile to a 
vertical scale of 40 feet to the inch. The sheets are of 
such size as to cover about two miles of line. The 
structures are located by means of celluloid sag tem- 
plates made through the application of the ““Melvin- 
Wynne Sag Tension Charts.” The templates repre- 
sent to scale the approximate catenary which the con- 
ductors will take at 100 deg. fahr. and —30 deg. fahr. 
The 100-deg. template represents the wires in extremely 
hot weather, when they are sagged to a maximum 
amount, and is used to determine the location and 
heights of poles to maintain the specified ground clear- 
ances. The 30-deg. template represents the conductors 
in cold weather when they are sagged to a minimum 
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Line guys 


Max. Max. sum Angles Side guys 
Structure Normal actual of effective 
type span span spans from to 5/16’S8.M. | 7/16”S.M. | 5/16”8.M. 7/16"S.M. Remarks 
0 4° 1E.W. 4E. W rere 
G 850 1350 2200 4° 30° 1 4E.W Dead end each way 
H (S. A.) 450 850 1350 - (0) 20 1 ; Angle guy 
1E.W. ; Above 650’ spans 
Hi (D:. A.) 850 1350 2200 2 Next to crossing str. 
J GS. As) 450 850 1350 0 6° i 
6° 2° 2 
J (D. A.) 850 1350 ' 2200 12° ge 3) 
K 850 1350 2200 1E. W. 4E. W. 
6° 12° 2 
= Pas 13° 1s} 3 
L 450 1350 2200 18° 24° 4 
24° ole 3 
“a 42° 2 
ee 18° 3 
M 450 1350 2200 18° 24° 4 
24° iS fike 3 
BYE + 48° 4 
48° 60° 5 
N 45 
10) 1350 2200 3 3 E.W. | See guy plan dwg. B-1665 
O 1800 | 
1E. W. 6E.W. | To be used only when ap- 
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Assumptions: : Guys 
24” clearance of conductor to structure with 60 mi. wind and no ice. 
Guying to withstand tension in all conductors. 
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amount. ‘This curve is used to check up strain on any 
of the poles as located. 

The height and type of structure at each location is 
determined by the length of span, the effective spans, 
the loading conditions, the conflict with other lines and 
other classes of utilities,and the degree of angle through 
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which the line is turned. Referring to Fig. 2, a nota- 
tion on the profile H-50-55 indicates an H type struc- 
ture, having one pole 50 ft. long and another 55 ft. 
long; D A refers to a double arm; 4% L. G. E. W. 
indicates four 7¢-in. guy wires each way in the line; 
and 15¢ S. G. EH. W. indicates one 5¢-in. side guy 
each way. 

The proper guying for all structures is obtained from 
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a chart such as shown in Fig. 3. The chart shown is 
made for seven strands of No. 7 copper. The maximum 
actual span as referred to in the chart is that one which 
is limited because of pole strength, conductor spacing 
and wind pressure. The sum of the effective spans is 
that span which is limited by crossarm strength. 
The chart is based on guys being placed at 45 deg. with 
the structure. Where the angle is decreased, the num- 
ber of guys is correspondingly increased. 

Structure Types. In the development of the 110- 


GAMBLE: CONSTRUCTION OF 110-KV. TRANSMISSION LINE 


1073 


kv. transmission structures, the wood pole has been 
universally used. Two forms of conductor arrange- 
ment are provided. One is known as the L type 
configuration, which is used on single-pole lines and the 


Fig. 6—Tyrr “EK” Semi-TEnsion, SINGLE-PoLE STRUCTURE 


other is the horizontal type of configuration used on 
double-pole lines. The single-pole structures have 
their application on the less important lines where 


Fig. 7—Tyre ‘A’? Suspension, SINGLE-PoLE STRUCTURE, 
SHowina APPLICATION OF CONDUCTOR WEIGHTS 


conductors are relatively small and where short spans 
can be maintained. 

There are seven types of such structures; the type A 
for normal tangent suspension, the type B for very 
slight angle points, the type C and CT for semi- 
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tension and dead-ends, and the types D, E and F for 
large angle points. 

Fig. 4 illustrates the A type of structure, Fig. 5, 
the C T type of structure, and Figs. 6 and 7 show the 
actual structures, Fig. 6 being one of the semi-tension 
type. The semi-tension type of structure is used quite 
extensively for the purpose of stiffening the line at 
intervals of approximately one and one-half to two miles 
in long tangents; also, at points of heavy strain, such as 
at the top of a ridge where the effective spans are ex- 
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Fic. 8—T ype ‘‘H” Suspension, Dousie-PoLE STRUCTURE 


cessive for the suspension structures. This structure is 
also used in many instances at railroad and telephone 
crossings. The primary reason for using the semi- 
tension construction in place of the actual dead-end is 
to avoid placing insulators in strain position where they 
are not electrically as good. The use of this structure 
also permits of the conductors being strung through 
and facilitates the maintenance of the insulators. 
Fig. 7 shows a type A suspension structure, demon- 


i Ls Tin. — 
= f 


4ft. - Sin. 
Aft. - 9in, 


ole 
| 


55ft. Pole Oft. - 6in. 
28ft. - 9in. for rE Oft. - Gin. 
| 


50ft. Pole 


33ft. -9in. for 


Fig. 9—Typr ‘‘G’’, Dousin-Enp, DousLE-PoLe STRUCTURE 
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strating the use of conductor weights. These weights 
are used where up-strain occurs in the conductor and 
where the sum of the negative effective spans is less than 
500 ft. Where the sum of the negative effective spans 
is more than 500 ft., however, a standard, dead-end 
structure is used. As a general rule, these weights are 
not used, as the intention is to place structures so that 
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up-strain does not occur. In the few cases in which 
they are used, they have been necessary because of a 
slight error in the profile which is discovered when the 
conductor is installed. 

The double-pole structures are used on all lines of 
any considerable importance and where the size of 
copper is No. 00 or larger, also where the profile is 
rough and long, actual, or effective spans are necessary. 
Such structures are also used on lines where heavy 
ice-loading conditions are encountered. There are 
eight distinct types of these structures. The H type. is 
used for tangent suspension structures; the G type for 
dead-end structures; the J type for slight angle struc- 
tures; the K type for semi-tension structures; the L, 
M and N types are three-pole, angle structures; and 
the O type is for especially long spans and is used also 


Fig. 10—Tyrr “H’” Suspension, Dovusie-PoLe STRUCTURE 
SHowine APPLICATION OF ConpucToR WEIGHTS 


in places where the effective spans are excessive. There 
is one additional structure which has no letter of desig- 
nation and is known as the transportation structure. 

Fig. 8 is an illustration of the type H suspension 
structure. Fig.9 represents the type G dead-end struc- 
ture. Fig. 10 is from a photograph of an H structure; 
a slight error in profile required the installation of the 
weights asshown. Figs. 11and12 are taken from photo- 
graphicreproductions of the typeG or dead-end structure, 
and Figs. 13 and 14 show the three-pole structures used 
in long-span construction. The structure shown in Fig. 
14 is supporting a span 2640 ft. in length. In the con- 
struction of this span it was necessary to place the tele- 
phone on a separate structure. The telephone circuit 
insulation was equal to that used in the power conductors 
so that the telephone conductor could be used as a power 
wire in case of power-wire failure. The bus arrange- 
ment between the two structures facilitates connections 
in case of emergency. 
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Fies. 11-12—Tyrr “G” Deap-Enp, Dovusie-Pote StructuRES 


Turee-PoLe Structure For ExtTRA 
Lone SPANS 


Fig. 15 shows the three-pole structure where exces- 
sively high poles were required. This span crosses 
the Columbia River where a 50-ft. clearance over the 
water was required. 

Figs. 16 and 17 show angle structures, typesN and M, 
respectively. 

On a very recently constructed line into the Coeur 


Fic. 15—T yrs ‘‘O”’, Taren-PoLe SrrucruRE For Lone Poss 


d’Alene Mining territory, it was necessary to cross 
the lower end of Coeur d’Alene Lake for a distance of 
approximately half a mile. The crossing was made 
through shallow water and the structures placed on 


piling. Three structures were required in the construc- 


tion of this crossing. Fig. 18 illustrates the structure 
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used. Figs. 19 and 20 depict the structures in the 
process of erection. A 14-in. chain was used 1n lashing 
the piling together, rather than the 5/16-in. Siemens 
Martin steel strand shown on the drawing. It was 
found the chain was more easily applied and did not 


Fic. 16—Typn ‘“N”, THREE-PoLE ANGLE STRUCTURE 


Fic. 17—T rrr ‘‘M’”’, Toren-Pote ANGLE STRUCTURE 


mutilate the piling when being pulled snug. Two 
completeZwraps were made and the chain fastened to 
the piling by means of drift pins. The bottom of the 
lake at the point of crossing was extremely soft, and 
pilings 65 ft. in length were required. 
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Heavy Loading Districts. In a number of localities, 
the lines are subjected to an extremely heavy frost 
loading. Frost measuring 8 in. in diameter and weigh- 
ing 2.33 Ib. to the foot has been recorded. Lines con- 
structed through these frost belts are built with short 
spans and double-pole structures. The conductor 
Fig. 21 shows a line in a heavy 
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loading area. The conductor in this line is of No. 000 
copper and sagged 18 ft. at 60 deg. The span length 
is 350 ft. and the sag given is sufficient to prevent the 


i 


Fig. 19—Erection or STRUCTURE ON Pinte FooTINnG 


conductor from being over-stressed with a loading of 
21% lb. per foot of frost, and a wind load of one pound 
per foot. a 
Clearances. The ground clearances provided are as 
follows: Over ordinary ground, spans 700 ft. or less— 
27 ft.; over ordinary ground, spans more than 700 ft.— 
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29 ft. Over cultivated fields—29 ft. 
porate limits of cities—29 ft. Clearances to guys 
must be not less than 30 in. The clearances over 
railroads, telephone circuits and other power lines 
are such as to be within the requirements of state 
law. 

Telephone Circuits. 


Inside the cor- 


A telephone circuit is placed on 


Fic. 20—Pine Footine SHowING CHaIN LASHINGS 


practically all lines, the primary use of such a circuit 
being for patrol purposes. Such circuits, however, are 
used also for the transaction of other business. The 
insulation is of the 13,000-volt class and the conductors 
are transposed at practically every half mile. Where 
balance points occur at convenient locations, sectional- 
izing switches are provided in the telephone circuit. 
Also the placing of telephone booths at certain advan- 
tageous points Is arranged. 

Power Line Transpositions. Transpositions are not 
placed in the power conductors unless necessary be- 
cause of interference with foreign telephone or tele- 
graph lines. 

Static Wires. Overhead ground wires are installed 
on practically all lines to insure the service against 
lightning discharges. The ground wire is also used 
to give a certain degree of mechanical stability to the 
line. 

One ground wire is installed on single-pole lines at 
the outer end of the upper crossarm. This wire is 
groundedateverystructure. On two-pole construction, 
two ground wires are installed, one attached to each 
pole; these wires are grounded, one on each alternate 
structure. None of the pole-line hardware is bonded or 


grounded. 
: MATERIALS AND CONSTRUCTION 


‘Poles. Class B, 8-in. top, Western red cedar poles 
are used for all lines. The pole butts are penetrated 
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and butt-treated by the open-tank, B process. Poles 
treated in this manner have been used almost exclu- 
sively until very recently. 

The poles on a new line just constructed in the 
Coeur d’Alene country were not creosoted but were 
given a special treatment at the time of setting. This 
treatment is discussed in the last section of this paper. 

In view of inability to dig holes to an exact depth, 
making it very hard to properly line up the structure, 
the poles in double-pole structures are not framed 
until after they are set. 

Crossarms. The crossarms used on the single-pole 
structures are 434 in. by 534 in. by 9 ft. and 434 in. by 
534 in. by 11 ft. The crossarms for the double-pole 
structures are 5 in. by 7 in. by 22 ft. The telephone 
crossarms are 314 in. by 44% in. by 4 ft. 8 in. All 
power conductor crossarms are provided with 48-in. 
angle iron braces; the telephone crossarm, with a 28-in. 
flat brace. To prevent the arms from splitting a 14-in. 
machine bolt is placed five inches from each end of 
all crossarms. 

Insulators. Insulators of various types consisting 
of the cap-and-pin, the Jeffery DeWitt and the Hewlett 
are used. For the suspension strings, six cap-and-pin 
type, six Hewlett type or five Jeffery DeWitt type, are 
used. For the strain positions, seven cap-and-pin 
type, seven Hewlett type, or six Jeffery DeWitt type, 
are used. As a general rule only the Hewlett type 
insulator is used in strain. 

Wires and Cables. The conductors used are stranded 
medium hard-drawn copper; aluminum, steel reinforced 
cable or extra high strength copper-clad cable. The 
overhead ground wires are 5/16-in., Siemens Martin, 
seven-strand, galvanized cable. The telephone wires 


Fig. 21—Linr Construction In Extra Heavy LoabIneG 
Districts. (Nore Excesstve AMountv oF Sac IN ConpUCcTORS) 


usually consist of No. 6, high-strength, copper-clad 
wire. The guy wire consists of 5/16-in., and 7/16-in., 
Siemens Martin, seven-strand, galvanized cable. The 
power conductors are spliced with two copper splicing 
sleeves, having two and one-half complete turns each. 
The ground wire is spliced with one steel sleeve, having 
threeand one-half turns. Thetelephone wiresare spliced 
with two sleeves, each sleeve having three turns. At 
the points of attachment to the pole the guy wires 
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are provided with 4-in. by 8-in. strain plates and guy 
hooks; standard three-bolt clamps are used, one clamp 
for 5/16-in. cable and two clamps for the 7/16-in. 
cable. 

Guys. Pressure treated, creosoted ties 7in. by 8in. by 
4 ft. are used for anchors. The galvanized guy rods 
are 34 in. by 8 ft., equipped with one 4-in. by 4-in. 
square washer and two nuts. Only one 34-in. rod is 
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Maximum Stress in 7-Strand, No.7 B &S Cable, 25,000 lb. per sq. in., 
(2850 Ib.) at 15 deg. fahr. with N. E. 8. C. medium loading. Modulus 
of elasticity, 16,000,000; coefficient of expansion, 0.0000096 (Melvin- 
Wynne Sag-Tension Chart) 


used to an anchor. The maximum number of guys 
in the rod is two 7/16-in. steel cable. A 1-in. thimble 
is used to take the two 7/16-in. guy wires. In certain 
locations, where it is impossible to install side guys, 
the poles are cross-guyed, as shown in Fig: 18: All 
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Maximum stress, 40,000 Ib. per sq. in., (2430 Ib.) at 15 deg. fahr. with 
N.E. 8. C. medium loading. Modulus of elasticity, 29,000,000; coefficient 
of expansion, 0.0000064 (Thomas Sag-Tension Chart) 


guy wires are protected by means of a wooden guy guard. 

Stringing and Sagging. The conductors, which are 
supported by suspension insulators, are strung through 
snatch blocks suspended from each insulator support. 


The snatch blocks have hardwood sheaves and are. 


designed: so as to prevent injury to the conductors. 
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LINE Transactions A. I. E. E. 
No metal grips are used in pulling the conductors, but a 
11-in. rope snub is provided for this purpose. The 
conductor is entwined through the strands of this rope 
snub for a distance of four or five feet. A pull on the 
end of the snub causes the rope strands to firmly grip 
the wire and makes it possible to pull it into position 
without injury. This rope snub is commonly termed 
the “grapevine grip” and is very quickly applied to the 
conductor. 

Dynamometers are used in all cases, but they areused, 
primarily, for the purpose of giving the conductor the 
initial pull, which is designated as twice the stringing 
tension at 100 deg. fahr. The conductor is held at this 
tension for three minutes and then slacked back to the 
stringing tension. However, due to the various in- 
accuracies which may occur in the dynamometer 


Fig. 24—T'wo-Pote StrucTurRE FOR SECTIONALIZING SWITCH 


reading, the conductor is never sagged by reading the 
The proper sag is always obtained by 
measurement in some convenient span in the section 
pulled. By the use of thermometers and the sag- 
tension charts shown in Figs. 22 and 28, the construc- 
tion forces are able to sag the conductors with a con- 
siderable degree of accuracy. Fig. 22 is a chart for 
seven-strand, No. 7 copper and Fig. 23, achart for 5/16- 
in., Siemens Martin steel strand. 

Having given the average span in the section of line 
being pulled, the actual span where the sag measure- 
ment is to be made and the temperature at the time of 
pulling the wire, the procedure in the use of the sag- 
tension charts is as follows: 

Determine the tension from the curves on the left- 
hand side of the chart; refer this tension to the tension 
curves on the right-hand side of the chart and read the 


sag for the actual span in which the sag is to be 
measured. : 
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The ground wires are never sagged parallel to the 
power wires but in accordance with the curves for the 
material used. In sagging the ground wires, a special 
dolly, consisting of an iron frame Supporting a 34-in. 
pipe roller and fitted to the top of the crossarm, is 
used. The device permits the wire to run freely when 
being pulled in and also avoids injury to the crossarm. 

The telephone wires are always sagged parallel to the 
power conductors. 


SWITCHES AND SUBSTATIONS 


For the purpose of sectionalizing the transmission 
lines at certain convenient and advantageous points, a 


% a 
Fig. 25—Four-Poite Srrucrure ror Mountina Heavy Type ~ 
SECTIONALIZING SWITCH 


three-phase air break switch is usually installed. The 
type of structures used in mounting such switches is 
shown in Figs. 24‘and 25. A typical 110-kv. substation 
is shown in Fig. 26. 

At the smaller substations, oil circuit breakers are not 
installed on the 110-kv. side of the transformer bank 
but fuses are used. 

For the 1000- and 1500-kv-a. substations, a satis- 
factory medium priced 110-kv. fuse which will operate 
effectively with the relay operation of the balance of the 
network is not available. The desire has been to have 
a fuse which will give some selectivity. Such a fuse has 
been developed recently but as yet it has not been 
placed in actual service. It is expected that this fuse 
will be placed at one of the substations where a bank of 
three 400-ky-a., 110,000- to 13,000-volt transformers 
will be installed. These transformers are single-bush- 
ing transformers with neutral of the Y solidly grounded. 
~ The fuse will be of the ordinary open type, designed to 
give protection from both short circuit and overload, 
and, at the same time, provide a fuse wire of sufficient 
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size to prevent deterioration due to corona. The fuse 
is mounted on two stacks of six Jeffery DeWitt post- 
type insulators. On one post is mounted a small sheet 
metal cabinet, containing an induction type relay anda 
suitable clip, into which one end of a micarta tube is 
secured. A fuse wire of not less than 30-ampere capac- 
ity is placed in the tube and secured at the opposite 
insulator post by a binding screw. At the clip end, 
a small heating coil, having the same impedance as the 
relay circuit, is slipped over the lead fuse wire. This 
heating coil is connected to the tripping circuit of the 
relay. Under normal operation the main line current 
passes through the fuse and relay coils to the load. 
Overload protection is secured by the proper setting of 
the relay which, when called upon to function, closes its 
contacts, shunting part of the load current through the 
heat coil and melting the fuse, thereby opening the 
110-kv. circuit. The fuse is equipped with horns so 
that the are established is readily extinguished. 


CoLD TREATER Dust METHOD oF POLE PRESERVATION 


The poles which have been used in transmission line 
construction during the past year have been treated by 
the “Cold Treater Dust Method.” The dust consists 
of several chemical compounds, obtained in the process 
of smelting ores. These compounds have varying 
degrees of solubility, some being highly soluble while 
others are soluble to a much lesser degree. 

The treatment is not applied to the pole before it is 
set, but always at the time of setting. It may also be 
applied around poles which have been in the ground for 
any length of time. The effectiveness of the dust was 
established after a series of tests covering a period of 
several years. The tests disclosed the following facts: 


Fia. 26—6000-Kv-a. Sussration, 110 Kv. ro 60 Kv. 


1. That the dust absorbs moisture from the sur- 
rounding earth and becomes a putty-like mass. 

2. That, in all soils except rock, the dust does not 
readily leach out in the earth. 

3. That the highly soluble compounds are soon dis- 
solved and carried up through the outer fibers of the 
wood by capillary action, and thus immediately head 
off any decay. 

4. That the less soluble compounds act as a storage 
‘reservoir, keeping up the supply to the pole in sufficient 
quantity to prevent decay. 
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5. That very little or none of the compound is 
evident in the wood below its point of application. 

6. That those portions of wood impregnated with 
the compound are hard and tough. 

7. That the dust must be placed in actual contact 
with the pole to be effective—any dust out in the earth 
around the pole is practically useless. 

8. That the dust, to be effective, must be placed far 
enough below the ground surface to get below that 
point where decay will start. 

9, That any rot on the pole at the time of applica- 
tion acts as a cushion or barrier and does not allow the 
compound to reach the good wood of the pole and 
thereby stop further rot. 

10. That in marshy ground the treater dust is soon 
dissolved and carried away by the water. 

11. That in certain lines built three years ago, in 
which every alternate pole was treated, there is at this 
time no evidence of decay and that those poles in the 
same line which were left untreated show one-fourth to 
one-half inch of rot. 

The following specifications are used in applying 
the dust: 

Seven pounds of treater dust are used at each pole 
butt. The first application is made by placing one 
pound of the dust in the bottom of the hole before the 
pole is set. This is for the purpose of insuring against 
any heart rot which may develop. 

The second application consisting of two pounds of 
the dust is put around the pole after the hole has been 
backfilled to approximately midway between the 
bottom of the hole and a point two feet below the 
ground line. A narrow groove about 34 in. wide and 
one inch deep is made in the earth around the pole with 
a special tamping bar and this groove is filled with the 
dust. This application is made as a security against 
any decay below the two-foot level. It is found that 
in some territory decay will take place as far down as 
six feet. The hole is then backfilled to within two feet 
of the ground surface. 

The third and last application is then made at this 
point (two feet below the ground surface) by tamping 
a groove around the pole with the same tamping bar as 
previously used but with groove made two inches deep 
so as to take four pounds of the dust. The hole is then 
backfilled and the dirt banked solidly up around the 
pole. 

In marshy ground the dust is not used. 

In rock holes the dust is applied in the usual manner 
but dirt is mixed with the rock used in backfilling so as* 
to fill all crevices between the rocks and thus prevent 
the sifting away of the dust. 

All deadmen for guys are treated with five pounds of 
the dust placed under and on top of the deadmen. 

The cost of the dust ranges from three to five cents a 
pound. The labor of making the application is rela- 
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tively small, although the pole setting crew will be 
forced to lose a little time. Taking everything into 
consideration, the treatment will possibly cost in the 
neighborhood of $1.00 per pole. 


Discussion 


C. R. Higson: I should like to ask Mr. Gamble regarding 
the effect of this powder on cattle or on a man’s hands, or if it is 
poisonous in case a man should happen to get it in his mouth. 


Harold Michener: In the paper, weights are shown at 
points where there are uplifts due to the structures being low. 
The author attributes the necessity of these weights to a slight 
error in profile. In general, for lines over rough country, there 
will be unavoidable structure locations which, because of being 
lower than one or both of the adjacent structures, will require 
either a weight, a tie-down, or a dead-end, to maintain proper 
clearance between the conductor and the structure under a 
heavy wind across the line. Usually there will be no actual 
uplift of the conductors at these structures. The angle to which 
any unrestrained suspension insulator will swing is the angle 
the tangent of which is the horizontal wind pressure on the con- 
ductor in one-half the sum of the adjacent spans divided by the 
vertical load on those insulators. The wind pressure on and the 
weight of the insulators themselves can usually be neglected with- 
out appreciable error. If this angle is greater than the allowable 
clearance will permit, one of the previously mentioned methods 
of restraining the conductor swing must be employed. 


L. R. Gamble: On all the tests we have made in the use of 
this powder or treater dust, we have never had any cattle or any 
animal get poisoned. However, the dust is poisonous and to get 
any of it on the hands, especially if there is an open sore, may 
cause a little trouble which will necessitate treatment, but such 
a condition is not dangerous. Dr. Gardner of the Anaconda 
Copper Mining Co. at Anaconda, Mont., is the chemist who 
has worked out various uses of this compound and has put it 
on the market. On his ranch in Montana where he has a 
number of sheep and cattle he has used this dust for several 
years in the treating of fence posts and none of his sheep or cattle 
has in any way been injured by it. In our specifications for the 
use of dust on poles we specify very definitely that a man should ° 
wear gloves when placing the dust around the poles and should 
also be very careful not to rub his face or eyes while he is apply- 
ing it. If the dust enters the nose or mouth it is very irritating, 
and care should be exercised in its handling. 

In the design of our lines we use the celluloid sag templets and 
spot poles from these templets, giving the required clearance to 
ground. These curves are made up for 100 deg. fahr. and — 30 
deg. fahr. The —30 deg. fahr. curve is our cold curve and we 
apply it to the profile of the line and if we find any evidence of 
upstrain, we immediately re-spot the poles to get, away from that 
upstrain. There is a certain amount of variance in making 
these sag templets, so we always allow a margin of 4 ft; that is, 
if we are sagging between two structures and use the cold curve, 
we put the cold curve between the structures on the two con- 
secutive spans and if the template rests above the pole in the 
center of these two spans it indicates upstrain. If the cold tem- 
plate rests below the top of the pole there is no upstrain. We 
usually allow about 4 ft. below the top of the pole in order to 
play safe. We find that sometimes a little error actually exists 
in the profile, and 4 ft. is not enough. When we find during con- 
struction that there is upstrain it is taken care of by conductor 
weights. We very rarely find any case in which more upstrain 
than we can take care of by the use of weights exists. In one 
instance, however, it was necessary to make a deadend out of © 
the structure. 


The Circle Diagram of a Transmission Network 
BY FREDERICK E. TERMAN: 


Associate, 


Synopsis.—The first circle diagrams of the character herein 
described were published almost simultaneously by Thielemans in 
Europe and Evans and Sels in this country. The diagram of 
Evans and Sels is not nearly as complete as Thieleman’s, but is 
more easily constructed because of the mathematical methods em= 
ployed to determine the circle centers and radii. The present paper 
ts an elaboration of the work done by these two investigators. It 
coordinates the graphical and mathematical methods of construction 
and extends their application. 

The principal contributions of this article are mcorporated in 
Tables I and II and in the paragraphs concerning geometrical 
checks that may be applied to the circle diagram. Tables I and II 


include formulas for determining the coefficients of a large nwmber of 


circular loci which have not been heretofore constructed by mathemat- 
ical methods. Other formulas given in Tables I and II are to be 
found elsewhere, but generally in a somewhat more complicated, 
although equivalent, form. The graphical checks that result from 
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the geometrical properties of the circle diagram, as first investigated 
by Thielemans, have not heretofore been applied to diagrams derived 
by mathematical computations. By establishing the identity of. the 
Thielemans and Evans and Sels diagrams, it has been possible to 
utilize the numerous geometrical properties of the diagram that 
Thielemans has worked out, as well as to make use of other graphical 
properties. With the aid of the information incorporated in the 
following paragraphs it is possible to construct a circle diagram on 
which may be drawn circles representing almost any conceivable 
locus. This construction is carried out with the aid of computations 
made from the relatively simple formulas incorporated in Tables I 
and II. Any errors in the mathematical or graphical work that 
lead to an incorrect diagram can be simply and quickly uncovered by 
applying the numerous geometrical checks that are given in the 
paper. The result is a diagram easy to obtain, almost error proof, 
and of extreme usefulness. 


* ok * * * 


INTRODUCTION 


ITH the development of longer and longer trans- 

mission lines and the growing complexity of 

power networks, the need hasarisen for methods of 
analysis of transmission circuits that are more extensive 
and simpler in their application than the usual form of 
the hyperbolic theory. Using the classical methods of 
transmission line analysis, a moderately complicated 
network requires the use of very laborious and tedious 
mathematics to obtain a solution of even limited appli- 
cation. In the present state of the art the need has 
arisen for a simple and yet satisfactory way of deter- 
mining the characteristics of a network composed of the 
transmission line and the accessory terminal apparatus. 
This need is being met through the development of the 
conception of network constants that has been worked 
out by Evans and Sels,? and by the work that has been 
done on the circle diagram by Thielemans,’ Evans 
and Sels, and others. 

At present the information available on che circle 
diagram consists of more or less incomplete and unre- 
lated fragments that have been developed by different 
writers. There have been two practical methods of 
attacking the construction of the circle diagram. 


Thielemans has worked out many, of the properties of: 
' the circle diagram by purely geometrical considerations 


and his results are the most complete that have been 
developed to date. Evans and Sels have developed a 
diagram based on mathematical considerations and 
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have obtained a result which on the surface appears 
quite unlike the Thielemans diagram, although funda- 
mentally there is no difference. While the diagram can 
be approached either from the mathematical or the 
graphical aspect, the mathematical attack gives the 
best method of constructing the diagram, being both 
simpler and more accurate in application. 

The purpose of the present paper is, first, to consoli- 
date and expand the work that has already been done 
upon the circle diagram; second, to develop simpler 
methods of constructing the circle diagram; and finally, 
to determine new loci. 


EQUATIONS OF A TRANSMITTING NETWORK 


Any electrical network to which power is supplied at 
two terminals, and this power transmitted by the net- 
work to another pair of terminals, can always have its 
characteristics represented by either of the following 
pairs of equations in which the subscripts s and r denote 
sending-end and receiving-end quantities, respectively: 


E,=AE,+ BI, (la) 
I, =CE, DI (1b) 
Ho) eB te (2a) 
Dee AST eC de, (2b) 


These two pairs of equations are equivalent to each 
other, for it is possible to derive the second from the 
first, but all four equations are useful because each is in 
a form best suited to handle some particular problem. 

The frequency of transmission and the character of the 
electrical network being used for transmission are taken 
into account by the four complex quantity coefficients 
A, B, C, and D. A set of such constants, commonly 
referred to as the network constants, can always be deter- 
mined from a knowledge of the network elements and 
the frequency. Thus for a long-distance transmission 
line which has a characteristic impedance Z, and a 
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hyperbolic angle 0, the values of the network constants 
are: 


A = D = Cosh @ 


B = Z,Sinh 0 
C Sinh @ 
AO ae 


The method of determining the values of network con- 
stants is explained in the papers on this subject by 
Evans and Sels. These authors also give a table of 
formulas that aid greatly in determining A, B, G. anda) 
for the common networks met in power transmission 
work, such as a transmission line with terminal 
transformers, for example. 

Only three of the four constants are independent, for 
it can be shown that in any network the relation A D = 
1 + BC must hold true, which means that when any 
three constants are known, the fourth can be deter- 
mined. In the special case of a network that is Sym- 
metrical about the center we find that A = D, so that for 
a symmetrical network a knowledge of A and one other 
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Showing loss circles, sending-voltage circles, and sending-end power- 
factor circles . 


constant will suffice to determine all four constants. 

The conception of network constants is of immense 
aid in the analysis of transmission circuits. This idea 
has made it possible to express the over-all char- 
acteristics of a transmission system in a simple manner, 
and to accordingly analyze very complicated systems 
almost as easily as the simplest problem. 


RECEIVING-END CIRCLE DIAGRAM 
Construction of the Diagram. Let us first lay out a 
coordinate system in which the X and Y axes represent 
received power P, and received reactive power Q,, 
respectively, with leading values of Q, considered as 
positive. With the aid of equations (1) and (2) it is 
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possible to compute values of P, and Q, which will give 
a constant generator voltage E:. When these results 
are plotted on the P,— Q, coordinate system, the 
result is found to be a circle no matter what constant 
value of E, is being investigated when the receiver 
voltage E,. is constant. The only effect of the value of 
E, is to vary the radius, so that the locus of points on the 
P, — Q, coordinates which represent constant values of 
E, is a family of concentric circles, as shown in Fig. 1. 
If the investigation is continued, it is found that the 
loci of points in Fig. 1 which represent constant genera- 
tor power factor, constant efficiency of transmission, 
constant sending-end power, etc., are also circles, 
provided only that the receiver voltage is kept constant. A 
P, — Q, coordinate system upon which such circular 
loci have been placed is called the receiving-end circle 
diagram of the transmission network. 

In order that the circle diagram may be of practical 
use, it is necessary to find some satisfactory way of 
drawing the various circular loci that may be put on the 
coordinates in Fig. 1. To draw a circle,-one must know 
the coordinates of the center and the value of the radius 
measured in terms of the coordinate system. Starting 
with the equations (1) and (2), it is possible to derive 
equations that give the relation of P,, Q, and E, to other 
quantities, such as generator voltage, generator end 
power, etc. These all come out as équations of circles, 
and from these equations we can determine the P, 
and Q, coordinates of the circle centers and the length of 
the circleradii. The results of such a series of computa- 
tions are given in Table I which presents the formulas 
required to compute the center and radius of any kind 
of circle that one may desire to draw on the P, — Q, 
coordinates. The method used in obtaining the equa- 
tions in Table I is indicated in Appendix A. In Ap- 
pendix C will be found a numerical example which 
shows in a specific way the method of utilizing Table I 
in constructing the circle diagram. 

After Table I has been used to determine the circular 
loci, and these have been drawn on the P, — Q, coordi- 
nates, the values of the sending-end voltage, power, 
power factors, etc., that go with known receiving-end 
conditions can’ be determined by inspection from the 
diagram. It is necessary merely to observe the various 
circles that pass through the point on the coordinate | 
system that represents the known receiving-end condi- 
tions. This indicates the great usefulness of the circle 
diagram, for the one set of computations required to 
draw the diagram gives the solution of the transmitting 
system for all possible conditions. ; 

It is evident from Table I that a great number of 


_ families of circular loci may be drawn on one system of 


coordinates. Not all of these are ordinarily needed in 
the solution of any particular problem, however, and in 
any event it is best to draw no more than three or pos- 
sibly four sets of circles on one coordinate. system. 
When more loci are required it is preferable to divide 
them between two or more diagrams. 
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When deciding which loci to draw on a diagram, it is 
well to keep in mind the information in Table I under 
the column entitled “Remarks.” When representing 
the characteristics of a transmission system for ordinary 
purposes it is usually sufficient to draw three families of 
circles, which can best be sending-end, voltage circles; 
transmission, power-loss circles; and either sending-end, 
power factor circles, or sending-end, reactive power 
circles; drawing each family of circles in colored ink 
of a distinguishing hue. The data given by these sets of 


8,000 


4,000 


LEADING KV-A, 


LAGGING KV-A 
co 
s 
(3 


12,000 16,000 


we ee ih y' 
-20.000 -16,000 -12,600 -8, 000 -4,000 0 4,000 8,000 
POWER KW. 


Fig. 2—ReEcrivinc-Enp CircLte Diagram 


16,000 
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- eircles will enable other items of importance to be easily 


determined. Thus the sending-end power can readily 
be found by adding the power loss to the received power; 
the efficiency of transmission is the ratio of receiver to 
sending-end power, etc. 

It is worth noting that all of the circle centers and 
radii can be computed from Table I without involving 
the network constant C. This is possible because only 
three of the network constants are independent, so that 
the constant C can be expressed in terms of A,B, and D. 

Procedure to be followed in drawing circle diagram. In 
drawing the receiving-end circle diagram it is neces- 
sary to take the following steps: 

1. Lay out a set of P, — Q, coordinates to any con- 


venient scale which will cover the range of values to be 


expected. 
2. Decide upon the kinds of ica that will be best 


suited to give the information that is desired. 

3. Compute the centers and radii of the desired 
circles with the aid of Table I, and draw these circles 
on the coordinate system that has been laid out. In 
making these computations it is necessary to exercise 
care in determining the algebraic signs of the terms 
involving sines and cosines of angles. ¥ 

4, Apply as many of the geometrical ‘checks and 
constructions described below as.are desired. 

A receiving-end circle diagram can be drawn only for 
a fixed value of receiving voltage E,. 
to draw a separate receiving-end diagram for each 


It is necessary 
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receiver voltage to be considered. The approximate 
locations of the various circle centers are shown in 
Figs. 1, 2, and 3, which represent actual results given by 
a long transmission line with terminal transformers. 
The notation of these figures is that of Table I, with the 
addition that the center of the P, circles is designated by 
P,, the center of the EH, circles by E,, etc. 

The units involved in the diagram need introduce no 
confusion. The results given in Table I are based on 
equations (1) and (2); thus the units of the circle dia- 
gram are the units of these equations. This will 
ordinarily mean volts to neutral, current in each wire, 
watts and volt-amperes per phase, transmission loss 
in watts per phase, etc., as indicated in Table I. 

Geometrical properties of the receiving-end circle 
diagram. A circle diagram drawn following the formu- 
las in Table I must possess certain geometrical proper- 
ties. While these properties can be used to draw the 
circular loci, it is more accurate and much quicker to 
draw the diagram with the aid of Table I, and to use the 


-geometrical properties as checks to verify the correct- 


ness of the construction. The only exception to this is 
in the case of sending-end power factor circles, which 
are most satisfactorily drawn by the geometrical con- 


‘struction given below. The more important graphical 


properties of the receiving-end circle diagram follow: 
Location of E,. The angle X O E, (see Fig. 3) must 
equal (180° + a— 8) when measured in the conven- 
tional manner from O X. 
Location of I,. The angle X O I, (see Fig. 3) must 
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equal (180° — y +6) when measured backward from 
OLX 

Locus of constant receiver power factor. Constant 
receiver power factor is equivalent to a constant 
Q,/P», and the locus of this condition is a straight line 
passing through the origin of the P, — Q, coordinates. 
The angle between this straight line and the axis 
O X is the power-factor angle 0, Positive values of | 
9, indicate that the received current leads the receiver 
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voltage by the angle 6,. Fig. 1 shows several constant 
receiver power-factor loci. 

Phase of sending-end voltage and sending-end current. 
The phase of sending-end voltage with reference to the 
receiver voltage is found by drawing £, H in Fig. 1 so 
that the angle of OH, H measured backward from 
E, O is equal to y. The true phase of EH, referred to E, 
for any point M on the diagram is then the phase of 
E, M relative to E,H. This is the angle shown in 
Fig. 1. The phase of sending-end current with refer- 
ence to the receiver voltage is found by drawing I, K 
backward from OI, by the angle y. The phase of I, 
referred to receiver voltage for any point M on the 
diagram is then the phase of I, M relative to I, K. 
This is the angle y shown in Fig. 1. 

Sending power factor circles. If M is some point on 
the coordinate system in Fig. 1, then the angle H, M I, 
equals (0, + 8 — 6), where 6, is the angle by which J, 
leads E,, and therefore is a posvtive angle for leading 
power factors. The locus of points for constant 9, is 
accordingly a circle passing through E, and I,, and with 
its center on the perpendicular bisector of FE, if te- ne 
location of the center on this perpendicular bisector 
depends upon the power factor being represented, and 


can be found by laying off the angle I, EF. 6, in Fig. 3° 


equal to (90° — @,— 6 + 4) measured in the positive 
direction from E,I,. The intersection of E, 0. with 
the perpendicular bisector is the center desired, and the 
radius can be readily determined by the fact that the 
circle must pass through E,. This geometrical con- 
struction offers the only satisfactory method of deter- 
mining the 9, circles, for the corresponding formula that 
might be put in Table I is most cumbersome and awk- 
ward in application. 

Sending-end power circles. 'The center of these circles, 
P,, is the point where the line P, E, intersects the per- 


pendicular bisector of H, I., as shown in Fig. 2. .’The: 


line P, E, is determined by laying off the angle P, E. Is 
equal to (8— 6). This construction is shown in 
Fig. 2. 

The sending-end power represented by any circle 
with P, as a center can also be determined by a graph- 
ieal construction. Draw any convenient circle repre- 
senting sending-end reactive power (a Q; circle). This 
circle must be large enough to intersect the P, circle 
- that passes through EZ. Draw a line through the two 
points of intersection (line j k in Fig. 2). This line will 
be parallel to E, I,. The sending-end power represented 
by any P, circle can then be fourrd by noting where this 
circle intersects the Q, circle mentioned above. The 
perpendicular distance from this intersection to jk 


is proportional to the value of P, being represented.. 


Let this distance be w when measured in terms of the 
coordinate system. Then in the notation of Table I, 
the value of P, that corresponds to w is 


U 


Pie nares enpy 


TERMAN: CIRCLE DIAGRAM OF A TRANSMISSION NETWORK 


Transactions A. I. E. EH. 


Transmission loss circles. The center of the loss 
circles is point L. This is the point where the line 
parallel to X X’ and passing through P, intersects the 
circle that has P, as its center and passes through E,. 
See Fig. 2. This sending power circle that passes 
through E, is the circle for which P, = O. The inter- 
section of this circle with a loss circle must occur at a 
value of P, that is the negative of the loss represented 
by the loss circle forming the intersection. This 
determines the radii of the loss circles. 

Efficiency circles. 'The centers of the efficiency circles 
lie on the parallel to X X’ which passes through P.. 
The distance from the efficiency center to P, is in in- 
verse proportion to the efficiency being represented, so 
that referring to Fig. 2 


Length 2.4, 
Length P, nz 


This property can be used to locate quickly a large 
number of efficiency centers after one center has been 
computed from Table I. 

Q, circles. The point Q. which is the center of the 
sending-end, reactive power circles is also the center of 
the sending-end, power-factor circle for which 6, = O. 
The Q, circle representing the condition Q, = O passes 
through E., and of course coincides with the power-fac- 
tor circle for 0, = O. The sending-end, reactive power 
represented by any Q, circle can also be determined 
geometrically. Select a convenient sending-end power 
circle that intersects the circle for Q, = O and the other 
Q, circles to be investigated. Draw the line ¢ t’ which 
joins the points where the circle Q, = O intersects this 
P, circle (see Fig. 3). The value of Q, represented by 
any reactive, sending-end power circle can be found 
by noting where this circle intersects the P, circle 
being used in the determination. The perpendicular 
distance from this intersection to the line ¢ t’ is propor- 
tional to the value of Q, at the intersection. If this 
distance is w’ (see Fig. 3) when measured in terms of the 
coordinate system, the value of the Q, circle that gives 
this distance is 


Efficiency 7: 
Efficiency ny 


au’ 


cos (6 — 4) 


On= 


The notation used is that given in Table I. Intersec- 
tions to the right of ¢ t’ are caused by leading or positive 
values of Q,, and intersections to the left of ¢ t’ represent 
lagging or negative values of Q.. 

V circles. The center of these circles, the point V 
in Fig. 3, is where the parallel to Y Y’ that passes 
through the point Q, intersects the sending-end reactive 
power circle representing Q, = O. This is shown in 
Fig. 3. These circles must have radii of such values 
that the V circles intersect the circle Q@, = O at a value 
of Q, which is the negative of the value of V at the 
intersection. 


G, circles. Circles representing different values of 
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sending-end conductance have their centers lying on the 
line EB, P,. See Figs. 2 and 3. 

B, circles. Circles representing different values of 
sending-end susceptance have their centers lying on the 
line E£, Q,, as shown in Figs. 2 and 3. 

In addition to these geometrical properties, the re- 
ceiving-end diagram must satisfy certain other rela- 
tions. Thus the P, circles must intersect the loss 
circles at a value of P, such that the received power 
plus the loss equals the sending power. Similarly, the 
point of intersection of the P, circles with the efficiency 
circles must be at a value of P, equal to the sending 
power multiplied by the efficiency. Certain angular 
relations must also exist between construction lines. 
These are shown in Fig. 2, and are as follows: 

Angle P, E,Q, = 90 deg. 
Angle P, EH, I, = B—56 
Angle between FE, P, and axis X X’ = 180° — 28 

Geometrical basis of the receiving-end diagram. Since 
the receiving-end diagram is determined by the mathe- 
matical properties of equations (1) and (2), it is possi- 


CEr 


N 1 
Phase of Er A 0 


(a) (b) 


Fic. 4a-B—VeEctTor DiaGRAM REPRESENTING Equations (1a) 
AND (1B) IN Vector Form 


Phase of Er K 


ble to plot these equations in vector form and obtain 
the receiving-end diagram without the use of Table I. 
This has been done by Thielemans, and gives an alter- 
native method of construction. 
Using the received voltage as the axis of reference, 
equations (la) and (1b) give the vector diagrams 
shown in Figs. 4A and 4B. The parts N M of Fig. 
-4a and N’ M’ of Fig. 4B are both determined by the 
phase and magnitude of the received current. By 
suitably choosing the voltage scale in Fig. 4A with 
reference to the sending-end current scale in Fig. 4B, 
it is possible to make N M and N’ M’ represent re- 
ceived current to the same scale. It is then possible 
to superimpose N M on N’ M’, with the result shown 
in Fig. 5. This is a compound diagram, for the part 
ON M isa sending-end voltage diagram in which O H 
represents the phase of E,, while O’ N Misa sending- 
end current diagram in which O’ K represents the phase 
of E,. These two triangles are related by the common 
link N M which simultaneously represents a component 
of sending voltage, a component of sending-end cur- 
rent, and the received current vector. The phase of the 
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received current is determined by N X, the position of 
N M when the receiver current is in phase with the 
receiver voltage. The scales in the different parts of 
Fig. 5 are not the same, but are related to one another 
by the common part N M. 


Let us consider Fig. 5 for a constant value of receiver 
voltage E,. In this case, points O, O’ and N in Fig. 5 
are fixed, and the position of point M, which is deter- 
mined by the received current, is the only variable 
point on the diagram. Since the receiver voltage is 
constant, it is possible to make N X and N Y the P, 
and Q, axes of a system of power-reactive power coor- 
dinates. This is because the received real and reactive 
power are proportional to the in-phase and quadrature 
components of received current, respectively, when the 
receiver voltage is constant, and it is obvious that these 
current components are the projections of N M on 
NexXtandiney. 


Now compare Fig. 5 with Fig. 1. It is evident that 
these two diagrams are the same, as far as they repre- 
sent the same things. The points O, O’, N, and M in 
Fig. 5 correspond exactly to E,, I,, O, and M in Fig. 1, 
and the power coordinate systems are identical in the 
two cases. Thielemans has investigated the geometrical 
properties of Fig. 5, and his results form the basis of 
many of the geometrical checks given above for use in 
verifying the accuracy of the diagram construction. 

It is helpful to keep in mind the relation between 
Figs. land 5. The principal difference is that in Fig. 1 
the important points of the diagram are located by 
plotting on the P,— Q, coordinate system, while in 
Fig. 5 these same points are found to be ends of impor- 
tant vectors in the representation of equations (la) 
and (1b). With Fig. 5 in mind it is easy to see why 
some of the loci are circles. Thus the sending-voltage 
vector in this diagram is represented by O M, and ob- 
viously a constant sending voltage must be for positions 
of M that lie on a circle having 0 as the center. It is 
the identity of Figs. 1 and 5 that makes it desirable to 
plot leading quantities as positive, as explained in 
Appendix B. 


SENDING-END CIRCLE DIAGRAM 


Construction of the diagram. Instead of using a sys- 
tem of P,—Q, coordinates, as in the receiving-end 
circle diagram, it is possible to use a set of P,—Q, 
coordinates. When results computed from equations 
(1) and (2) on the basis of a constant generator voltage E,, 
are plotted upon this system of coordinates, properties 
similar to those of the receiving-end diagram are found. 
Thus the loci of points on the P, — Q, coordinate system 
which represent constant receiver voltage, constant 
receiver power factor, constant efficiency of trans- 
mission, constant receiver power, etc., are all circles, 
provided the sending voltage ts constant. Such a diagram 
is known as the sending-end circ’e diagram of the trans- 
mission network. It is found that for every property 
possessed by’ the receiving-end diagram there is a 
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corresponding property of the sending-end diagram. 

The construction of the sending-end diagram is 
carried out in a manner exactly similar to that used in 
obtaining the receiving-end diagram. ‘The only differ- 
ence is in the formulas used in determining the centers 
and radii of the circles. The coordinates of the circle 
centers and the length of the radii can be derived from 
equations (1) and (2) in the manner indicated in Ap- 
pendix A. The results of such derivations are given in 
Table II, which is used in exactly the same manner as in 
Table I. 


oe See Se Nae oe 
Fic. 5—Compounp D1aGRaM RESULTING FROM THE SUPER- 
; POSITION OF Figs. 4A-B 


The difference between the sending-end and recelv- 
ing-end diagrams is in the coordinate system and in the 
quantities that are represented by the circular loci. 
The receiving-end diagram must always be drawn for 
a, constant receiver voltage, and similarly, the sending- 
end diagram can be drawn only for a constant sending- 
end voltage. If the sending voltage is changed, it is 
necessary to draw a new diagram. | 

Procedure to be followed in drawing the sending-end 
circle diagram. This procedure is exactly the same as 
that given under the heading of receiving-end circle 
diagram, with the exception that the circles are deter- 
mined with the aid of Table II instead of Table I and 
that the geometrical properties of the sending-end 
diagram are somewhat different. The approximate 
locations of the circle centers are shown in Figs. 6, 7, and 
8 which have been drawn to represent a long trans- 
mission line with terminal transformers. The notation 
of these figures is that of Table II with the addition 
that the center of the P, circles is labeled P,, the center 
of the E, circles is labeled E,, etc.’ As with the re- 
_ ceiving-end diagram, care must be taken in using Table 
II to insure the correct algebraic signs of terms involv- 
ing sines and cosines. 

Geometrical properties of the sending-end circle dia- 
gram. The circle diagram drawn with the aid of the 
formulas in Table II possesses certain geometrical 
properties. These properties are analagous to those 
of the receiving-end circle diagram and have the same 
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practical usefulness. The more important graphical 
characteristics of the sending-end diagram are as 
follows: 

Location of E,. The angle X OE, in Fig. 8 must 
equal (8— 6) when measured backward from O X. 

Location of I,. The angle X OI, in Fig. 8 must 
equal (vy — @) when measured in the conventional 
manner from O X. ; 

Location of constant sending-end power factor. Con- 
stant generator power factor is obtained when Q,/P. is 
constant and the locus resulting from this condition is 
clearly a straight line passing through the origin of 
coordinates and making an angle with the axis OX 
equal to the power factor angle 0,. Positive values of 
this angle indicate that the sending-end current leads 
the sending-end voltage. Fig. 6 shows several of these 
loci. 

Phase of receiving-end voltage and receiving-end 
current. The phase of receiving-end voltage referred 
to the sending voltage is found by drawing H,H in 
Fig. 6 so that the angle OE, H measured backward 
from E,O is equal to 6. The phase of receiving 
voltage referred to E, for any point M on the diagram 
is then the phase of E, M measured with reference to 


LEADING KV-4. 


LAGGING KV-A. 


8,000 
POWER KW 


6—TyricaL SENDING-END CrrchE DIAGRAM 


12,000 


Fig. 


Showing loss circles, receiving-end, power-factor circles, and receiver- 
voltage circles 


E,H. Similarly the phase of receiving-end current 
with reference to the sending voltage for any point M 
on the diagram is the phase of J, M measured with 
reference to the axis I, K. This line is drawn so that 
the angle K I,O is (180°— yy) when measured from 
I,O. In Fig. 6 the phases of receiving voltage and 
current are 6 and y, respectively. _ 

Receiving power factor circles. The locus of points on 
the sending-end diagram which represents constant 
receiving-end power factor is a circle passing through 
E, and I, and having its center on the perpendicular 
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bisector of the line EI, The location of this center 
depends upon the power factor being represented and is 
at the intersection of the perpendicular bisector with 
a line passing through E, in such a way that the angle 
6,1, H, is equal to (90°— 6,— 8 + @) measured in 
the conventional direction from E,I,. This construc- 
tion is shown in Fig. 8. 

Receiving-end power circles. The point P, is the 
center of these circles and is located where the line P, E, 
intersects the perpendicular bisector of EI, as shown 
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Fic. 7—SEenpING-ENp CircLeE DIAGRAM 


Showing approximate location of centers and some of the diagram’s 
geometrical properties 


in Fig. 7. The line P, E, is determined by laying off 
the angle P, E, I, equal to (@ — a) as is shown in Fig. 8. 

The receiving-end power represented by any circle 
with P, as the center can be determined by a graphical 
construction similar to that used in connection with the 
sending power circles of the receiving-end diagram. 
Draw any convenient Q, circle that intersects the P, 
circle passing through H,. Draw a line through the 
two points of intersection with the P, circle (line 7 k 
in Fig. 7). The receiving power represented by any 
P, circle can be found by determining the intersection 
of the power circle with the Q, circle. The perpen- 
dicular distance from this intersection to the line 7 k 
is proportional to the value of P, being represented. 
Let this distance be u when measured in terms of the 
coordinate system. Then the value of P, at the inter- 


" section having this value of w is 


P BY 5... Saket 
7 ‘gin (8 — @) 


The notation is that of Table IT. 

Transmission loss circles. The center of these cir- 
cles is point L, which is the point where the line parallel 
to XX’ and passing through P, intersects the circle 
that has P, as its center and passes through E, (see Fig. 
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7). This receiving power circle is the circle for which 
P, = 0. The intersection of this circle with a loss 
circle must occur at a value of P, which is equal to the 
value of loss at the point of intersection. 

Efficiency circles. The centers of the efficiency 
circles lie on the parallel to X X’ which passes through 
P,. The distance from any center to P, is in direct 
proportion to the efficiency being represented. This 
property can be used to locate quickly a large number of 
efficiency centers after one center has been computed 
from Table II. 

Q, circles. The point Q,, which is the center of the 
receiving-end reactive power circles, is also the center 
of the receiving-end power factor circle for which 
6, =O. The Q, circle representing zero received 
reactive power, of course, and coincides with the circle 
representing unity receiver power factor. 

The value of Q, represented by any receiving-end 
reactive power circle can be determined by the following 
geometrical construction. Draw some P, circle that 
intersects the circle Q, = O, and the other Q, circles 
being investigated. Draw the line ¢ t’ which joins the 
points where the circle Q, intersects this P, circle (see 
Fig. 8). The value of Q, represented by any reactive, 
receiving-end, power circle can be found by noting 
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Showing approximate location of centers and some of the diagram’s 
geometrical properties 


where this circle intersects the P, circle being used, in 
the determination. The perpendicular distance from 
this intersection to the line ¢ t’ is proportional to the 
value of Q, at the intersection. If this distance is wu’ 
(see Fig. 8) when measured in terms of the coordinate 
system, tHe value of the Q, circle at the intersection{is 


he 


~ eos (8 — a) 


Q; 


The notation used is that given in Table II. Inter- 
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sections to the right of ¢ t’ represent positive or leading 
reactive power, and intersections to the left of ¢t’ 
represent negative or lagging reactive power. 

V circles. The point V in Fig. 8 1s the center of 
these circles, and is the point where the parallel to Y Y’ 
that passes through the point Q, intersects the reactive 
receiving-end power circle representing Q, = O. This 
is shown in Fig. 8. These circles must have radii of 
such values that a V circle intersects the circle Q, = O 
at a value of Q, equal to the value of V at the 
intersection. 

G, circles. Circles representing different values of 
receiving-end conductance have their centers lying 
on the line E, P,, as shown in Figs. 7 and 8. 

B. circles. Circles representing different values of 
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Qa-p—VectTor DiacraM REPRESENTING EQUATIONS 
(2a) AND 2(B) RESPECTIVELY IN Vector Form 


Fias. 


receiving-end susceptance have their centers lying on 
the line E,, Q,, as shown in Fig. 7. 

Geometrical basis of the sending-end diagram. Since 
the sending-end diagram is determined by the mathe- 
matical properties of equations (1) and (2), it is possible 
to plot these equations in vector form and obtain the 
sending-end diagram without the use of Table II, just 
as it was possible to derive the receiving-end diagram 
by means of a vector construction. Using the sending- 
end voltage as the axis of reference, equations (2a) and 
(2b) give the vector diagrams shown in Figs. 9A and 9B. 
Since the parts N M of Fig. 9A and N’ M' of Fig. 9B 
are determined by the phase and magnitude of the 
sending current, a suitable choice of seales in these two 
diagrams will make it possible to superimpose them as 
shown in Fig. 10. Fig. 10 is a compound diagram in 
which O M N is a triangle of voltages referred to O H, 
the phase of E,, while O’N M isa receiving current 
triangle with reference to the phase of EF’, which is given 


by O’ K. These two triangles are related by the com- . 


mon link NM, which simultaneously represents a 
component of receiving voltage, a component of re- 
ceived current, and also the sending current vector. 
The phase of the sending current is determined by N X, 
which is the position of N M when the sending current 
is in phase with the sending voltage. 


Fig. 10 possesses properties similar to those discussed 


in connection with Fig. 1. When the sending voltage is 
constant, the points O, O’ and N are fixed and it is 
possible to lay out a system of P; — Q, coordinates on 


receiver or generator ends. 
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the axis N X and N Y. When this is done it is seen 
that Fig. 10 is exactly the same as Fig. 6, and as far as 
final results are concerned it makes no difference 
whether the circle diagram is obtained from this geo- 
metrical construction or from results computed with the 
aid of Table II. 

MISCELLANEOUS TOPICS 

Relations between sending- and receiving-end diagrams. 
When the receiver end of the transmission network is 
supplying power to the network, the received power P, 
is negative and the operating point is somewhere to the 
left of the axis Y Y’ in Fig. 1. In extending the re- 
ceiver diagram in this manner to cover generator 
action at the receiver, it must be remembered that a 
negative P, means generated power, and a negative Q, 
received is equivalent to a positive Q, generated, and 
vice versa. Also, when the receiver supplies power to 
the network, P,/P; is more than unity, and the “‘effi- 
ciency” of transmission to be used in Table I will be 
more than unity. A negative P, is to be interpreted as 
power being received at the generator end. 

When .the transmission network is symmetrical 
about the center (i. e., when A = D), the transmission 
takes place equally well in both directions, so that the 
negative part of the receiving-end diagram can be con- 
sidered as representing generator action at either the 
Comparison of the positive 


Fie. 10—Tue Compounp Diagram RESULTING FROM THE 
SUPERPOSITION. OF FIGs. 9A-B 


part of the sending-end diagram shown in Fig. 6 with 
the negative part of the receiving-end diagram in Fig. 1 . 
shows that these parts are identical when properly 
superimposed, as indeed they would have to be when 
drawn for the same voltages. 

When the transmission network is non-symmetrical, 
transmission in different directions takes place with 
somewhat different properties, and we find that the 
sending-end diagram is similar to the negative part of 
the receiving-end diagram, but not quite the same 


s4 
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because of the difference in direction of transmission. 

It is also possible to compare the negative part of the 
sending-end diagram with the positive part of the 
receiving-end diagram. The two will be found to be 
identical when the network is symmetrical, and similar, 
but somewhat different, when the network is not sym- 
metrical. The details involved in this comparison are 
quite obvious, but are not of enough importance to 
warrant consideration here. 

The reduced circle diagram. The receiving-end circle 
diagram must be drawn for a constant E,, and the send- 
ing-end diagram must be constructed for a constant Bix 
When neither terminal voltage is constant, it is neces- 
sary to use the circle diagram indirectly by drawing the 
diagram for a certain voltage and then multiplying 
results obtained from this diagram by appropriate 
factors to convert the results to those for the voltage 
desired. Thus a receiving-end diagram drawn for a 
receiver voltage of one volt can be used to determine 
conditions that exist for receiver voltage of E, if all 
power, reactive power, and loss quantities on the 
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reduced diagram are multiplied by E,2, and all current 
quantities on the reduced diagram are multiplied by E,. 
In the same way it is possible to draw a sending-end 
diagram reduced to one volt of sending voltage, and 
obtain results for any value of E, by multiplying the 
quantities determined from the reduced diagrams by 
E.? or E,, as the case may be. 

Evans and Sels diagrams. With the aid of the first 
line in Table I, one can draw a family of circles repre- 
senting a constant EH, and various values of E,, using a 
P,,— Q, system of coordinates. The centers and radii 
of these circles depend on the value of E, being repre- 
sented, and the appearance of such a diagram is shown 
in Fig. 11. Using the first line of Table II in a similar 
manner, it is possible to obtain Fig. 12, which gives a 
series of circles representing constant EH, and various 
values of E’,, drawn on a system of P, — Q, coordinates. 
Such diagrams are very useful in the analysis of certain 
types of problems, and are called Evans and Sels dia- 
grams, after their originators. 


Use of current and admittance coordinate systems. The 


TABLE I 
CIRCLE COEFFICIENTS OF RECEIVING-END DIAGRAM 


Kind of circle P; coordinate of center Q, coordinate of center Radius Remarks* 
rae emis . . 
Sending-end voltage —w= —er Cos (@ — 8)| —x = —e,; Sin (@ — B) ; Circles are concentric 
Power loss in trans- —w +mcos?s —-x2- sin 28 ¥mL—mw +m? cos? gs Circles are concentric 
MmiissiON 0.2/5 012 aon ses 2 : 
Sending-end power fac- | The sending-end power factor circles can be drawn by a simple geometric construction that is much quicker than the analytic 
GOI a lecie~ sehe-e mane cis method. See text for graphical method. 
ing- oe — er? — — er? Sin —6 k c 
“arg es ah cs Soni A ss Ts er Circles are concentric 
er? er? ; = 
=—-wt+ Cos (6 + 4) =-2- ee d 
' m 1 Af [1+ ay o 4 — w | Bint aheae 
i is- | — aa — —-a“- Sin 2 - ircles are not con- 
pened a Nie Sare 2 ep 2 [ Sees n m i 4 n? n 2 m centric 
cos 28 sin 2 B A/ m? ; 
ing- - -—x —m m Ps + Center is usually off 
Sending-end power.... w+m = x 8 x pace 
i ZI iv T re . . 
er ks —w ——sin2s ' —2Z ——cos26 \/ A +rQs Circles are concentric 
. 2 
ets —w-r ae —x+rSin’s VrV—-—r2 au r? sin? B Circles are concentric 
.* 2 < 4 sZt 
Receiver current 0 . 10) lp €r Circles are concentric 
Receiver admittance 0 0 Yr ep? Circles are concentric : 
i k Circles are not con- 
Sending-end conduc- —w —kcos28 —x+ksin26 A WacencHe Re 
anc 
i Circles are not con- 
Sending-end suscep- —w+lIsin2s —x +lcos2p U sees 
ance 
Notation 
A =a/@ a ; a b 
ie eta Network constants w =—, er? cos (a ~ 8); ° & = 5; er? sin (a — 8) 
Cu —icnrea : 
D=d Hi 6 er? er? 
P = Power in watts per phase m=" "hd cos’ (3 = B) r= bdsin (5 — B) 
Q = Reactive volt-amperes per phase ; 
E = Voltage to neutral 5 i m ey? 
J = Current in each wire er ideliee) 25 Gs 
G = Conductance to neutral 
B; = Susceptance at sending end Bee ee 
Y = Admittance aes 2 By ber — ep? 
= a = smission per phase "i F 
Cate a Pee Nee or Subscript ‘‘s’’ denotes a sending-end quantity. 
Tmt! Seeger ae ie eed Sub t ‘‘r’’? denotes a receiving-end quantity. 
V =Q; — Q, = Reactive volt-amperes consumed in transmission ubscrip 


A positive 0 or V denotes leading reactive volt-amperes. 
In designating vector quantities a capital letter denotes the vector, while 
the small letter denotes the length of this vector. 


These remarks apply only to the case when the receiver-end voltage is constant. 
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TABLE II 
CIRCLE COEFFICIENTS OF SENDING-END DIAGRAM 
Kind of circle Ps coordinate of center Qs; coordinate of center Radius Remarks* 
ae d d . es Cr 7 2 
Receiver voltage....... y= Fi és? cos (5 — B) ya es? sin (5 — 8) ; Circles are concentric 
Power loss in transmis- y —ncos?s z+ (sin 28) ~ v¥ Ln —yn+n?cos?B Circles are concentric 


sion...... Meus tsiaetsteuets 


The receiving-end power factor circles can be drawn by a simple geometric construction that is much quicker than the analytic 


Receiver power factor. . ‘ 
method. See text for graphical method. 


c 


Receiver current....... es? cos (y — @) es? sin (y — @) — Circles are concentric 
a a Cd 
es? Cz. 
=y- cos (6 + &) 2 se sin (8 + @) a 
ab ab 
Pan me cos 2 B v é 
Efficiency of transmis- yr (cos 28 +7) z+ sin 28 [1 +n? +4 af — )| Circles. are not con- 
BONN ee.roeieienadiehan 2 4 2 n centric 
: ncos 28 nsin 2 B n? 
Receiver power.......- y - — z + ———— —nP, Center is usually off 
2 2 wg 4 page 
s ‘Ste si ‘ 
Receiver reactive volt- t+yt sin 2 B +24 cos 2 B —sQr Circles are concentric 
amperes 2 2 4 
Reactive volt-amperes ’ yt sin 28 z —ssin?B vs V—sz+s?sin?8 Circles are concentric 
consumed by line... . 
Sending-end current... 0 és ls Circles are concentric 
Sending-end admittance Y¢ €3? Circles are concentric 
Receiver-end conduc- ; Circles are not con- 
GATICE he saiwusystekousteieen y —tcos28 z +isin2 8B 1 centric 
Receiver-end suscep- Circles are not con- 
ATICO Sire criae aie sic testeve uss y t+usin28 z +ucos28 : u centric 
Sn 
Notation d d 
A=a/e@ | y =—5~ estos (8 — 8); 2 =—F—e078in (3 — 8) 
B=b/8 4 
Ge ce Network constants es? eee 
s 
D=dis RS 7 Beek (8). 1. ne Pia 
P = Power in watts per phase 6) 
Q = Reactive volt-amperes per phase 1 nes? 
E = Voltage to neutral tt ae 
3 2 2 
I = Current in each wire 2: 1 Gig BA oR il 26 
G = Conductance to neutral 1 ses? 
B, = Susceptance at receiving end ’ Qh ee nai OS 
Y = Admittance » : Be Br Ris aes 
L =P, — P, = Watts loss in transmission per phase Subscript ‘‘s’’ denotes a sending-end quantity. 
7 = P,/P, = Efficiency of transmission Subscript ‘‘r’’ denotes a receiving-end quantity. 
V = Q, — Q, = Reactive volt-amperes consumed in transmission A positive Q or V denotes leading reactive volt-amperes. 


In designating vector quantities, a capital letter denotes the vector 
while the small letter denotes the length of this vector. 


*These remarks apply only to the case when the sending-end voltage is constant. 
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circle diagrams that have been discussed all utilize a 
coordinate system of power coordinates, but this is not 
necessary. ‘Thus in the receiving-end diagram one can 
calibrate the X X’ and Y Y’ axes in terms of in-phase 
and quadrature components of received current, or in 
terms of receiver conductance and susceptance, in 
place of the P,—Q, calibrations. This is possible 
since, when the receiver voltage is constant, a certain 
received power is equivalent to a definite received in- 
phase current and a certain receiver conductance. 
When the coordinate system is in terms of receiver cur- 
rent components, all centers and radii computed with 
the aid of Table I must be divided by E, before plotting 
on the current coordinates. Table I can be used in 
locating the circular loci on a system of receiver sus- 
ceptance-conductance coordinates by dividing the 
results computed from this Table by E,2 before plotting. 

The axes X X’ and Y Y’ of the sending-end circle 
diagram can be similarly calibrated in terms of in-phase 
and quadrature components of J., or in terms of genera- 
tor end conductance and susceptance, instead of 
P,— Q. calibrations. Table II can be used to compute 
circle centers and radii for these cases if one divides 
the computed results by #, when current coordinates 
are used and by E.2 for admittance coordinates. After 
this division, the resulting quantities can be plotted 
directly on the coordinates. 

The geometrical properties of the sending-end and 
receiving-end diagrams are the same whatever the kind 
of calibrations that are put on the coordinate axes. 


Appendix A 
DERIVATION OF THE CIRCLE COEFFICIENTS 

The formulas incorporated in Tables I and II have 
been derived from equations (1) and (2). Since the 
formulas desired as expressed in terms of power and 
reactive power, it is necessary to rearrange equations 
(1) and (2) to introduce these quantities. The method 
of doing this is shown by the following example: 

Rewrite equation (la), giving the following: 
E, AE, 
Bw Se 8) 
If the angle by which the sending voltage leads the 
received voltage is 6, equation (3) can be rewritten to 
give 


I, = 


€s 


b 


The notation is that employed in Tables I and II. 
From (4) em 
Component of J, in phase with EH, 


ie /#-p-—-¢/a-B (4) 


; a 
ay = cos (@ — B) — 4 @ cos (a ~ 8) (Sa) 
~ Component of J, in quadrature with EF, 
a 7 
= —_ sin (@ — B) eg iA é, sin (a — B) (5b) 


b 
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Since power and reactive power are equal to the product 
of voltage and in-phase and quadrature components of 
current, respectively, equation (5) gives 


Cy @5 a 

Ne se i cos (@ — B) — i €,7 COS (a@ — 8) (6a) 
Cres. a ane 

= , sin (d — B) — Sit eé,?.sin (a — B) (6b) 


It is possible to handle equations (1b), (2a), and (2b) 
in the same way, with the result: 


Vs € 


p= —— 9,2 
Sats eat SLLEeS (~y — 6) — 7d €,? cos (Y — 6) (7a) 
Q, = q Sin (vy — 6) — qr sin (y — 6) (7b) 
d Cy es 
P= “aw eé,? cos (6 — B) — 7, Cos (8 + ®) (8a) 
d ; Cres, 
OA= eer e, sin (6 — B) + ~, sin (8 + ®) (8b) 


In these equations ® is the angle by which the sending 
voltage leads the received voltage, and y is the angle 
by which the sending current leads the received voltage. 
From equations (6), (7), and (8) it is possible to derive 
all of the results given in Tables I and II, as well as 
others not given. In general these solutions are rather 
lengthy and tedious, although they involve no partic- 
ular mathematical difficulties. As an example of the 
method of handling these equations, the derivation of 
the first line in Table I follows. Since the locus desired 
is that of generator voltage circles in terms of received 
voltage, received power, and received reactive power, 
this locus can be determined by simultaneously solving 
equations (6a) and (6b) to eliminate the undesired 
quantity ®. Thus, by re-writing, we obtain: 


a C, es 


P, + er? C08 (a— 8) = > — cos (¢ — 8) 
a Cy es - 
Q, + 7 é? sin (a — B) = 5 Sin (b — 8) 


Squaring each of these equations separately and adding 
the two together gives the result 


i 2 
| Pet et ecos(a— 8) 


a 5 ; 
+ ) Q + | @? sin (a — 8) 


= 2% | sin? (6 — 8) + cost (b= 8) } = > 
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This is the equation of a circle with a radius of (e, é,/6) 
and a center at a point having the coordinates 


a 


P= = Cae cos (a — 8B) 
a : 
= te é, sine) 


Appendix B 
THE VECTOR REPRESENTATION OF VoLT-AMPERES 


There is no established convention regarding the 
vector representation of reactive power which can be 
considered as the definitely correct method when viewed 
in relation to the usual vector diagram. Volt-amperes 
depend upon the relative phase of the voltage and cur- 
rent, and this introduces an ambiguity because there 
is no one correct axis of reference. If one takes the 
voltage vector as the standard, leading volt-amperes 
will be plotted in the positive direction because leading 
volt-amperes are due to current leading the voltage. 
On the other hand, if the current vector is selected as 
the reference axis, leading volt-amperes mean that the 
voltage is lagging behind the current and so must be 
plotted in a negative way. This makes it clear that 
reactive volt-amperes may be plotted in either way 
without violating any of the usual conventions of vector 
diagrams. 

For any particular problem there is ordinarily a best 
method of representing reactive power, however, 
although this best method may be different for different 
problems. In the present paper the convention of 
considering all leading quantities as positive has been 
adopted because in vector diagrams of transmission line 


problems everything is ordinarily referred to the phase: 


of a terminal voltage. Any other axis of reference leads 
to hopeless confusion, as an inspection of Figs. 4 and 5 
or 9and 10 makes clear. Considerations of convenience 
require that the vector basis of the circle diagram be 
based upon either E, or E’, as the reference axis. This 
makes it necessary to consider leading volt-amperes as 
positive, and lagging volt-amperes as negative, as far 
as the graphical derivation of the diagram is con- 
cerned, and makes it desirable to do the same also 
in the mathematically derived diagram in order that 
the two methods of constructing the circle diagram will 
give identical results. 
Unfortunately, the circle diagrams which have been 
based solely upon mathematical computations have all 
drawn leading quantities as negative. The diagrams 
incorporated in this paper accordingly do not look 
exactly the same as some similar diagrams published 
elsewhere. This difference cannot be avoided if the 
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mathematical and geometrical methods of deriving the 
circle diagram are to be coordinated to give the same 
result. If the reader prefers to plot lagging quantities 
as positive and leading quantities as negative, he may 
do so by changing the signs of the reactive coordinates 
of the centers that have been computed with the aid of 
Tables I and II. When it comes to applying the geo- 
metrical checks to these reversed coordinates, it is 
necessary to make a certain number of similar changes 
in these rules which can be readily worked out if needed. 


Appendix C 
NUMERICAL EXAMPLE 


In order to show in a concrete manner the method of 
utilizing Tables I and II, the following numerical 
computation is given. For example: Transmission 
network has the constants?: 

A = 0.5 /8 deg. 

B = 800 / 80 deg. 

C = 0.00242 / 91 deg. 52 min. 

D = 0.6 / 12 deg. 
If E, = 50,000, determine the data required to draw E. 
and loss circles of the receiving-end circle diagram. 

According to the notation in Table I, a = 0.5,a = 8 
deg.,; etc. From the formulas at the bottom of Table I 
the secondary constants w, x, and m can be determined, 
with the result 


w= 1.288" KA! 

x = — 3.962 x 10° 

(= SOS AVE 
Substituting in the first line of Table I, it is evident that 
the P, coordinate of the center of the EF, circles is 
— 1.288 megawatts, while the Q, coordinate of the cen- 
ter is + 3.962 megawatts. The radius of any circle 
representing EH, volts at the generator is (166.7 E,) 
“watts.”’ Several such circles for different values of 
FE, are shown in Fig. 1. 

To determine the loss circles it is necessary to use the 
line in Table I that concerns the loss of power in trans- 
mission. Using the values of w, x, and m determined 
above, the P, coordinate of the center of these circles 
is - 0.17 megawatts, and the Q, coordinate of the center 
is — 2.38 megawatts. The radius of a circle represent-— 
ing L watts lost in transmission is 

[ (37.08 x 10°) L — 6.30 x 10” }* watts. 
Several L circles for different values of L are shown 
in Fig. 1. 


A. The values of constants given are about right for a trans- 
mission line 300 or 400 miles long, equipped with terminal — 
transformers. 
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The Space Charge that Surrounds a Conductor 
in Corona at 60 Cycles 


BY JOSEPH 8S. CARROLL: 


Synopsis.—An exploring potential wire was used to locate the 
radial position and to determine the potential of the space charge 
that surrounds a conductor in 60-cycle corona. The familiar 
concentric cylinder set-up was used. The potential of the e xploring 
wire due to the applied voltage and its position in the electric field 
between the conductor and cylinder was maintained at zero so that 
the potential on the wire was due only to the presence of the space 
charge. The cyclic potentials of the exploring wire at various 
radial distances from the conductor in corona at the center of the 


and 
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cylinder were observed with an electrometer of low capacitance 
connected through a phase-shifting synchronous contactor to the 
exploring wire and through its own capacitance to ground. The 
location of the space charge and the potential it sets up in the electric 
field in the space surrounding the conductor in corona were thus 
determined. The paper contains four sections: I—The Problem 
and Results, 1I—Description of the Apparatus Used and the Method 
of Application, ITI—Discussion, IV—Conclusions. 


I. THE PROBLEM AND RESULTS 


HEN 60-cycle voltage is applied to a conductor 

high enough in value to produce corona, a 
corresponding space charge is formed and 
maintained about the conductor.’ 5 The existence and 
magnitude of the space charge have been studied here- 
toforet®. The present studies were made with a poten- 
tial exploring wire to determine the radial position of the 
space charge with respect to the conductor about which 
it was formed. The conductor was mounted at the 
center of a half-in. wire-mesh cylinder (see Fig. 1). 
Parallel thereto a potential exploring wire was mounted 
at various radial distances from the conductor, between 
itand the cylinder. Sixty-cycle corona-forming voltage 
was applied between the conductor and cylinder. 
In order that the potential to ground of the potential 
exploring wire would be due to the presence of the space 
charge only, the following arrangement was adopted: 
The high-voltage source-circuit was grounded at a 
point having the same potential as that of the position 
that was occupied by the potential wire in the electric 
field between the conductor in corona and the cylinder. 
By this strategy an electrometer of low capacitance 
could be used to measure the potentials of the wire 
caused only by the presence of space charges. It was 
thus necessary that the heutral of the high-voltage 
source-secondary could be changed through all inter- 
mediate values from zero voltage-to-neutral on the 
conductor and maximum voltage-to-neutral on the 
cylinder to maximum voltage on the conductor and zero 
voltage on the cylinder. This was accomplished by 
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means of a potentiometer. The isolated secondary of 
the high-voltage source-transformer was loaded with a 
water column resistance containing a grounded floating 
electrode. The electrode could be passed freely from 
either end to any desired point in the water column. 
When a space charge is formed about a conductor in 
corona a few of the ions constituting the charge go 
astray and diffuse widely through the air. The voltage 
is alternating and so is the space charge. Following the 
application to the conductor of a corona-forming posi- 
tive voltage crest, the charge is made up of positive 
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ions. The next voltage crest will be negative; it will 
discharge the positive ions in the space charge and set 


‘up in their place a corresponding charge of negative 


ions. The net result of the diffusion of the alternating 
positive and negative charges is a small but very real 
rectifying effect, negative at the start of corona and 
positive when fully established’. This rectifying effect 
may be due to the differing mobilities’ of positive and 


negative ions in the atmosphere. 


Toe Gabe ornitehead and T. Isshiki, Trans. A. I. ae E., Vol. 


XOX DX, Part lps Lol: 
8. R.A. Millikan, The Electron, 2nd Ed. (1924), p. 36. 


1093 


1094 


To obtain the cyclic relation of the voltage to the 
corresponding potential of the wire as affected by the 
presence of the space charge, a gold leaf electrometer 
having a small capacitance was connected to the wire by 
means of two synchronous contactors. ‘The phase of 
one contactor could be shifted conveniently throughout 
a complete cycle. It connected the wire to the leaf 
deflector of the electrometer. The phase of the other 
contactor was fixed at an instant whereat the voltage 


400 $00 _Z00 /00 0 ao __ 6d _ 900_, 
[aaeel | T | T | 


applied between the conductor and cylinder was zero 
and the wire due to the space charge was not changing, 
or was changing very slowly. Thus the rectifying 
effect was eliminated. When the phase-changing con- 
tactor only was used and the leaf of the electrometer 
grounded, a positive charge on the electrometer was 
accumulated that varied with the change of the air 
currents through the open-mesh cylinder and about 
the conductor. This troublesome correction was 
avoided by the use of the two contactors just specified. 


The 60-cycle power supply for the high-voltage trans- - 


former was taken from a large power supply system. 
As the work progressed some inconsistencies in results 
were traced tovariationsin thesupply voltage crest and 
the air density factors. In an intermediate stage of the 
work th2 voltage was, therefore, controlled by crest 
corrected for barometric-temperature variations in 
lieu of effective values. Other inconsistencies de- 
veloped and were found to be due to the shifting 
neutral in the water column and stray capacitances 
attached to the column and its connections. The 
remaining inconsistencies were found to be due to the 
corona-aging effect on the conductor whereby the volt- 
age required to produce a given magnitude of space 
charge had to be increased. The voltage was increased 
slowly, of course, but nevertheless rapidly enough to 
require a corresponding control of the voltage so that in 
whatever radial position the potential exploring wire 
was being used and however long the time required to 
run through an entire series, the space charge had the 
same value throughout. 


CARROLL AND RYAN: SPACE CHARGE THAT SURROUNDS A CONDUCTOR ‘Transactions A. I. K. E. 


Corona began when the crest voltage applied between 
the clean conductor and cylinder reached 32,800. 
Visual corona was well developed over the wire with fair 
uniformity by the application of 34,400 crest volts. 
The corresponding “reading’’ on the space charge 
control electrometer was “23.”’ By this control reading 
“93.” the applied voltage was held to produce a con- 
stant space charge while the observations for six 
voltage-potential (H—V) cyclograms were obtained 
corresponding to six different radial positions of the 
potential exploring wire. The following radial dis- 
tances of the potential wire from the surface of the 
conductor were used, 0.5, 1.0, 2.0,3.0,4.5, and 6.0 in. 
The corresponding cyclograms obtained with the poten- 
tial wire at these radial positions are reproduced in 
Figs. 2 and 3. 

The character of the cyclograms changed decidedly 
as the radial distance of the potential wire was less or 
ereater than about 2.8 in. A study of such changes 
reveals the fact that they are due to the inevitable shift 
in the space charge radially outward caused by repulsion . 
during the quarter-cycle that followed the last voltage 
crest and again radially inward caused by attraction 
during the second quarter-cycle in which the voltage 
developed the next crest having an opposite sign to 
that of the potential of the space charge formed by the 
preceding crest. From inherent dimensional relations, 
such shift in the radial position of the space charge 
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affects the character of the cyclograms much more 
when the potential wire is inside the space charge and 
much less when outside. This change in the form- 
character of the voltage-potential cyclogram taken from 
the potential wire as the wire was shifted through the 
space charge was found to be as good a criterion for the 
location of the charge as the magnitude of the potential 
caused by the presence of the charge, which must be 
maximum when the potential exploring wire is located 
in its center. 


If the space charge was placed in a fixed radial po- 
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sition as the voltage passes crest and falls below critical 
value, the voltage potentials due to the direct and 
reversed space charges would form approximately a 
rectangular cyclogram having straight parallel poten- 
tial sides and slightly curvilinear voltage ends. Such 
was the case for the cyclograms taken from the potential 
wire when placed outside the space charge, while those 
taken from the wire mounted inside the space charge 
had decidedly concave sides due to the outward and 
inward movement of the space charge. 

The understanding hereof is facilitated by the study 
of the curves in Fig. 4. Curve I V! was located by using 
the radial positions of the potential wire as abscissas 
and the corresponding observed potentials V., due to 
the presence of the alternating space charge, as ordi- 
nates, occurring at the instant when the negative voltage 
crest has been completed. This curve locates a maxi- 
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mum for potentials for the wire placed at a radial 
distance from the conductor of 2.67 in. As a criterion 
for understanding the factors that determine the charac- 
ter of Curve I V!, Curve I V? was located by commonly 
adopted theory on the assumption that the entire space 
charge is uniformly distributed about the conductor at 
the radial distance of 2.67 in. 

At positions within the space charge, the potentials 
were observed to be well above those obtained by 
calculation on the assumption that this region was free 
of ions. . The differences may be taken as a measure 
of additional potentials due to the presence of negative 
charges in such space. The direct inference is that not 
all of the space charge is located at the radial distance of 
2.67 in., and that a small portion thereof is distributed 
through the intervening space. 

_ At corresponding positions without the space charge, 
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there is a close agreement between potentials by 
measurement and by calculation at first as the radial 
distance of the potential wire extends beyond 2.67 in. 
Beyond four in. the values of the observed potentials 
due to the presence of the space charge are higher than 
those by computation. The difference attains a maxi- 
mum well out toward the surface of the mesh cylinder, 
let us say at a radial distance of about 6.5 in. This 
difference clearly indicates that while most of the charge 
occupies the cylindrical location at a radius of 2.67 in., 
some of it located in a broad zone at the 6.5-in. central 
radial position. 

A quarter of a cycle, or 1/240 of a second later, the 
voltage was zero and curve I V. was correspondingly 
located by the E'— Vo values taken from the cyclo- 
grams at that phase. It will be noted that the maxi- 
mum potential in the charge had dropped from 750 to 
666 volts and that the central position of the charge 
had been repelled from the radial position of 2.67 to 
2.90 in. Curve I V.” was computed as the criterion to 
accompany Curve J V, on the assumption that all of 
the space charge was located at the radial distance of 2.9 
in. from the conductor. A comparison of the two 
curves, the one observed and the other calculated for the 
phase whereat the voltage is passing through zero from 
minus to plus, reveals the fact that the observed poten- 
tials through the region within the main space charge 
at the radial distance of 2.9 in. are now less everywhere 
than the corresponding values by computation. The 
inference is that only a small distributed vagrant charge 
remains in such space and that its sign is positive 
whereas the sign of such vagrant charge was negative 
as the voltage was falling from a negative crest. 

Radially beyond the 2.9-in. position, corresponding 
observed and calculated values have scarcely been: 
changed by the migration of the space charge. All of 
this is in complete agreement with the characteristic — 
difference in the cyclograms taken from the potential 
wire when located within and without the space 
charge. The curves show that the cyclograms should 
have the concave sides when observed within the space 
charge and straight parallel sides when observed without 
such charge. 

It was shown by Hesselmeyer and Kostko® that 
voltage-charge (EH — Q) cyclograms obtained for a 
line in corona change only slightly in character as the 
frequency is changed from 60 cycles upwards to 120 
and downwards to 10.5 cycles. Substantially the same 
must be the case for voltage-space charge potentials. 
It follows, therefore, that in all ordinary study of these 
phenomena cyclograms, giving the direct relation of 
voltage and potential due to space charge with time 
omitted is particularly helpful... However, there are 
many who are not accustomed to the study of these 
phenomena without their relation to the times at which 
they take place. To assist them and for those consider- 
ations wherein the time factor is of definite importance, 
all of the values occurring in the cyclograms are re- 
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peated in waves reproduced in Fig. 8, using times for 
abscissas and voltages or potentials as ordinates. The 
radial distances of the potential exploring wire are 
marked on the waves to facilitate their comparison with 
corresponding cyclograms. 

A further study of the voltage-potential cyclograms 
through the second quarter-cycle after the voltage has 
passed a negative crest similar to that which was made 
with the contents of Fig. 4 reveals the fact that at the 
close of the first half-cycle, just before active ionization 
is resumed and before the process of reversing the nega- 
tive space charge has begun, the potentials at the 
several radial positions within the space charge have 
again increased and returned nearly to their original 
values obtained at the beginning of the cycle. There 
is, however, much less difference between the potentials 
by measurement and by calculation, showing that the 
vagrant charges of opposite signs are nearly equal and 
generally distributed through the region with the space 
charge. So much for the fact. One may also infer that 
many positive and negative ions which are vagrant 
within this region have disappeared by recombination. 


Potential Wireat 2.8 in. Radius 
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To check this understanding as to the cause of the 
change in the form of the voltage-potential (H — Vo) 
cyclograms taken from the exploring wire when located 
within and without the main body of the space charge, 
the potential wire was kept at the 2.8-in. radial distance 
from the conductor, while three cyclograms were ob- 
tained each at a different value of corona-forming 
voltage. The values were so chosen that one was low 
enough to place the space charge between the wire and 
the conductor, another that would place it in the same 
radial position as the wire, and the third voltage high 
enough to place the charge well beyond the wire. The 
first or inner cyclogram thus obtained (Fig. 5) had the 
flat parallel sides indicating as anticipated that the 
exploring wire was located radially beyond the space 
charge; the second or middle cyclogram in Fig. 5 
showed but slight departure from that of the preceding 
rectangular cyclogram; the third or outer cyclogram, 
Fig. 5, showed a well developed distortion of the 
rectangular form;—each, therefore, showed character- 
istics that had been anticipated. 

With the potential wire left in the 2.8-in. radial posi- 
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tion, the relation between the excess of crest over 
critical voltage, H — Eo, taken at the phase at which the 
value of the voltage E was zero and the potential of 
the space charge as given by the potential wire,{was 
found to be linear between the limits used in this 
study, viz., Ey = 32,800, and E = 35,200 volts crest. 
The. relation is given by the equation: 
(EH — Ey) = 2.80 Ve (1) 
Since Vo is the value of the voltage to which the 
condenser between the space chargeand the cylinder was 
charged as determined by the exploring wire, it follows 
that the drop in voltage through the ionized air when 
it was conducting the space charge to such condenser 
was 
(E — Ey) — Ve = 1.80 Vo (2) 
For example, when the value of E was 34,400, 
(E — Ey) = 1600, the space charge was located 2.8 in. 
from the conductor and its potential was observed to 
be Vo = 572 volts; the measured difference that ap- 
plies for conducting the space charge through 2.8 in. 
of ionized air was, therefore, 1600 — 572 = 1028 volts, 
to check with 1.80 « 572 = 1030 volts, as given in (2). 
For those who are interested in the equipment used 
to obtain these results, and the manner in which it was 
employed, Part II follows. It contains a complete 
description of the apparatus, connections, and. pro- 
cedure in making the observations. 


Il. DESCRIPTION OF THE APPARATUS USED AND THE 
METHOD OF OPERATION 

In this description very little will be said of the “99 
things” that were tried and did not work; however, it 
may be stated in passing that the only parts of the | 
original set-up which were left were the wire-mesh 
cylinder, the copper conductor at its center, and the 
potential exploring wire. 

Unfortunately, in the diagram of connections the 
relative importance of the various elements cannot be 
indicated by the amount of space they occupy on the 
paper. The cylinder of %-in. mesh was 15.5 in. in 
diameter and 15 ft. long. It was mounted vertically, 
the lower end being four ft. above the floor of the 
laboratory. The No. 12 B. & 8. G. copper conductor 
stretched tightly at the center of the cylinder was 
supported by hard rubber rods across the ends of the 
cylinder. Vibrations in the conductor were suppressed 
by means of silk thread guys in four directions to the 
cylinder at two points along its length. Both potential 
wires shown in the diagram were No. 20 B. & S. G. 
copper. Theend supports were hardrubber. To keep 
the wires free from vibrations, 14-in. hard rubber rods 
were extended, through wood blocks on the cylinder, 
radially inward until they just touched the potential 
wire. 

The source of high voltage was a 60-kv. transformer, 
the secondary of which had no permanent ground. A 
high-resistance water column potentiometer was con- 
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nected across this secondary in such a manner that the 
ground could be made any place between the two high- 
voltage terminals of the transformer. This potentiom- 
eter consisted of two sections of 34-in. garden hose 
each about 12 ft. long. These were mounted vertically 
on a steel tower just outside the laboratory. The total 
resistance across the secondary of the transformer 
remains constant at about 250,000 ohms. With this 


arrangement the exploring potential wire can always be 
kept at ground potential due to its position, 7. e., the 
voltage across the right side of the potentiometer is 
made equal to the voltage between the exploring wire 
and cylinder; likewise the voltage across the left side 
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is made equal to the voltage between the exploring wire 
and the conductor at the center of the cylinder. Since 
the potentiometer is grounded at the center, the explor- 
ing wire must therefore be at ground potential due to its 
position when there is no corona present on the center 
wires. 3. 

The correct position of the ground on the potentiom- 
eter is found as follows, after the exploring wire has 
been moved to the desired position. No one of the 
three synchronous contactor motors is running, contact 
(a) is left closed, (b) is opened, terminals # and F are 
connected together and the quick-acting, double-pole 
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double-throw switches No. 5 closed either up or down, 
also switch No. 6 is open. The voltage on the 60-kv. 
transformer is slowly raised from zero by means of the 
tap transformer and induction regulator. Electrom- 
eter No. 1 will then indicate the voltage between the 
exploring wire and ground. The ground on the poten- 
tiometer must then be shifted until the electrometer 
shows zero voltage. Since the electrometer is not 
sufficiently sensitive at low voltages, a voltage is added 
to the circuit by closing switch No. 6 to phase A. This 
voltage is in phase with that applied between the No. 12 
conductor and cylinder. The voltage used for this 
purpose is 800, which puts the electrometer leaf up 
into a sensitive position. If the potentiometer ground 
is not in the correct position, the exploring wire will 
have a voltage above ground that will increase the 
electrometer reading with switch No. 5 in one position 
and decrease it in the other position. The proper place 
for the ground on the potentiometer is that which gives 
the same electrometer reading for both positions of 
switch No. 5. With a little care, this ground can be 
set to within one volt in 25,000. 

Since the position of this ground must be set below a 
voltage that will start corona on the conductor, some 
means must be established whereby it may be known 
when the position is correct at the operating voltage 
when the conductor is on corona. An arrangement 
must also be made to keep watch of this ground to see 
that it does not change on account of air bubbles in the 
water column, obstructions in the nozzles, shifting of 
the chain, or any other cause. To accomplish this, the 
potential plate condenser was built and connected in 
parallel with the conductor and cylinder. The con- 
denser consisted of two cast iron disks 12 in. in diameter 
with amply rounded edges mounted parallel to each 
other about seven in. apart with a 12-in. aluminum disk 
as a potential plate 1, in. thick arranged to float be- 
tween the two iron disks by means of a hard rubber rod 
and screw adjustment. This potential plate is con- 
nected to the leaf of electrometer No. 8, the case being 
connected to ground through the 300-volt transformer. 
When the position of the ground on the potentiometer is 
correct as shown by electrometer No. 1, the potential 
plate is raised or lowered until electrometer No. 3 
shows no change on reversing switch No.5. This means 
that the potential wire and the potential plate occupy 
the same electrical positions. Since there is no corona 
in the vicinity of this potential plate up to the highest 
voltage used, the correct position of the ground can be 
maintained by observing electrometer No. 3. This 
potential plate must obviously be reset each time the 
exploring wire is moved to another position. 

There is another adjustment that must be made 
before the exploring wire is exactly at ground potential. 
If the charging current to ground from the apparatus 


‘and leads on one side of the high voltage transformer 


is not equal to the charging current to- ground on the 
other side, the difference between these currents will flow 
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through one side of the potentiometer, thus shifting the 
phase of the voltage across this side with respect to the 
other, and making it impossible to find the correct 
position of the ground. To overcome this, a variable 
condenser must be connected on the side of- the trans- 
former furnishing the least charging current to ground. 
The test for the right amount of capacitance to be added 
is made by throwing switch No. 6 to phase B, which is 
in quadrature with respect to phase A. The variable 
condenser is then adjusted until the reading of electrom- 
eter No. 1 does not change on reversing switch No. 5. 
This adjustment must also be made each time the 
position of the exploring wire is changed, but when the 
balance is once made it will ‘‘stay put’’ and does not 
have to be watched. It is necessary when making this 
condenser balance to follow it up with the correct 
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position of the potentiometer ground by occasionally 
throwing switch No. 6 to phase A. The exploring wire 
must truly be at ground potential when there is no 
change in the reading of electrometer No. 1 for phase A 
and phase B when switch No. 5 is reversed. 

With the exploring wire at ground potential due to 
its position it will show no voltage until corona appears 
on the conductor; then the voltage it indicates on 
electrometer No. 1 will be that set up by the charge 
sent out by corona. The effective value of this voltage 
can be measured by disconnecting H from F and ground- 
ing E. However, we are not only interested in the 
amount of this voltage but also in its wave form. The 
latter was determined by means of synchronous con- 
tactors and the gold leaf electrometer No. 1. 
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The three synchronous motors shown in the diagram 
were four-pole, 14-h. p. induction motors, the rotors 
of which had been slotted for salient poles. The 
motors were mounted vertically to eliminate end play, 
ball bearings being used for the upper bearing. The 
contactors consisted of a hardened steel pin and thin 
laminated steel spring, contact being made on the 
center lamination only. Synchronous motor No. 4 
was supplied with voltage from a phase shifter con- 
sisting of a wound-rotor two-phase induction motor. 
The phase angle was read on a scale fastened to the 
frame with a pointer on the rotor shaft. Motors No. 2 
and No. 3 were driven from a voltage supply having a 
fixed phase angle. 

First, motors No. 1 and No. 2 are started up. To be 
sure that motor No. 1 has the same polarity each time 
it is started up, the clips M and N are connected across 
contact (a); E and F are not connected; and the 
double-pole, double-throw switches No. 1, No. 2 and 
No. 3 are all thrown to the right. The polarity of the 
motor must be such that the d-c. voltmeter V2 reads 
positive when the phase shifter is on zero. To find the © 
polarity of motor No. 2, the clips M and N are con- 
nected across the leads to electrometer No. 1, switch 
No. 1 is open, and switch No. 2 and switch No. 3 are 
closed to the left. By listening in the phones as the 
phase angle of motor No. 1 is shifted, a click will be 
heard at a certain position which means of course that 
contactors (a) and (0) are hitting at the same instant. 
The phase angle is then observed on the phase shifter 
scale. 

Clips M and N are removed and voltage is applied 
between conductor and cylinder; when corona appears 
on the conductor, electrometer No. 1 will indicate a 
voltage due to space charge. The wave form of this 
voltage is determined by a step-by-step process. Con- 
tactor (b) was set so that it made contact when the 


- applied voltage was zero; this was where the space 


charge was changing least rapidly. The phase angle 
of (a) was changed by means of the phase shifter and 
the angle read on the scale, the electrometer being read 
for each position. Readings were taken every 10 deg. 
where the voltage changed most rapidly and every 
20 deg. on the flat parts. Suppose (b) is contacting at 
the point (x) on the curve taken at six in., and the phase 
shifter is set on zero; the difference in voltage of these 
two points on the wave, then, is 330 volts, which is 
read on the electrometer. The contactor (a) is set, 
say 10 deg. later, by means of the phase shifter and the 
voltage is found to be 420 and soon. When we get to, 
say, 240 deg., the voltage on the electrometer is practi- 
cally zero, so that to get this half of the wave, motor 
No. 2 is slipped a pole, making the contactor (6) shift 
180 deg. to (y), and then when the contactor (a) is_ 
on 240 deg. the voltage on the electrometer is 550. 

In order to tie-in all the curves taken this way with » 
the voltage wave, the exploring wire is disconnected 
from the contactors and the clips M and N areconnected 


connected to the wire-mesh cylinder. 
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across contactor (a). Switch No. 4 is thrown to the 
right, switch No. 1 left, switch No. 2 right, and switch 
No. 3 left. The phase shifter is then adjusted until 
there is no sound in the phones, which means that (a) 
is making contact when the voltage across R, is zero. 
The angle is then read on the phase shifter scale. 

The potential wire at the left of the conductor, 
Fig. 6, was used in controlling the voltage. The 
distance between the conductor and this wire was six 
in. Motor No. 3 drove a contactor in which the two 
contacts connected to electrometer No. 2 were 180 
electrical deg. apart, both making contact very nearly 
the instant when the voltage between the conductor 
and cylinder is zero. This charged the electrometer 
with the voltage due to the space charge, the plus 
crest on one side of the electrometer and the minus 
crest on the other side. Since the voltage due to posi- 
tion amounted to considerably more than the space 
charge voltage, it would be necessary to keep the con- 
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tactors hitting exactly when the voltage due to position 
was zero. Practically, this could not be done with any 
degree of assurance. To overcome this difficulty, 
the voltage of this potential wire due to position was 
bucked out by surrounding the-electrometer with a 
wire screen cage, No. 1, which was raised to the potential 
of the wire due to position by means of the transformers 
as shown in the diagram. J; was connected across the 
secondary of the insulating transformer to compensate 
for the shift in phase angle in the 60-ky. transformer 
caused by the water column resistance load. To pre- 
vent any variation in.shielding as the ground on the 
water column potentiometer was shifted, cage No. 1 
was surrounded by a wire screen cage No. 2 which was 
Electrometer 
No. 3 was read by means of a telescope and the voltage 
held so that it read “23” throughout all the runs which 


gave the data for the curves in Fig. 8. 
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III. Discussion 


From the results of the preceding and present studies, 
it is now known that corona at all ordinary voltage wave 
forms, frequencies, and air densities is due essentially 
to the formation of mixed ions in the air near the con- 
ductor where the electric intensity exceeds a certain 
critical value (30 kv. per cm., or 26.4 X 10- cou- 
lombs per sq. cm. in air at unit density, 6 = 1, which 
occurs at a temperature of 25 deg. cent. and a barom- 
eter of 76 cm.). The mixed ions include only atoms 
that have lost or gained electrons and have thus 
become positive or negative ions of low mobilities, 1.36 
and 1.83 cm. per sec. per volt per cm., and free electrons. 
The last function as negative ions having mobilities 
hundreds of times greater and which, when the electric 
intensity falls to about one-thirtieth of that which caused 
ionization, attach themselves to neutral atoms to 
form negative ions with their corresponding low 
mobilities. This electric intensity at which free elec- 
trons form negative ions occurred in the present studies 
at about 1000 volts per cm., or 0.88 x 10-!° coulombs 
per sq. cm., the air density being near unity. Much 
experimental work will have to be done to determine the 
limits through which the electric intensity varies at 
which the free electrons combine with neutral atoms 
to form slow moving negative ions. 

During copious ionization near the conductor the 
ions that carry charges having signs unlike the charge 
on the conductor due to the applied voltage are drawn 
to contact with the conductor and thus discharged; 
the ions of the same sign are repelled to a radial distance 
at which the electric intensity has fallen to the value 
whereat free electrons can no longer exist, as such, 
and must form negative ions of low mobility instead. 
Further details of the action are not as yet clearly 
defined and much further study is necessary. However, 
the fact is now known that the presence of free electrons 
in the midst of mixed ions, in aggregate effect, greatly © 
increases the mobility of all the ions, and when that 
region of the field is reached in which the free electrons 
combine with neutral atoms to form negative ions, 
both positive and negative ions are actuated only by the 
low mobilities above specified. So low are such mo- 
bilities that the further effects they produce at 60 
cycles are nearly the same as though they did not move 
appreciably during the remainder of the half-cycle. 

Thus it comes about that electric stress in the region 
surrounding the conductor, between it and the nearly 
fixed space charge, can be increased but a small amount, 
if at all, by raising the applied voltage above the critical 
value of the voltage. The increase in voltage, H—E.,,’ 
is consumed in two ways: (1) by the ionic conduction 
that delivers the space charge at the radial distance 
above specified, and (2) by the space charge itself. 
While this understanding of the nature of corona is now 
clearly indicated by the results of many observers to 
date, much experimental work will have to be done to 
know the amount and position of the space charge under - 
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most circumstances in order that corresponding formulas 
can be derived and used reliably for practical purposes. 

Something should be said in conclusion in regard to 
the background of the subject of this paper. There may 
be many causes of contributing factors that bring about 
the occasional unexpected flashovers of high voltage 
insulators that function in air, but among them must 
always be remembered three factors as follows: 


I. Surface conductivity, 
II. Surface charger,° 
III. Space charge. 


Surface conduction is a chaotic factor that neverthe-. 


less is much better known and understood than the 
other two. Nishi? found that when corona in air 1s 
present near an insulator, the surface of the insulator 
dielectric becomes heavily charged even when the 
voltage is alternating. There can be little doubt that 
the space and surface charges are related and that the 
nature of such relation qualitatively and quantitatively 
should be known. It is altogether likely that the zone 
of a comparatively heavy space charge standing well out 
around a transmission line conductor is a factor that 
will have to be reckoned with in various practical 
undertakings such, for example, as the coupling of 
carrier currents to power transmission lines. It may 
be that knowledge of the space charges due to the corona 
on insulator hardware, of surface charge, and of surface 
leakage will go far toward an understanding of the 
nature of things that requires the magnitude of tower 


clearances that practise is now slowly but surely dis-- 


covering to be necessary. 

The dimensional manner for many differing con- 
ditions in which the radial distance is related to the 
crest voltage in the production of space charge, and to 
the electric intensity of the field wherein the space 
charge is lodged, should be determined as soon as 
practicable. In the present study such radial distance 
was found to be at the average rate of 8.3 kv. (s. w. 
rms.) per in. and the corresponding electric intensity 
at the location of the space charge was found to be one 
kv. per cm. Our reconnaissance has revealed much 
evidence that the radial distance of the space charge 
from the conductor, cable, point or other high voltage 
electrode, is approximately equal to the distance 
through a needle-gap that the corresponding voltage 
will discharge and, therefore, approximately at the 
distance-rate of one in. per 10 kv. (s. w. rms.). It 
must be remembered, however, that corona phenomena 
have always a strong tendency toward chaotic behavior 
cand that few things can be taken for granted and that 
most of them must be determined by exact orderly pro- 
cedure and measurement. 


Until the values thus indicated have been. reliably - 


determined, it would be premature to write formulas for 
the power lost in corona due to the boundaries deter- 


9. TT. Nishi, Surface Charges on High Voltage Insulators, 
A. 1. HE. E. Journat, November, 1920. 
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mined by the space charge and its capacitance. The 

temptation to do so is there, of course, because the 

energy in such charge is drawn from the source, 1s 

never returned and is, therefore, a measure of the loss . 
produced by corona when due allowance has been made 

for the ionic conduction by which the space charge was 

placed in position. 


TV. CONCLUSIONS 


1. A conductor in corona is surrounded by a free 
mobile space charge of the same sign as that on the 
conductor during the preceding voltage crest. 

2. The sign of the space charge is reversed by the 
copious ionization that is produced during each suc- 
ceeding voltage crest. 

28. The mobility of the space charge is so low during 
interval between voltage crests that. it behaves almost 
as though it were fixed in space about the conductor 
in corona. 

4. The mobility of the mixed ions, positive, negative 
and free electrons, that reverse the space charge during 
the voltage crests is much higher than themobility of the 
space charge during the interval between voltage crests. 

5. For the most part, the space charge has an orderly 
relation in amount and space position to the voltage 
applied to the conductor and its dimensions and to the 
energy lost per cycle in corona at all ordinary fre- 
quencies used in the power industry. 


Discussion 


H. E. Mendenhall: I should like to ask Mr. Carroll one 
question. Two years ago, Professor Sorenson discussed Doctor 
Ryan’s paper and he had a theory that this corona loss might be 
caused by the positive ions not traveling as far as the negative 
ions. Ishould like to ask if they were able to determine whether 
or not the space charge is out further when it is negative than it 


. is when positive? 


F. O. McMillan: On account of the negative corona forming 
in tufts on the conductor as shown with the stroboscope by 
observation of a conductor in a-e. corona, one would expect that - 
the space charge established during the negative half-cycle 
would also be tufted and not uniformly distributed along the 
conductor. If this is true then a parallel potential exploring 
wire such as the one used by Doctor Ryan and Mr. Carroll, 
would indicate a mean negative space-charge potential smaller 
in value and located nearer the conductor than the actual tufted 
space charge. Do the authors consider the diffusion of the space 
charge to be so great that the distribution of the negative charge 
is uniform along the conductor? 

C. H. Willis (communicated after adjournment): The 
density of the space charge and the distortion which it produces 
on the electrostatic field of the conductors, is an exceedingly 
difficult problem. The method developed by the authors is a 
very ingenuous attack upon this problem. I think, however, 
that their method is subject to the following criticisms. 

First, the authors assume that their test wire attains the 
potential of the surrounding space when bombarded by a cloud 
of ions just as it does when the surrounding air is an almost 
perfect insulator. It has been found in a number of instances 
that a test electrode of this type in the presence of an ionic 
stream accumulates a charge which distorts the electric field 
around the electrode. This may be a source of considerable 
error here. 


Second, the authors assume that their test electrode follows 


’ had not been present. 
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the potential of the surrounding space with no time lag and there- 
fore in phase with the electric field of the space around the test 
wire. If this test wire has appreciable capacity to ground or 
leakage, this assumption would not be justified, since the test 
wire at times is several hundred volts above ground. 

In Fig. 4 the authors show that one curve is “located by com- 


monly accepted theory, on the assumption that the entire space 


charge is uniformly distributed about the conductor at the 
radial distance, 2.67 in..” In that case, this curve should be a 
portion of a rectangular hyperbola, but the curves given do not 
appear to be such. : 

It seems quite surprising that the maximum shown in the 
curves of Fig. 4 should shift only 0.23 in. in the quarter period 
following the crest of the voltage wave, and this is particularly 
unexpected when the center of the space charge layer is found 
2.67 in. from the wire almost immediately upon formation; 
that is, at the crest of the wave. 

In some work done at Johns Hopkins University, which I hope 
will be published soon, the mobility of the ions in the corona 
space charge was found to be around 7 em./sec. per volt /em. 
In view of this mobility of the ions it seems much more probable 


‘that the maximum found in the curves of Fig. 4 represents the 


inner boundary of the space-charge layer at the instant the 
impressed voltage passes through zero, or at the instant when the 
space-charge layer is farthest from the axis of the corona wire. 
This would indicate that the free charge picked up by the test 
electrode is the principal factor in the results of this paper. 

Jos. S. Carroll and Harris J. Ryan: Replying to Mr. 
Mendenhall’s question: Were we able to determine whether the 
space charge is or is not further out when negative than when 
positive? Our results indicate that the difference could not have 
been very great. We have charted, in rectangular coordinates, 
the potential-radius relations by means of the requisite values 
taken from the curves of Fig. 8 at those phases of the cycle 
wherein the positive and negative voltage crests were just 
beginning or ending and again when the voltage was zero. As 
stated in our paper, the point of discontinuity in the potential- 


radius relation was taken in each case as determining the radial 


distance to the center of the cylindrical space charge. The 
results thus obtained are given in the following table: 


SPACE CHARGE COMPLETE 


Phase Radius 

(deg.) (in.) Condition 
40 25 + initial 
90. 2.9 + central 
140 2.6 + final 
220 Dae — initial 
270 3.0 — central 
320 Paes — final 


We hardly feel that much significance can be attached to these 
radial differences more especially because of the presence of the 
widely distributed positive space charge caused by the rectifying 
effect of the conductor and cylinder. When the conductor was 
positive, the charge due to rectification was repelled by the con- 
ductor and the newly formed positive space charge. Such 
action may well have diminished the radius at the 40-deg. 
instant with respect to what it might have been in the absence 
of such charge due to rectification. Again, the converse should 


- be true at the 220-deg. instant when the negative voltage crest 


had just completed the corresponding negative space charge. 
Such space charge may have been attracted by the positive 
charge due to rectification and its radius thus been made greater 
than would have been the case if the charge due to rectification 
The action being cyclic, one would expect 
the charge due to rectification to be in its central position when 
the voltage was zero and that at such instant it would have little 
or no effect upon the value of the space-charge radius. The 


corresponding radii for the positive and negative space charges 


=k ‘ 
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at the zero-voltage instants of 90 and 270 deg. were 2.9 and 3.0 
in. respectively. 

Mr. MeMillan asks: ‘Do the authors consider the diffusion of 
the negative space charge to be so great that the distribution 
of the negative space charge is uniform along the conductor?” 
For the conductor and voltage used—yes. The voltage used was 
substantially sufficient to maintain a fixed brush pattern and 
therefore sufficient to sustain full corona. Had the voltage been 
just sufficient to begin the formation of one or more brushes in 
an unstable pattern, the brushes might have been too far apart 
to form a complete and reasonably complete space-charge 
cylinder. In that event the wire would have been a form of 
potential exploring electrode that would have been unsuited for 
the purpose. When the brushes are too far apart to maintain 
continuous space charges along the conductor the study would 
have to be applied to individual brushes and the radial distances 
to the space charges they set up. When such studies for individ- 
ual brushes are made, it seems reasonable to us to expect that 
the radial distance will be found very much the same as for 
fixed brush patterns. We base this expectation on the fact that 
approximately 10,000 volts per in., sine-wave effective, are 
required to produce flashovers, alike for parallel conductors of 
any size that develop local or full corona in advance of flashover 
and between pointed conductors in opposing alinement. 

Mr. Willis apparently has not made a study of the related 
papers that preceded the present one*’®. In those papers the 
existence of the space charge that surrounds a conductor in 
corona was authenticated. It was shown to be the major 
factor in determining the value of the power loss due to corona. 
Its cyclic character was observed in a large number of eases. 
Indirectly its radial distance from the conductor in corona was 
determined. 

When the use of the potential exploring wire was begun, it 
was largely for the purpose of checking the understanding already 
gained of the position and cyclic character of the space charge. 
The difficulties stated by Mr. Willis were anticipated when 
the work was planned. Some of them were encountered early 
in the work and the strategy was modified, step by step, until 
consistent results that checked reasonably well with the known 
facts were obtained. By test, the insulation of the exploring 
potential wire-assembly was maintained amply high. By trial 
in the final set-up, the capacitance of that part of:the assembly 
that extended beyond the corona-forming field was amply low. 
The conductor and cylinder acted as a limited rectifier and thus 
constantly maintained a widely diffused positive space charge. 


To see if the positive charge collecting on the exploring wire - 


would alter the space-charge wave a negative potential was 
maintained on the exploring wire by means of a kenotron and a 
very high resistance. The space-charge curve showed only a 
slight changein form. Various other tests were made, all of which 
showed that the exploring wire was giving the potential of the 
space it was in sufficiently accurately for the work. 

Regarding the potential curve in Fig. 4 ‘located by commonly 
accepted theory,” Mr. Willis says ‘‘this curve should be a portion 
of a rectangular hyperbola but the curves given do not appear to 
be such.”’ Of course not. Charges on concentric cylinders give 
rise to electrical intensity—radius relations that mathematically 
speaking are hyperbolic, and to potential—radius relations that 
are logarithmic. As clearly stated, the V series of calculated 
curves in Fig. 4 are potential curves. They are therefore 
logarithmic and not hyperbolic. 

In conclusion Mr. Willis is apparently convinced that he has 
found that ‘‘the mobility of the ions in the corona space charge 
was around 7 em./sec. per volt/em.’’ and on the basis of that, 
argues that “‘the free charge picked up by the test electrode is the 
principal factor in the results of this (our) paper.”’ To that we 
reply that the E-Q cyclogram is an established fact. It asserts 
that there must be more than one mobility of the ions in the 
cyclic production of the space charge,—perhaps a number of 
mobilities. 
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Synopsis.—Successful experiments in switching or breaking a 
circuit in a high vacuum have been made at the California Institute 
of Technology. This paper is a report on three sets of these experi- 
ments which extended over a period of three years. The conclusions 
drawn from the experiments may be summed up in the statement that 
vacuum breakers of laboratory type have been successful in breaking 
circuits and offer a possible solution of the circutt-breaker problem. 


HALLAN E. MENDENHALL* 


Associate, A. I. E. E. 


The results show that switching in vacuum affords the advantages of 
no pitting of contacts, quick break, the are always going out on the 
first half-cycle, small voltage rise across the switch, and small dis- 
tance of travel necessary for the switch blades. 

Making the vacwwm switch practical calls for a solution of the 
problem of making commercial apparatus with vacuum-tight joints, 
and the elimination of the use of liquid air with the vacuum pump. 


XPERIMENTS on breaking an electrical circuit in 

a high vacuum have been made during the last 

three years at the California Institute of Technol- 

ogy in connection with the study of switching high- 

voltage, high-power circuits. These experiments were 

undertaken as a result of the well-known limitations of 

oil circuit breakers. A large number of tests was made 

on high-vacuum breakers of laboratory type. Some 

very promising results were obtained in interrupting 
large currents. 

When these experiments were suggested, the question 
immediately presenting itself was: Will the vacuum 
maintain itself at the time the arc is formed between the 
separating metallic parts of an opening switch? 

This doubt was quite generally substantiated by the 
commonly recognized theory of the electric arc,! vz., 
that the maintenance of an arc is dependent upon the 
giving out of thermions from hot spots on the electrodes 
between which the arc is formed, with the attendant 
vaporization of the metal. If this were true, a large 
current could not be interrupted in a vacuum because 
the formation of even a small amount of gas would 
reduce the vacuum and cause it to become a conducting 
vacuum rather than an insulating vacuum. 

The fact of the matter, however, is that if the vacuum 
is sufficiently high and all adsorbed gases have been 
removed from the metal electrodes, very large currents 
can be broken without formation of enough vapor to 
maintain an are. 

Dr. R. A. Millikan has shown? that, with cold elec- 
trodes suitably prepared, millions of volts of potential 
gradient are required to obtain discharges of any kind 
between metal surfaces. He has also worked out with 
much care the conditions necessary for denuding metal 
surfaces of gases and preventing the impairment of the 
vacuum through the evolution of gases. A. Janitzky* 
also has reported experiments showing that currents 
will not flow across the space between cold electrodes in 
a vacuum provided the electrodes have been completely 
outgassed. 

*Both of the California Institute of Technology, Pasadena, 
Calif. 

1. For references, see Bibliography. 
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According to the older theory, it would seem that 
considerable vapor might be formed in the vacuum on 
breaking a circuit. P. Charpentier* has given the 
following equation: 

W=007EIt 


as the equation for the energy to be dissipated in an oil 
switch at the time of opening. In this equation, H = 
voltage, J = current, and t = the time in seconds 
between the initial separation of the switch contacts 
and the complete extinguishing of the arc. Charpen- 
tier’s experiments, and also those made by Swiss engi- 
neers in 1915 and 1916, indicate that this energy is used 
in vaporizing oil at the rate of 46.5 cu. cm. per kw-sec. 
Some of the tests made on oil switches show the vapori- 
zation of smaller amounts of oil per kw-sec. and also 
show power factors of less than 0.07 across the switch 
at the time of interruption. Applying Charpentier’s 
equation to a single-pole switch opening a 15,000-volt, 
100-ampere, 50-cycle circuit, we find that the switch 
must dissipate 1.05 kw-sec. if it opens on the first half- 
cycle. Assuming as an extreme case, for the vacuum 
switch, all of this energy available to vaporize copper 
at the switch blades, we find that it would vaporize 
approximately one-fifth gram. This amount of copper 
turned into vapor would reduce an insulating vacuum 
in a container of considerable size to a vacuum which 
would be conducting for 15,000 volts applied between 
electrodes extending into the container. 

However, the later theories to which reference has 
been made indicate that such an amount of vapor will 
not be formed provided the vacuum is high and the 
electrodes are free from gas. 

Therefore, in making the experiments, the prime 
requisites were to have the electrodes entirely free of 
adsorbed gases and to obtain a good vacuum. Dr. 
Millikan was immediately interested in the proposal of 
the tests and placed at our disposition the facilities and 
high-vacuum experience of the Norman Bridge Labora- 
tory; also he cooperated in the development of the 
switch by making many valuable suggestions and by 
assigning to the work two graduate students of the 
Stee department, H. E. Mendenhall and Russell 

tis. 

Three switches were developed and tested. The first 
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Switch is shown in Fig.1. It consists ofa glass envelope 
with two fixed electrodesas shown, separated by one-half 
inch. These have crescent-shaped contact surfaces, aand 
b,asshown. The contact area of each of the fixed ter- 
minals is 1g sq. in. The circuit is closed bya flat circular 
copper disk resting upon them with no contact pressure 
other than the weight of the disk, to which is attached a 
light plunger. The switch is opened in operation by a 


Fie. 1—Cross-Secrion Views or Switcy No. 1 
solenoid which, when energized, raises the plunger. In 
interrupting the circuit, the bridging circuit contact is 
raised 44in. by the solenoid. This type of construction 
gives two breaks in series when the switch is open. 
Vacuum-tight joints between the lead-in conductors 


Fig. 2—Vacuum Swircu No. 2 


and the glass envelope of the switch were easily ob- 
tained by means of W. G. Houskeeper’s disk seals.’ 
This switch was evacuated down to 10-* centimeters of 
mercury pressure. An initial test wasmadeby using this 
switch to interrupt currents up to 125 amperes at 
110 voltsd-c. The results were encouraging, and the 


_ switch was connected to an a-c. supply and the test 


repeated with very satisfactory results, the interrup- 


tion of current being accomplished with less arcing than 
occurred when direct current was used. 
The switch was then successively used on a-c. 


ire 
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circuits for 220 volts, 2300 volts, and 15,000 volts. The 
load in every case was a single-phase load connected and 
disconnected by means of the switch used as a single- 
pole switch. There was no apparent difference in the 
operation of the switch at the different voltages with 
the exception that the switch was not properly de- 
signed to guard against arcing over the outside at 
15,000 volts. This trouble was eliminated by immers- 
ing the switch in oil. When so immersed the switch 
was operated many times as a single-pole switch to 


interrupt 100 amperes at 15,000 volts. Every operation 


was successful. 
The terminals of this switch, however, were very 


: oi 
po tnd taythom se 


Fie. 38—Vacuum Switrcn IntTERRUPTING 272 AMPERES AT 
5380 Vouts 


small and therefore a second switch having terminals 
with more contact surface and leads of greater carrying 
capacity was built. Fig. 2 shows switch No. 2. This 
switch was constructed in the same manner as switch 
No. 1, but is larger and has better contacts, the bridge 
being made of spring-copper laminations. When the 
switch is closed, the edges of the laminations are held 


Vecuiurn Sivitehe peed 
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4—Vacuum Swircn Inrerruptinc 600 AMPERES AT 
12,780 Vouts 
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against the fixed contacts by the weight of the bridge 
and its lifting solenoid, the total weight being two pounds. 
The contact area of each fixed terminal is 34 sq. in., the 
distance between the fixed terminals being one inch. 
In interrupting circuit the bridge is raised one inch. 
This switch was given laboratory tests on a 15,000- 
volt, single-phase circuit providing currents up to 120 
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amperes at this voltage. The switch was operated as a 
single-pole switch to open and close this circuit more than 
500 times without showing any burning of the switch 
contacts. It was then sealed off from the vacuum 
pump and allowed to stand in the laboratory for three 
months, during which time it was tested occasionally to 
determine its condition. At the end of the three 
months the switch was taken to the Torrence substa- 
tion of the Southern California Edison Company and 
used to open short circuits made on a synchronous 


Fig. 5—OscitLoGramM SHOWING CURRENT OPENED BY VACUUM 


Swircu AND VouTraGE AcROsS SWITCH AT OPENING 


Leff = 101.2 amperes Eos = 16,100 volts f = 50 cycles 


condenser just as the condenser was disconnected from 
the Edison distribution system. The current was sup- 
plied to the switch from the condenser through step-up 
transformers. The switch repeatedly opened the single- 
phase short circuit thus provided without any failure 


ome Switch ‘Oscillogra : 
Lepe.= (020 Amps. 
“Bee 1S T50NIts. 


Fig. 6—OscILLOGRAM SHOWING CURRENT OPENED BY OIL 


SwitcH AND VoLtTaGE Across SWITCH AT OPENING 


Note that 12 cycles are between initial contact separation and extinguish- 
ing of arc ; 
Te¢y = 102 amperes E77 = 15,750 volts f = 50 cycles 


to interrupt the circuit or any burning of the switch 
contacts. Figs. 3 and 4 show oscillograms of switch 
No. 2 opening 272 amperes at 5380 volts and 600 
amperes at 12,780 volts, respectively. 
Figs. 5 and 6 show oscillographic records of vacuum 
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switch No. 2 and a standard make of oil switch opening 
the same circuit on a load of 100 amperes at 15,000 
volts. The tests were made under conditions as 
nearly identical as possible, and within a few minutes of 
each other. It will be noted from these graphs that the 
rise in voltage when the circuit is opened with the oil 


switch is greater than when the circuit is opened with 


the vacuum switch. The oil switch in a large number 
of tests failed to open the circuit on the first half-cycle, 
while the vacuum switch always opened the circuit on 
the first half-cycle. An examination of a number of 
oscillograph records for oil switches and forthe vacuum 
switching showed that when the circuit was opened the 
rise in voltage above normal circuit voltage was higher 
for the oil switch than for the vacuum switch. The 
klydonograph® was used in some of the switching tests 
to record any high-frequency surges that might occur. 


Rie. 


7—Vacuum Switcu No. 3 


In no case did the instrument indicate voltages much 


above normal. 

Following these tests, switch No. 3 shown in Fig. 7 
was constructed. The figure shows the switch in the 
closed position. Switch No. 3 was constructed pri- 
marily to overcome the disadvantage, in switches Nos. 1 
and 2, of having all moving parts sealed inside the glass 
envelope of the switch, a condition requiring the operat- 
ing solenoid to be kept energized when the switch is 
open, unless a rather intricate locking mechanism also 
be installed inside the switch to hold it open. — 

In switch No. 3, the moving contact is of the bayonet 
type, the bayonet sliding into a cylindrical socket. 
The bayonet is a 34-in. copper rod projecting into the 
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socket when closed so as to give a contact length of one | 


ine the total contact surface obtained in this way being 
2.3 sq.in. With this construction, there is only a single 


break, the contacts opening so as to separate them a_ 


distance of one in. when the switch is completely open. 


> 
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The single break appeared to function as well as the 
double break used in switches 1 and 2. The switch 
was operated by a standard switch-operating mecha- 
nism borrowed from an oil switch. With such an ar- 
rangement, the switch can be left open or closed at will. 
Vacuum-tight joints for the lead-in conductors of this 
switch were made by cementing to the glass envelope 
metal caps attached to the leads and forming a part of 
the leads. 

Aiter some preliminary testing in the laboratory, 
this switch was taken to the Laguna-Bell substation of 
the Southern California Edison Company and used as a 
single-pole switch to open single-phase short circuits 
on a 30,000-kv-a., synchronous condenser. In per- 
forming the tests, the synchronous condenser was 
brought up to speed on the distribution system of the 
Edison Company, disconnected from the system 
and immediately short-circuited through ‘the switch. 
The condenser used was a 6600-volt, three-phase, 
Westinghouse condenser which, for the purpose of 
testing the switch, was connected to the switch through 
step-up transformers by means of which voltages across 
the switch as high as 41,500 volts were reached. Fig. 8 


y |) eect 4 SEM) Cheah 
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shows an oscillogram for this switch interrupting 926 
amperes at 41,500 volts. , 

A noticeable feature of the vacuum-switch tests is 
that every oscillographic record shows that the arc 
produced at the opening of the switch is extinguished at 
the end of the first half-cycle after the separation of the 
contacts. Only the very best oil-switch operations 
give this result.. 

The absence of any pitting of switch contacts and the 
fact that the vacuum is not reduced appreciably when 
the switch is in operation is evidence that very little of 
the energy dissipated when the switch is opened is used 
in vaporizing metal from the contacts. 

When the contacts separate, there is a visible arc, just 
as when a switch is opened i in air or oil. The magnitude 
of this are, however, is much less than that of an are 
made by like values of voltage and current in air or oil. 
This is to be expected because there is nothing in a 
vacuum switch to burn or to support combustion, as is 
the case when a switch is opened in oil or air. 

The action of the are in vacuum also indicates a 
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doubt as to the soundness of the theory that an arc to be 
maintained must be supported by thermions emanating 
from hot spots on the electrodes between which the are 
is formed. J. Slepian’ has shown that an arc is prob- 
ably formed near the surface of metal electrodes by 
very high temperatures caused by the concentration of 
electric current in the gas immediately surrounding 
the electrodes. The experiments at California Institute 
of Technology show that the vacuum switch, when 
opened, fails to interrupt an electric circuit if the metal 
forming the contacts has not been freed of theadsorbed 
gases; that is, gases adhering to the surface of the 
metal. 


The results of these experiments cannot be taken as 
conclusive evidence that a new type of electric switch 
has been developed, because the limits of performance 
have not been determined and there are many problems 
relating to details that must be solved to make the 
switch practical. The switch, however, was never the 
limiting factor in any of the tests made. There is, 
therefore, certainly sufficient encouragement to war- 
rant further investigation of the subject for the purpose 
of determining the fundamentals of switching phenom- 
ena, if for no other reason. Also, we have the encour- 
aging fact that many practical devices in use today 
presented, in the early stages of. their development, 
obstacles which appeared greater than those which we: 
tests indicate. 


The authors of this paper are indebted to those 
already mentioned as having a part in the program, and 
in addition, to graduate students in the Department of 
Electrical Engineering, J.J. DeVoe, J.H. Hamilton, and 
F. C. Lindvall, for assisting in laboratory and field 
tests; to Julius Pearson and William Clancy for their 
skill in doing the machine work and glass blowing; 
and also to the many members of the Southern Califor- 
nia Edison Company who made provision for having 
switches Nos. 2 and 3 tested on the Edison system and 
helped in making the tests. 
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Discussion 


Joseph Slepian: I was surprised when I read in Professor 
Sorensen’s paper that he found very little pitting or vaporizing 
of the electrodes. It seems to me that this, if true, must call for 
some radical revision in our ideas of electric ares. 

As Professor Sorensen mentions in his paper, the most widely 
held theory of the ares requires that the cathode be maintained at 
a temperature sufficiently high for thermionic emission. I agree 
with Professor Sorensen that this theory is probably not correct 
and that a hot cathode is not essential for an are. It is possible 
to have a high-current are with a cold cathode. 

Some most convincing evidence on this point published in the 
Zeitschrift fur Physik is due to H. Solt, who caused a 10-ampere 
are to move over a copper surface so rapidly that the copper did 
not get hot at any pcint. ; 

I have repeated this experiment and I have caused ares with as 
high as 20,000 amperes to move so rapidly over a copper ring that 
there was no visible melting of any kind. 

But while it seems that a hot cathode is not necessary it does 
appear that in order to carry heavy current at low voltage a 
considerable pressure of gas or vapor of some sort is necessary. 
This gas or vapor would have to be supplied from the electrodes, 
and presumably in a successful operation of the switeh this metal 
vapor would condense so rapidly at the zero of eurrent that the 
high vacuum would be restored sufficiently to withstand the line 
voltage. But now, however, going by theory and by experience, 
to carry an are of several thousand amperes will require a vapor 
pressure in the order of millimeters, and if the electrodes are to 
supply this vapor for a full half-cycle, serious consumption of the 
electrodes will result. : 

Tf only a small amount of vapor in fact is formed, it would seem 
that the discharge must be of some very high-voltage form. 
I should like therefore to ask Professor Sorensen what the voltage 
on the are was in his vacuum-switch experiments. 

I should apvreciate also some furcher information concerning 
the last switch mentioned in his paper, particularly how the mov- 
ing electrode is brought into the vacuum tube. 

D. C. Prince: The oscillograms shown in this paper indicate 
that in some way current is carried between the electrodes after 
they have separated until the termination of the half-eycle. 
It is not necessary to assume that this current is thermionic. 

The mechanism used to explain the cathode spot in the mercury 
rectifier might be applicable to this phenomena. It is briefly as 
follows: Electrons may be drawn from a relatively cool metal by 
an electric field of some millions of volts per centimeter. These 
electrons proceed until they strike neutral gas molecules, which 
they ionize. The positive ions so formed progress toward the 
cathode and set up, in this case copper, a high space-charge gra- 
dient required to extract further electrons from the cathode 
material. The positive ions striking the copper surface heat it 
to the vaporizing point so that copper vapor is given off and is 
present to be ionized by the electrons. 

Jn order that this action may take place in the extremely 
short distance required to give the potential gradient of millions 
of volts per centimeter, the copper vapor would have to have a 
pressure of the order of atmospheres in the neighborhood of the 
cathode. Upon the termination: of a half-cycle, the cathode 
spot would go out and there would be no mechanism to establish 
a cathode spot on the other electrode. Thus conductivity would 
be interrupted. 

P. H. Thomas: Some years ago in the laboratories of the 
Cooper Hewitt Electric Company, I made rather extensive 
researches on the behavior of vacuum apparatus passing alternat- 
ing currents, and arrived at a practical conception of these phe- 
nomena which may be of interest in connection with the further 
work of the authors. The question as to why the are behaves as 
it does in a high vacuum is fundamental, of course, in considering 
what it is likely to do with heavier currents. 

My conception of this phenomenon in 1906 is covered in a 
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paper! presented before the A. I. E. E., May 31st, 1906, and is 
briefly as follows: 

The electric current in a perfect vacuum is taken to be a stream 
of electrons, as with the bombardment in an X-ray tube. Once 
in the perfect vacuum, these electrons pass without resistance 
and without giving light or generating heat. To release such 
electrons carrying electric charges from a cold conducting surface 
in a perfect vacuum would theoretically require an infinite 
voltage. If, however, it be assumed that the flow of electrons 
has once been established (as by the well-known method of sep- 
arating metallic contacts in the vacuum) it is reasonable to 
suppose that at the point on the cathode surface where the 
stream issues, an open door, so to speak, may be established 
in such a way that the assumed perfect surface of the metal is 
locally changed to give physically a gradual transition from a 
solid state to a gaseous state, then a comparatively small voltage 
would be sufficient to move electrons from the cathode to the 
vacuum space in accordance with the observed phenomena. 
To put it another way, the physical surface tension of the metal, 
taken in an electrical sense, is punctured at a certain spot by 
the passage of a certain amount of current and cannot heal until 
the stream stops, as at the zero point of an a-c. wave. Asa 
matter of fact, if the current from a solid cathode once established 
in a perfect vacuum be gradually decreased in strength, a point 
will be reached at a strength of a few amperes at which it will 
snap out violently. In fact, by using a series inductance in a 
d-c. circuit, a most excellent-Wehnelt interrupter may be ob- 
tained, giving exceedingly abrupt high-voltage impulses. 

According to this view the cathode spot from which the current 
issues in a perfect vacuum,—even from a solid electrode,—need 
not be a hot spot and, as a matter of fact, the phenomenon is 
much more easily explained if it be assumed cold. There is 
of course a brilliant light spot showing the excitation of the atoms 
at that point but the actual rise of temperature is probably small. 
This action is much clearer with mercury cathodes which cannot 
become heated on account of their power to evaporate but which 
exhibit the same switch action as the solid cathode. 

This does not mean that ares may not be fed by hot spots on 
cathodes, in the presence of gases. It seems probable that the 


-eritical feature of the vacuum switch which easily drops an are 


at the zero point of the wave is the cold cathode, for such a 
cathode has no tendency to hold over the zero point, while the 
reason the are in air does not drop out easily at the zero point is 
that the cathode spot is hot enough to emit electrons and stays 
so over the zero point. 

The reason why the vaporization of copper at the cathode does 
not impare the vacuum would appear to be that copper is 
naturally a solid at ordinary temperatures and that any vapor- 
ized copper would immediately solidify and become inert. I 
believe that this type of circuit breaker will be very effective up 
to the point where in operation the vacuum does not deteriorate 
or the electrodes actually develop hot spots. 

As a matter of fact, at the time of writing of the above paper, 
I operated vacuum switches in the laboratory for the purposes 
of investigation both with mereury and with solid electrodes, 
but not with such large quantities of energy nor so comprehen- 
sively as the authors. 

Some of the specifications of patents on vacuum apparatus 
filed about this time and assigned to the Cooper Hewitt Electric 
Company would be of interest in this connection. 


R. W. Sorensen: Dr. Slepian asked two or three definite 
questions. The first two switches were very poorly designed for 
practical operation; that is, the contacts were poor as judged by 
switch engineers and the solenoid coils around the neck of the 
switch, used to raise the plunger, were crude ones built by 
students inexperienced in the design of solenoids. These 
solenoids were weak and operated the plunger with a hesitating 


1. Some Fundamental Characteristics of Mercury Vapor Apparatus, 
A. I. E. E. Trans., 1906, p. 601. 
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action. This uncertain action I am sure was the cause of many 
of the irregularities in the oscillograms made for switches 1 and 2. 
The poor operating mechanism in these switches was particularly 
noticeable in closing them. Switches No. 1 and No. 2 were closed 
by gravity when the solenoid cireuit was opened. Such action 
of course caused the plunger to rebound several times at closing, 
thus causing an arcover each time the switch was closed, a very 
poor arrangement for a switching device. 

We have shown no oscillograms for the switch closing, because 
there is no question as to its operation on closing. When the 
switch is closing, the contacts are absolutely cold and the insula- 
tion resistance of the vacuum space between switch terminals is so 
high that no are ean form between. terminals when the switch is 
actually closed. This is frequently the case in an oil switch. Ex- 
amination of the small switch shows that with all the ill treatment 
of the contacts for reasons just mentioned, there has been no 
appreciable pitting of the contacts. Switch No. 1 and also No. 2 
has each operated according to our records more than 500 times. 
There were many additional operations of which no record was 
made. As stated in the paper, switch No. 3 is unique because in 
it we have found a means whereby we can bring the operating 
rods through the switch envelope and at the same time maintain 
a vacuum-tight envelope. The paper ealls attention to the fact 
that switch No. 2 stood in the laboratory two months, discon- 
nected and sealed off from the vacuum pump, before it was tried 
out at the Torrence Substation of the Southern California Edison 
Company. 

Also I have used in calculations higher values for the amount of 
copper to be vaporized by a given amount of energy. The latest 
international tables of physical constants give 467 kw-sec. of 
energy required per gram molecule of copper, a much higher 
figure than the one we had been in the habit of using. 

H. E. Mendenhall: Questions have been asked as to the 
theory of the vacuum switch but our work is in such an early 
experimental stage that we are not positive as to the exact 
mechanism of the high-vacuum are. 

_ Mr. Prince has suggested that the electrons to maintain the 
vacuum are may be pulled out of the metal by very high electric 
fields as in the mercury rectifier. Dr. Slepian has asked what the 
voltage drop across the arcis. The voltage between the contacts 
at separation rises momentarily to some value below the max- 
imum value of the voltage wave and then during the time of the 
are there is apparently very little drop across the are (less than 
in an oil switch). The are goes out at the end of the first half- 
-eycle, at which time the voltage rises to a value less than 50 per 
cent above normal, the corresponding value for the oil switch 
being somewhat higher. The work of Millikan and Eyring has 
shown that potential gradients as high as 4,000,000 volts per 
em. are required to pull electrons out of metals up to 700 deg. 
cent. It is possible that the first electrons for starting the arc are 
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pulled from the metal in the manner described by them, consum- 
ing a considerable portion of the voltage drop representing the 
energy dissipation in the are, the balance of the drop going to 
vaporize and ionize enough copper atoms to establish conditions 
for thermionic emission for one half-cycle. These conditions 
disappear with the recombination of the extremely short-lived 
metal ions and the reverse of the direction of current flow 
between switch terminals which from the physics point of view 
are electrodes whose separation distance is increasing during the 
opening of the switch. 

We were very much interested in some work published by 
Dr. Slepian in which he advocated a rather new theory for the 
transition from glow to are discharges. Instead of this transi- 
tion being due to thermions from within the electrode, he 
reasoned that temperatures sufficiently high existed in the gas sur- 
rounding the electrodes to produce thermal ionization of the gas. 
From our work, in which we remove as much gas as possible and 
are thus able to extinguish the are, we have concluded that the 
gases within the metal and absorbed on its surface in a layer 
perhaps only one molecule thick play an essential part in the 
maintenance of an are. 

We believe that the difference between our results and those 
mentioned by Dr. Slepian are due to a difference in the degree of 
vacuum attained in the two eases. We have used the latest 
high-vacuum technique so that although we have a so-called 
high vacuum of 10~° mm. of mercury pressure, we have actually 
removed relatively few gas molecules, but we have increased 
very materially the mean free path of the molecules or the average 
distance one molecule will travel before it collides with another 
molecule. The importance of this factor becomes evident when 
we consider that an ion or electron may travel across the short 
distance between the electrodes of the switch in high vacuum 
without colliding with another molecule and thus ionization of 
additional gas molecules by collision is not likely to occur. 

Mr. Thomas in his discussion assumes it is physically possible 
to obtain a perfect vacuum but we have already pointed out that 
there are numerically more gas molecules left in the evacuated 
chamber than have been removed. 

The cathode spot which furnished electrons for one half-cyele 
becomes the anode when the voltage reverses and the new ecath- 
ode is a relatively cold cathode so that electron emission from its 
surface cannot be started without intense bombardment by 
positive metal ions. We think that these same ions have had 
time to become ineffective due to recombination since their mean 
life is of the order of 1078 sec. 

We are not yet decided as to how all of the stored energy of the 
electric and magnetic fields, as roughly evaluated by Charpen- 
tier’s formula, is dissipated, but our future program includes 
experiments which should determine better the principles involved 
in the operation of electric switches. 
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Synopsis.— During the past few years, stability characteristics of 
systems using long lines have been discussed at considerable length, 
but not so much attention has been given to the characteristics of 
the load. This paper shows that power limits may be ‘reached 
with very short lines and certain classes of load. 

The characteristics of several classes of load, such as motors of vari- 
ous kinds with constant shaft output, variable impedance loads (syn- 
chronous converters for railways), constant impedance, and miscella- 
neous combinations, are discussed as they affect the stability of the gen- 
erator. The criterions for the stability of an alternator as developed by 
this paper are ‘short-circuit ratio,” saturation, power factor of the 
load, and character of the load. 


A series of curves and a formula for the minimum allowable 
value of short-circuit ratio as a function of saturation and power 
factor are proposed for general purpose alternators which may be 
called upon to deliver power to any of the various classes of load. 
These curves are derived from characteristic curves of typical 
machines. 

It is not intended that these curves shall be used for generators 
which supply power over long transmission lines, as the character- 
istics of these lines may require considerably higher values of short- 
circuit ratio, and the generator must be specially designed to meet 
the individual requirements. 


* * * * * 


OR the past few years, the problem of power 

limits and stability of alternators has been given 

considerable attention especially from the stand- 
point of transmission over lines of lengths approaching 
the maximum economical distances. The effect of 
exciter stability, the possibilities of automatic voltage 
regulators, and compensation for armature reaction 
by compounding through rectifiers have all been quite 
fully presented. That there are practical limits for 
stability in operation for certain classes of load, even 
with short lines, has been suggested in some papers and 
discussions, but usually as incidental only to the pres- 
entation of other features which were covered much 
more completely. 

The purpose of this paper is to discuss the character- 
istics of the various classes of load, and to propose a set 
of curves based on the inherent characteristics of a-c. 
generators to secure a practical degree of stability with 
the kinds of load for which this factor must be con- 
sidered, to secure successful operation. These curves 
are intended for machines operating under ordinary 
conditions with comparatively low line drop, and will 
not be applicable for those operating with very long, 
high-voltage transmission lines. 

In recent years the tendency in the design of alter- 
nators has been to decrease the short-circuit ratio, 
that is, the ratio of field current for normal voltage on 
open circuit to the field current for rated stator current 
on short circuit. In many cases this short-circuit 
ratio may go to extremely low values without serious 
consequences, aside from poor regulation, but with some 
kinds of load, an alternator with a short circuit ratio 
very much below unity may not carry swings appreci- 
ably above full load and the voltage will “fade” so that 
part of the load will be dropped. Such a disturbance 
may be very puzzling to the operator, as the generator 
will dip in voltage, dropping a considerable part of the 
- load which caused the instability (due to operation of 
ee Designing Engineer, General Electric Co., Schenectady, 
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low-voltage relays), and the voltage will then recover to 
approximately normal. The machine may then operate 
as though nothing had happened, unless the maximum _ 
load for stability is again exceeded. The fading of 
voltage, or instability, results from a combination of 
characteristics of machine, line and load. The prin- 
cipal factors determining stability of the alternator 
are degree of saturation, power factor of load, and short- 
circuit ratio. For any particular class and power factor 
of load, and for alternators with the same degree of 
saturation, there will be a minimum value of short- 
circuit ratio which is the lower limit for design of these 
machines if they are to carry full load with the nec- 
essary margin in stability. This margin in stability 
is necessary to enable the machines to carry the ordinary 
swings in load successfully. 

The degree of saturation in the alternator may be 
represented by the “‘saturation factor’? as defined in 
the A. I. E. E. Standards. 

Curves showing the proposed minimum values of 
short-circuit ratio for various lagging power factors and 
saturation factors are derived in this paper by com- 
bining load and generator characteristics. 

LOAD CHARACTERISTICS 
1. Constant Power Output. a 

a. Induction motors with practically constant shaft 
output, such as those driving fans, pumps, compressors, 
direct-current generators, etc. 

b. Synchronous motors for same classes of service 


66 9? 


asa. 


2. Variable Impedance. 
a. Synchronous converters supplying power to series 
motors for railway service. 


83. Constant Impedance. 

a. Light and heating. 

b. Electric furnaces, welders, etc. 

ce. Synchronous converters for lighting load. 
4. Miscellaneous. : ; 


Combination of constant power, variable impedance, 
and constant impedance loads. 
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Constant Power Output. Figs. 14 and 1B represent 
diagrammatically alternators furnishing power to a 
synchronous motor load and an induction motor load, 
respectively. 

The curves in Fig. 2 show the variation in power 
factor with voltage for synchronous and induction 
motors having constant shaft output. The synchro- 
nous motor curves are based on adjusting the motor 
field currents for rated power factors at normal voltage 
and holding these motor field currents constant for 
other voltages. The induction motor curve is based 
on operation at 90 per cent power factor at normal 
voltage and load. Curves showing variation of current 
with voltage corresponding to these power-factor 
curves are given in Fig. 3. 

The alternator characteristics are represented by the 


Alternator Syn. Motor 
Cy ee 
Alternator Induction Motar 
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usual open circuit saturation and synchronous im- 
pedance curves. It is possible to design machines with 
a very wide range of characteristics, but, for the purpose 
of illustrating the combination of machine and load 
characteristics, curves for a general purpose alternator 
with fairly high saturation have been selected. 
The values of alternator excitation required with con- 
stant power output for a number of voltages, above and 
below normal, were calculated for the different classes 
of motors represented in Fig. 2, for the stator currents 
Fig. 3.2. Refer to Fig. 5 for these curves. They show 
that excitation decreases slowly with the voltage to a 
minimum point and then increases again. The mini- 
mum excitation and the corresponding voltage deter- 
mine the limit of steady-state, stable operation. Refer 
to Fig. 5, Curve B. Ifthe generator excitation corre- 
sponds to 92 per cent voltage, and the voltage starts 
to decrease, due to addition of a very small increment 


of load, the excitation required at a slightly lower 


2. Reactance, Appendix C., Doherty and Shirley, A. I.E. E. 
‘Transactions, Vol. 37, Part 2, p. 1293. 
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voltage will be less than that actually on the machine, 
and the voltage therefore will be stable. However, 
if the excitation is decreased to that required for 88 
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per cent voltage, and the small increment of load is 
added, the voltage will start to decrease and it will 
then pass through no value for which the excitation is 
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A. Synchronous motor—80 per cent, power-factor lead at normal voltag > 
B. Synchronous motor—100 per cent, power factor at normal voltage 
©. Induction motor—90 per cent, power-factor lag at normal voltage 


sufficient. The voltage will continue to drop until the 
generator and motors pull out of step. 

The curves in Fig. 5 show quite clearly the behavior 
of an alternator with motor load having constant shaft 
output, but the maximum power output of the generator 
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may be determined more simply by a method which has 
been used in various forms for several years.’ 

The curve between current and voltage at a given 
power factor and for a constant excitation current is 
obtained by calculation or test. These curves, caleu- 
lated for normal load excitation and at the power factor 
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Fig. 5—ALTERNATOR EXcrTraTION—VOLTAGE CURVES 
Constant PowEr Ovurput 
A. Synchronous motor—80 per cent, power-factor lead at normal voltage 


B. Synchronous motor—100 per cent, power factor at normal voltage 
C. Induction motor—90 per cent, power-factor lag at normal voltage 


for normal voltage of each of the classes of motor load 
in Fig. 3, are shown in Fig. 6. The kv-a. output curves, 
derived from these curves, are also given in Fig. 6, 


3. Elements of Alternating Currents, Franklin and William- 
son, The MacMillan Company, 1901, p. 124. 

“Alternating Current Generators,’ W. J. Foster, General 
Electric Review, June 1923, Vol. 26, p. 365. 

A. I.E. E. Discussion, C. A. Nickle, Transactions A. I. EH. E., 
Vol. 48, p. 89. 
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The voltages for the maximum kv-a. points in Fig. 6 
correspond very closely to the voltages for the minimum 
excitation points in Fig. 5. The curves do not check 
exactly, because in Fig. 5 the effect of varying power 
factor is taken into account, and in Fig. 6, constant 
power factor is assumed. The difference between the 
two methods is very small, as will be explained later in 
connection with Fig. 9. 

The behavior of an alternator with increasing load 
at constant power factor is represented by current- 
voltage and kv-a.-voltage curves at excitations corre- 
sponding to 80-, 100-, 120-, and 140-per cent load at nor- 
mal voltage (see Fig. 7). The kw. load, expressed as a 
per cent of the ky-a. rating, is also given by the dotted 
curves for comparison. ‘These curves show that 
the maximum kv-a. points occur at voltages in- 
creasing up to a certain value and then decreas- 
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Fig. 6B—ALTERNATOR CHARACTERISTICS—CONSTANT EXCITATION 


Saturation factor—1.65 

Stator reactance—18 per cent 

Short-circuit ratio—1.04 

Current-voltage curves A—B—C 

Ky-a.-voltage curves A A—B B— 
CG 


A—A A 80 per cent power-factor lead 
B BB 100 per cent power factor 
C—C C 90 per cent power-factor lad 


ing, so that the load will not be reached under 
practical operating conditions where the machine 
will be unstable at normal voltage. The curves also 
indicate that alternators with high saturation would 
operate at very high loads without becoming unstable, 
but practical experience has shown that it is necessary 
to maintain a considerable margin in voltage above the 
minimum point, and in kv-a. below the maximum point. 

In Fig.9, curves Aand A A are calculated for normal 
load excitation at 90 per cent power-factor lag; curves 
B and B B, for 91 per cent power factor; and curves C 
and CC, for 89 per cent power factor. The dotted 
curves, D and D D, take into account the variation of 
power factor with voltage for the induction motor 
represented in Fig. 2. These curves show that the 
maximum kv-a. for operation at variable power factor, 
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such as that with induction-motor load, is very closely 
approximated by the curve of kv-a. for normal power 
factor. 

The curves in Fig. 7 show clearly the importance of 
keeping up the ee so as to maintain normal 
voltage with this class of load. This result may be 
secured with hand regulation by operating with exeita- 
tion corresponding to normal load and voltage, which 
will give a voltage above normal when the load is lower 
than the machine rating. A regulator is very effective 
in maintaining stability up to the steady state maximum 
capacity of the alternator at normal voltage, but if the 
load exceeds this maximum value, the use of any of the 
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Fic. 7—ALTERNATOR CHARACTERISTICS—CONSTANT EXCITATION 


Saturation factor—1.65 A—A A—a 80 per cent ky-a. at normal 


e voltage 
Stator reactance 18 per cent B—B B—b normal ky-a. at normal 
voltage , 
Short-circuit ratio 1.04 C—C C—c 120 per cent ky-a. at normal 
voltage 
Power factor—90 per cent lag - D—D D—d 140 per cent ky-a. at normal 
voltage 


E. Kvy-a.-voltage curve for 15 per cent margin in voltage above maxi- 
mum ky-a. points 
Current-voltage curves A, B, C, D 
Ky-a.-voltage curves A A—B B—C C—D D 
Kw.-voltage curves a, b, c, d 


present standard regulators will not maintain stability. 
If, however, the load conditions are such that the 
maximum load is exceeded only slightly, stable opera- 
tion may be obtained by regulating for avoltage a little 
over normal, provided the machine will not be injured 
by the higher voltage operation. 

The maximum kv-a. values given by the excitation 
curves do not include any allowance for the effect of 
the lines and the connecting apparatus, or swings in 
load, and practical operation will require a margin in 
the maximum capacity of the alternator to take care 
The required margin is a point that 
must be determined largely from operating experience. 
- The more important characteristics of the alternator 
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which affect stability are saturation, relation of no-load 
field strength to armature reaction, and power factor. 
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Fig. 8—ALTERNATOR CHARACTERISTICS—CONSTANT EXCITATION 


Saturation factor—1.65 A—A A—a, 80 per cent kv-a. at normal 


voltage 

Stator reactance 18 per cent B—B B—b, normal kv-a. at normal 
voltage 

Short-circuit ratio 1.04 C—C C—c, 120 per cent ky-a. at normal 
voltage 


Power factor—60 per cent lag 
D. Kvy-a.-voltage curve for 15 per cent margin in voltage above maxi- 
mum ky-a. points 
A, B, C current-voltage curves 
A A—B B—C C ky-a.-voltage curves 
a, b, c kw.-voltage curves 
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A—A A 90 per cent power factor 
Stator reactance 18 per cent B 91 per cent power factor 
Short-circuit ratio 1.04 C 89 per cent power factor 
D—D D power factor varying between 89 per cent at 108 per cent 
voltage and 91 per cent at 84 per cent voltage 
A—B—C—C current-voltage curves 
A A—D D ky-a.-voltage curves 


Saturation factor 1.65 


It is proposed that the saturation factor, as defined by 
the A. I.E. E. Standards and the short-circuit ratio, 
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be used as the criterion of stability for an alternator 
at any given power factor. The relation of these two 
factors for obtaining a consistent margin in stability 
for synchronous-motor or induction-motor load at 
different power factors is worked out in a later section 
of this paper. 

The problem of stability with long high-voltage lines 
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D-c. current assumed to vary directly with d-c. voltage. 
Curves showing variation of current and power factor on high-voltage 
side of transformer with voltage on high-voltage side of transformer 


and power transmission approaching the maximum 
line capacity requires a very large increase in stability 
of the generators and receiving apparatus. A consider- 
able number of papers dealing with this subject has 
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Synchronous converter with characteristics on Fig. 9 


been presented to the Institute, and no attempt is made 
in this paper to cover this problem. 

Variable Impedance Load. A synchronous converter 
furnishing power to series railway motors is an example 
of a load with quite different characteristics from the 
one just discussed. For simplicity in working out the 
curves, the current on the d-c. side of the converter is 
assumed to vary directly with the voltage. The 
power factor on the high-voltage side of the transformer 
will remain quite close to unity due to the converter 
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being _self-excited. The current and power-factor 
curves are drawn as straight lines, and will approxi- 
mate the actual conditions quite closely. Fig. 10 
shows the assumed curves and Fig. 11 is the corre- 
sponding excitation-voltage curve. It will be noted 
that the excitation continues to decrease with the volt- 
age, instead of having a minimum point as with in- 
duction or synchronous motor load. 

The stability of the alternator is not a practical factor 
in a design for this class of load. It is therefore possible 
to use a machine with a short-circuit ratio of unity 
to carry very high short-time overloads (one to five 
minutes) on synchronous converters without trouble 
from instability, provided the alternator field is in- 
creased with load by automatic regulation. 

The characteristics of a converter with lighting load 
are very similar to those just given, and the point of 
instability is not within the operating range of voltage, 
but very far below normal. It is possible, by hand or 
automatic regulation, to maintain normal voltage for 
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Fig. 12—ALTERNATOR CHARACTERISTICS 


Variation of saturation factor with voltage-saturation curve from 
Fig. 4 , ; 


any excitation within the heating limits of the rotor 
winding, and to carry any ordinary swings of load. 

Constant Impedance Load. The current in this 
case will vary directly with the voltage throughout the 
entire range of load, and the excitation-voltage curve 
will be almost identical in shape with Fig. 11. With this 
class of load, the alternator will operate stably at any 
point on the kv-a.-voltage curve, and the load limit 
will again be determined by the heating characteris- 
tics of the machine. 

Alternator Characteristics for the Usual Commercial 
Load. The usual commercial load is a combination 
of the various classes just discussed and the selection 
of the generator with the proper characteristics is largely 
a matter of judgment. The calculation of excitation 
voltage curves similar to Fig. 5, for various values of 
load of the same characteristics as the given load, 
will show whether conditions of instability will be 
approached sufficiently to be a factor in the design of 
the generating equipment. 

The kv-a.-voltage curves, Fig. 7, indicate the maxi- 
mum capacity for load which is practically all Class 1, 
but if there is a considerable percentage from Classes 2 
and 3, the alternator may operate successfully at volt- 
ages below the maximum kv-a. point. 
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This may be illustrated by an example: Assume 
operation at 90-per cent voltage, Fig.7. The maximum 
kv-a. capacity with Class 1 load under this condition 
is 104-per cent kv-a. as indicated by the maximum 
point of curve, BB, but, with other classes of load, 
it would be possible to operate at any point on any of 
the curves. Combinations of all of these different 
classes of load will give load characteristics, so that 
stable operation may be obtained somewhat below the 
maximum kv-a. point on the kv-a. curves. - Just how 
tar below the maximum point stable operation can 
be secured depends upon the percentages of the differ- 
ent kinds of load. 


DERIVATION OF CURVES FOR SHORT-CIRCUIT RATIO 


The saturation factors for several values of voltage, 
below and above normal, for the saturation curve in 
Fig. 4 are plotted as a function of voltage in Fig. 12. 
The kv-a. values for an operating margin of 15 per cent 
in voltage, as determined by Figs. 7 and 8, are also 
shown as a function of voltage in Fig. 13. 

The short-circuit ratios for various machine ratings 


TABLE 1 ‘ 
CALCULATIONS FOR 90-PER CENT POWER FACTOR 
Open Short- 
circuit circuit 
field field 
current current 
Volts Kv-a. | Current| per cent per cent Short- 
per per per from from circuit Sat. 
cent cent cent |. Fig.4 Fig. 4 ratio factor 
100 90 90. 100 87 al Saree) 1.65 
103 101 98 105 94 q12 1.84 
105 112 107 109 103 1.06 1.94 
106 125 118 110 114 1.,03 2.04 


corresponding to the kv-a., and voltage values for 90- 
per cent power factor from Fig. 138, Curve A, are de- 
rived as shown in Table I, which also includes the 
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Fig. 13—ALTERNATOR CHARACTERISTICS 
Ky-a.-voltage curves for 15-per cent margin in voltage—From Figs. 7 


and 8 : 
A 90-per cent power-factor lag 


B_ 60-per cent power-factor lag 


saturation factors for corresponding voltages taken from 
Fig. 12. Similar data were calculated also for the 60- 
per cent power factor, Curve B in Fig. 13. In Fig. 14, 
Curves A and B represent, graphically, the relations of 
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short-circuit ratio and “saturation factor’ as deter- 
mined by these calculations. 

The determination by trial of a simple formula |to 
approximate these curves in the working range with 
reasonable accuracy, resulted in the following equation: 


Power factor 
100 F 


Where minimum S C R = minimum value of short- 
circuit ratio for rating to give a safe margin in stability 
for operation at normal rating and F' = saturation fac- 
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Fig. 14—Curves ror RELATION oF SHORT-CircuIT Ratio AND 
SATURATION FAcTOR 


From Figs. 12 and 13—(See Table I) 
A 90-per cent power-factor lag 
B 60-per cent power-factor lag 


From formula S C R = 1.4 Ayla faten tector 
100 F 


C 90-per cent power-factor lag 
D_ 60-per cent power-factor lag 


tor as defined by the A. I. E. E. Standards 7-59: ‘““The 
saturation factor of a machine is the ratio of a small 
percentage increase in field excitation to the corre- 
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Crrevuit Ratio or ALTERNATORS 


A 100 per cent power-factor lag 
B_ 80 per cent power-factor lag 
C 60 per cent power-factor lag 
D 40 per cent power-factor lag 
E 20 per cent power-factor lag 


; ‘/ Power factor 
From formula SC R =1.4 hy 
100 F 


sponding percentage increase in voltage thereby pro- 
duced. Unless otherwise specified, the saturation fac- 
tor of a machine refers to the no-load excitation re- 


quired at rated speed and voltage.” 
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The maximum allowable rating for any particular 
machine is determined by this minimum value of 
short-circuit ratio. 

In Fig. 14, Curves C and D are derived from this 
proposed equation, and a comparison with Curves A 
and B shows that for all practical purposes the equation 
will give the proper values of short-circuit ratio in the 
usual range of values of saturation factor. 


Fig. 15 derived from the equation, covers the entire 
range of lagging power factors and the usual range of 
saturation factors. The equation will give results 
approaching zero as the power factor approaches zero, 
but since this is obviously impractical, the same values 
are proposed for power factors of 20 per cent or less. 
The curve covers lagging power factors only and no 
attempt is made to work out similar curves for leading 
power factor, since machines of this class are special and 
will come within the scope of the design of machines 
for very long transmission lines. 


It will be noted that Fig. 15 gives the proposed mini- 
mum value of short-circuit ratio, and it is obvious that 
any machine with a higher short-circuit ratio will be 
satisfactory from the standpoint of stability. 


CONCLUSIONS 


Stability of operation of alternator depends on the 
characteristics of the load as well as on those of the 
alternator and line. 


The minimum allowable value of short-circuit ratio 
for successful operation is determined by the character 
of the load, the saturation factor of the alternator, and 
the power factor. This assumes that the line drop is 
small enough to be covered by the proposed margin, 
which will usually be the case with general purpose 
machines. 


When the character of the load is such that the 
current decreases with voltage, the stability character- 
istics will not be the determining factor in the selection 
of the proper value of short-circuit ratio. 


The stability characteristics of an alternator for 
general service, when the load is predominantly motors 
with practically constant shaft output and line drop is 
not a serious factor, will be satisfactory with automatic 
regulation if the short-circuit ratio is not less than that 
given by Fig. 15. 

When the load consists of a few comparatively large 
motors with swinging load, the proposed curves will 
give successful operation if the short-circuit ratio at a 
rating corresponding to the maximum load does not 
exceed the values indicated by the curves and auto- 
matic regulation is used. 


Machines designed in accordance with these curves 
will operate successfully with hand regulation if the 
increments of load, due to adding more motors, are 
small enough to prevent excessive drop of voltage before 
the field rheostats can be adjusted to compensate for 
the added load. 
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The proposed values of short-circuit ratio are not 
applicable to generators for use with very long trans- 
mission lines, and the design of these machines is a 
special problem beyond the field of this paper. 
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Discussion 


David Hall: As a designer of electrical machinery, I feel that 
this paper is valuable to the users of machinery because it points 
out some of the factors which are more or less concealed. We 
have specifications covering machines which do not cover the 
factors presented here and these factors are in many cases as 
important as the outstanding specifications of temperature and 
efficiency. We have pointed out in Mr. Shirley’s paper certain 
“ved flags’’ beyond which the designer knows his machine will 
“lie down.” It is very useful to have those red flags placed 
before the designer. 

The designer, as I see it, is aman who after, passing through 
a long period of designing, stands as near the precipice as hecan 
without falling off. This paper points out that if he goes be- 
yond certain factors he is liable to fall off and it is only through 
the rare judgment of good designing that he will stay at a respect- 
able distance from, the precipice. Those factors are hard to 
evaluate but the time will comewhen the user will be able to judge 
better of whac he is buying and will not buy on price but on cer- 
tain performance. I feel justifiedin making these remarks because 


we are all coming to understand machines very much better than 


we did a few years ago. Today we are reaching heights in 
designing which were not anticipated a few years ago. When 
I fiest read Mr. Shirley’s paper I was a litcle fearful that he in- 
tended to have the Institute stipulate that a machine should not 
be built under a certain ratio. That probably does not come 
within the jurisdiction of the Institute because it wishes to 
prescribe a yard stick or measuring stick but not to establish the 
limits of that certain stick to a certain ratio. That work resis 
with the intelligence of the purchaser and the manufacturer. 

H. V. Putman: [I especially like the method used by Mr. 
Shirley. He has worked out the stability problem for a few 
typical cases. From these he draws general conclusions and 
constructs a formula for a desirable value of short-circuit ratio 
which will be of great value to all who have to do with the design 
and application of synchronous machines. 

-In several of the generator specifications received within 
the past year or two, by the Westinghouse Company, where 
the problem of stability has arisen, this company has been asked 
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to guarantee the synchronous reactance of the machines. While 
it is true that the synchronous reactance is very closely tied up 
with the short-circuit ratio, it is highly desirable that the short- 
circuit ratio be the quantity guaranteed because it is much 
easier to define and is much more easily checked by test. You 
will note that Mr. Shirley has not mentioned synchronous re- 
actance at all in his discussion. An agreement was recently 
reached between Westinghouse and General Electric engineers 
to the effect that in presenting generator propositions the short- 
circuit ratio should be stated instead of the synchronous reac- 
tance, except in special cases. 

There is one question I should like to ask Mr. Shirley: Is 
it not true that if the load on an alternator is increased very 
suddenly it will carry loads considerably in excess of the values 
given by the curves shown in Figs. 6, 7 and 8 of the paper, which 
are all calculated upon the basis of steady-state conditions? I 
know of several synchronous motors that carry sudden peak 
loads, continually recurring, from 30 to 50 per cent greater than 
the steady pull-out torque of the motor. The reason for this 
is that the peaks take place so suddenly that the armature 
reactance does not have time to destroy the field flux so that, 
so far as the peak load is concerned, the machine acts as though 
it had a much higher short-circuit ratio than it actually has. 
Would not the same sort of thing, taking place in an alternator, 
enable it to maintain its voltage under a much higher load than 
it could under steady-state conditions? 

I believe Mr. Shirley’s bibliography should include the paper 
on the same subject by John Strasser, published in the August 
1926 issue of the Electric Journal. Mr. Strasser has limited his 
discussion to the stability problem in turbo generators, but 
reaches practically the same conclusion as Mr. Shirley. 

O. E. Shirley: Mr. Hall states that he does not consider it 
within the realm of the Institute to prescribe values of short- 
circuit ratio for which a machine should be designed, but that a 
standard of measuring stability should be given and then the 
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users of the apparatus would be in position to determine the 
degree of stability required for their particular service. This is 
certainly quite proper for the larger installations, for which 
sufficient time can be given to determine the actual operating 
conditions, but for smaller machines, it may be desirable to 
establish a standard of stability, so that the purchaser may know 
that the characteristics of generators, built by different manu- 
facturers, will not differ radically as may be the case if there are 
no standards. 

In the ease of important installations where individual charac- 

‘teristics of load and the generators are taken into account it is 
essential that there should be a common ground for specifying 
and comparing the stability characteristics of different machines. 
For these comparative purposes the eriteria proposed in this 
paper should be satisfactory, but there still remain considerable 
knowledge and experience to be gained before it will be possible 
to specify the actual values of these factors to meet any given 
set of operating conditions. 

Mr. Putman has brought up the point that the load limit of an 
a-c. generator for suddenly applied loads of short duration may be 
appreciably higher than the steady-state value. This appears 
to be quite reasonable for very short intervals of time, say 1 or 
2 seconds, and for any particular machine it should be possible 
to obtain a curve between load limit and time of applying the 
load. This curve would start at a: maximum value for a load 
lasting only a fraction of a second, and would decrease quite 
rapidly down to the steady-state value. The time at which it 
would practically reach the steady-state value would depend on 
the rate of change of the field flux and the stored energy of the 
rotating parts. 

Since this paper was sent in for publication, an article, ‘‘Sta- 
bility of A. C. Turbine Generators with Fluctuating Loads” 
by Mr. John Strasser has appeared in the Electric Journal for 
August 1926, and as suggested by Mr. Putman, this should be 
added to the bibliography. 


Synchronizing Power in Synchronous Machines 


Under Steady and Transient Conditions 
BY H. V. PUTMAN: 


Associate, A. I. E. E. 


Synopsis.—The accuracy of all calculations relating to the 
hunting of synchronous machines connected mechanically to recip- 
rocating apparatus depends largely wpon the correctness with 
which the value of the synchronizing power P, may be determined. 
Thus, the calculation of flywheels necessary for the parallel opera- 
tion of engine driven generators depends entirely on a correct 
value of Ps. Likewise, the W R? which it is necessary to incorporate 
in the rotors of synchronous motors when driving compressors or 
pumps can be calculated correctly only when P,is accurately known. 


So far as the author is aware, no attempt at a complete analysis 
of the subject has been made heretofore. The object of this paper 
is to develop a method by which the synchronizing power Ps may be 
calculated fairly accurately under any condition likely to be met 
with. The method applies only to synchronous machines of the 
usual definite pole construction. Blondel’s conception of two 
reactions with some modifications and extensions is followed gener- 
ally throughout the paper. 

* 


* * * * 


SECTION I. INTRODUCTION 


YNCHRONIZING power, P;, may be defined as 
the rate at which the input power to a synchronous 
motor changes with corresponding changes in the 

angular displacement. The displacement referred to 
here is not that which actually exists between the rotor 
and the rotating electrical field in the motor but it is the 
displacement between the rotor and an imaginary elec- 
trical field which corresponds in phase position to the 
terminal voltage. This will be explained more fully 
later. 

P, is often called a constant. It would be more cor- 
rect to say that P, is constant for a given set of operat- 
ing conditions because its value changes with the load, 
the excitation, and with the frequency at which the 
mechanical load pulsates. 

If, for a given synchronous motor operating under 
constant excitation, a curve is plotted showing the 
power input as function of the angular displacement, 
it will appear similar to that shown in Fig. 1. 

Now it is obvious that if the mechanical load on the 
motor changes very slowly, the rate of change of power 
with displacement is given by the slope of the tangent 
to the curve at the point corresponding to the given 
load on the motor. If, however, the mechanical load 
pulsates up and down rapidly as it does in the case of a 
compressor, the rate of change of power with the dis- 
placement is no longer given by the slope of the tangent 
to the curve but by the slope of some other line similar 
to the dotted line in Fig. 1. 

The reason for the above phenomenon is not hard to 
find. A sudden increase in the load on a motor is 
accompanied by a sudden increase in the armature 
reaction which tends to buck down, and distort the 
field flux. It is, however, impossible for the field 
flux to change immediately, and for the first instant the 
effect of the armature reaction on the field flux is practi- 
cally offset by a sudden increase in the field current 


1. Electrical Engineer, Westinghouse Elec. & Mfg. Co., 
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produced by an induced voltage due to the changing 
field flux. The result is that the armature reaction 
has not had time to function at least completely, and 
the field current has increased or decreased to make up 
forit. This is precisely what happens in a synchronous 
motor driving a compressor. The armature reaction 
functions only partially and the field is kept continually 
in a transient state. Oscillograms of the field current 
taken when a machine is hunting often show marked 
pulsations amounting to a considerable percentage of 
the average value. 

The problem of calculating P, is thus not simply that 
of calculating the slope of the tangent line in Fig. 1, 
but rather the more complicated problem of calcu- 


POWER 


ANGULAR DISPLACEMENT 


Fig. 1—Curve SHowine Power As FunctTion or DIspLAcE- 
MENT UNDER StEapy Loap 


Dotted line represents change of power with displacement under condition 
of pulsating load. 


lating the slope of the dotted line. In the theoretical 
analysis which follows, the angular displacement of the 
machine will be calculated first according to Blondel’s 
theory, then the slope of the tangent line in Fig. 1, and 
finally that of the dotted line. 


SECTION II. THEORETICAL TREATMENT 
The following symbols will be used throughout the 
remainder of this paper: . 
E; = Induced voltage 
E,, = Nominal voltage. 
HE, = Terminal voltage 
Ey, = Impressed voltage 
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YF = Current 

r = Resistance 

x = Reactance 

x; = Synchronous reactance operating on the com- 


ponent of current at right angles to E,, 
Synchronous reactance operating on the com- 
ponent of current in phase with E,, 
= %.— 2,’ 
Effective synchronous reactance, x < x, < 2, 
Impedance 
Zi Vr + 2, = Synchronous impedance 
z, = Vr + 2x,” = Synchronous impedance 
m = Coef. of armature reaction. (Ratio of demagnet- 
izing ampere-turns to the no-load excitation 
ampere-turns) 
= Resultant field excitation 
= Applied field excitation 
= Power-factor angle lagging 
= Angle between J and E, 
= Angular displacement of the rotor 
= Power input 


aP 


dy 


= Factor of effectiveness of armature reaction 
= No. of turns on field pole 

= Effective inductance of the field 

= Effective resistance of the field 

= Coef. of coupling between armature and field 
= D-c. voltage impressed on the field 


By 
| 


xX Res 
a 
i 


4 


mw 


ey eee User So yy 


= Synchronizing power 


) 


~ 


BAO HS 


d 
A Operator ae 


2 = Component of current in phase with E, 
24, = Component of current at right angles to E, 
t -=-Time in sec. 


@sin wt = Pulsating flux provided by the demagnetiz- 
ing component of armature reaction 


w = Frequency of the mechanical pulsation in radians 
per sec. 
i, = Current in the field circuit 


yY, = Resultant flux in the field pole 
The fundamental equation of all electrical machines 

is: . ge 
Byes ye (1) 


This equation simply states that the induced voltage 
is the vector sum of the terminal voltage and the 
impedance drop. 

The induced voltage is proportioned to the flux 
producing it and lags behind the flux by 90 deg. This is 
- expressed mathematically,” 


2. The use of a linear relation here between /’, and F; does 
not mean that the effect of saturation in the machine has been 
neglected. In fact, the proper value of c to be used for a given 
set of operating conditions must be determined from the satura- 
tion curve. c is really the slope of a straight line from the zero 
point through the operating point on the saturation curve. 
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FP, =jck; (2) 
where ¢ is the proportionality factor. 
The resultant excitation F’, is the sum of the armature 
reaction J m and the applied excitation F',; thus 
FL=F,4+Im (3) 
Substituting (3) in (2) and solving for E;, 
m 


TL Pra (4) 


EB; = 


F 
The term — 7 rae is defined by most writers as the 


nominal voltage and denoted by E,. From (4) it may 
be seen that it is equal to the induced voltage at no 


Fr 
load. Substituting (1) in (4) and replacing — 7 age 
by E,, 


E.+]?+j1-—- =, 


E.+1[rt+i(#+—)]-2 (6) 


m 
The term ( e+ Pos ) is the synchronous reactance, 


or 


; m F 
x being the real reactance, and tae the reactance equiv- 


alent of the armature reaction. ‘The complete bracket 
in equation (6) is, therefore, the synchronous impe- 
dance and represented by 2s. 

On Oe he (7) 

It is interesting to note the similarity between equa- 
tions (1) and (7). The nominal voltage corresponds to 
the induced voltage, and the impedance has become 
synchronous impedance. Equation (1) applies to all 
electrical devices while equation (7) is the fundamental 
equation of, and applies only to, synchronous machines. 

For a synchronous motor, equation (7) is more con- 
veniently written 

— EH, = Ey- 
E, being the impressed voltage. 

The vector diagram for a synchronous motor based 
on equation (8) is shown in Fig. 2. — EH, has been 
chosen as zero vector, so that vectorially 

“= E as E,, ate Oj 
It should be noted in connection with Fig. 2 that 6 is 
the power-factor angle lagging, and 6 is the angle be- 
tween J and L,. 

_ Now it can be shown that the angle between H,, and 
E, is the angular displacement of the machine. It is, 
however, somewhat different from the angular displace- 
ment between the rotor and the rotating electrical field. 


Lee (8) 
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It is actually the angular displacement between the 
rotor and an imaginary rotating electrical field corre- 
sponding in phase position to the terminal voltage, while 
the actual rotating electrical field corresponds in phase 
position to the induced voltage. There is a distinct 
advantage in calculating the displacement from the 
terminal voltage rather than from the induced voltage 
‘since the terminal voltage vector always rotates at 
uniform velocity provided the frequency of the im- 
pressed voltage is constant. But in a machine which 
is hunting, the induced voltage vector or the actual 
electrical field in the stator does not rotate uniformly 
because of the reactance, the J x drop pulsating as the 
current pulsates. In problems involving hunting, it 
is necessary to calculate the variations in the speed of 
the rotor. This is done by calculating the angular 
displacement of the machine as function of time but 
it is evident that the angular displacement must be 
referred to a uniformly rotating vector. The advantage 
of referring the angular displacement to the terminal 
voltage rather than to the induced for all problems 
concerned with hunting and the calculation of P, on 
this basis is thus apparent. 
The angular displacement is therefore 


y = (8 + 8) (9) 


The value of y corresponding to a given power input at 


Fic. 2—Vecror Diacram or SyncHronous Motor UNDER 
Sreapy Loap 


a given power factor is easily determined from equation 
(8) as follows: 
From Fig. (2), 
Iz, = I (cos6 +j sin 6) (r + J &s) 
= I[(rcos6— x, sin 6) + j (w.’ cosd + rsin 6) | 
(10) 
It should be noted that an z,’ is used with the com- 
ponent of current in phase with EH, or that component 
of the current which is maximum when the armature 
coils are directly under the centers of the field poles. 
This is according to Blondel’s well-known theory of two 
reactions and amounts to the same thing as Dr. Berg’s’ 
method with the exception that Dr. Berg based his 
equations on the induced voltage as zero vector which 
introduces a slight error especially at larger loads. 
Substituting (10) in (8), 
E,, = Ey[cos (6 + 4) +jsin (6 + @) | 
— I [rcosd— x, sin 6) +9 (a,’cos6 + rsin 6) ] (11) 
Equation (11) may be separated into two equations, 
one involving only real terms, the other only imaginary. 


3. Berg and Upson, ‘First Course in Electrical Engineering,” 
Chapter XX XV, McGraw Hill & Co., 1916. 
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Thus, from the imaginary terms is obtained the 
equation, 


E, (sin 6 cos 6 + cos 6 sin #) = I (x, cos 6 + 7 sin 6) 


or 
sin 6 [E, cos 6 — Ir] = cos 6 [I x,’ — Ey, sin 6] (12) 
or 
Ix,’ — Ey sin 0 
tan 6 = (13) 


E,cosé6—Ir 


This equation, which was derived by Blondel’, gives the 
value of the angle 6 for any load and power factor and 
consequently the displacement y, since y = 6 + 0. 
Very often, however, the field excitation and conse- 
quently the nominal voltage is fixed, and it is desired 
to find the displacement as function of the power under 
this condition.° 
Equation (12) may be rewritten: 
z,’ Il cos6 + ri sin6 = Eysin y (14) 
In a similar manner the real terms of equation (11) 
give: 
rIcosi—x,1siné = E, cosy — E, (15) 
Equations (14) and (15) may be solved by determinants 
for I cos 6 and I sin 6 as follows: 


r (E, cosy — E,) + 2, Ey sin y 


I cos 6 
pic gare 


I 


(16) 


and 


r E,sin wy — 2,’ (Ey cos y — E,) 
r+ 4,2,’ 


I sin 6 (17) 


These are the two components of J along and at right 
angles to E,, so that vectorially 


I =Icos6 +jIsiné - (18) 
Also from the vector diagram, Fig. 2, 
E, = E, cosy +j Ey sin y (19) 


The input power may now be calculated by tele- 
scoping (18) and (19). Thus: 


P=E,coswIcos6+E,sinyIsin6d (20) 


Substituting for I cos6 and I sinéd from equations 


(16) and (17) gives the input power as function of the 
displacement as follows: 


P = E, cos y[r(E, cos y — E,) + x, Ey sin y] ae 


+ Ey sin yr Ey sin y — x,'(Eo cos y — E,) repre = z,') 


(21) 


4. ‘Synchronous Motors and Converters,” McGraw Hill & 
Co., 1913. Blondel’s equation involves + signs because it is 
derived for the alternator instead of the motor. 

5. Incidentally, this is the problem involved in the ecalcula- 
tion of P;, with the exception that the field transient must also 
be considered. ; 


_of two reactions. 


— 
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which reduces to 
Ee | 


Be (2 + 2, 2,') | r— “p,  c08 ¥ — 2,’ sin y) 


+ sin y cos y (x, — 2,’) | (22) 
Equation (22) is useful as it gives the input power of a 
definite pole synchronous motor for a given angular 
displacement. A close approximation may be made to 
(22) by disregarding the resistance. This gives the 
somewhat simpler expression, 


Ee Ei. roe 2 
AEE EB, sn y + sin y cos ¥(a, — x,’) 


(23) 
Differentiating (22) with respect to y, the slopeof the 
tangent line shown in Fig. 1 is obtained: 


po dP E? 
2= dy Benga fe ep) [ tacos y 
i ; : 
oa i oe (x, cosy + rsin y) ] (24) 
where 
be ee i 
or disregarding resistance terms 
dP 1 
Pe p= Be | (Gr - ) cos 2y 
B= 4 
Foe cosy | (25) 
0 8 


As pointed out in the beginning of this paper, this is 
not the P, to be used in problems of hunting because it 
does not take into account the field transient. It does, 
however, represent the lowest limit of the value which 
P, would approach if the forced oscillations were to 
take place very slowly—so slowly that the armature 
reaction and conséquently the synchronous reactance 
would have time to function completely and there 
would be no field transient. 

The Transient P, of the Synchronous Motor Neglecting 

Resistance.® 

If a machine which has been operating under steady 
load at displacement y is suddenly loaded so that its 
displacement increases by A y almost instantaneously, 
just what happens? 

It is at once apparent from the vector diagram, Fig. 3, 
that the J %s vector is increased. This means an in- 
crease inthe power, current, and armature reaction of the 
machine. Disregarding’the resistance for the present, 
the [ 2 drop may be considered as made up of two 
components 7,2, and 72,’ according to Blondel’s theory 
These components are shown in 


6. A complete derivation taking resistance into account is 


given in the appendix. 
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Fig. 3. The reactance x,’ which operates on the energy 
component of current which is 7 probably acts almost 
instantaneously. At least it is probable that the cross 
flux can build up and down as fast as any of the forced 
oscillations encountered in cases of hunting would re- 
quire. The main flux, however, requires time to build 
up or down and so z, cannot function instantly, or 
rather that part of x, which is due to armature reaction 
cannot function instantly. Hence, the reactance which 
operates on a sudden increase in the wattless current is 
some transient or effective reactance which may be 
denoted by x, and which lies between x, the real reac- 
tance, and x,, the synchronous reactance, its value de- 
pending on the rate of change of the wattless current. 

The power given by the motor, corresponding to an 
increase in the displacement from its average value of 
y to (W + A yw), can be calculated as follows under the 


Fie. 3—Vectror Dracram or SyncHRONoUS Motor SHOWING 
Errecr or SuppEN INCREASE IN Loap 


above assumptions. The method is simply to obtain 
expressions for EH’) and J, and telescope the vectors. 
From Fig. 3, 


Ey = Ey [cos (¥ + AY) +Jjsin(y + Ay) ] (26) 
and before the displacement occurred 
I% = —[H,— E, cosy] +7 Ey sin y (27) 


Therefore, disregarding the resistance, the initial value 
of the current, corresponding to the average displace- 
ment y, is from (27) 
Ey sin y 
I 7. ; ’ 


vs 


: Boe E, cos y 
fl] 


The real component of J corresponding to the increased 
displacement (y + A y) is 
Ey sin (¥ + Ap) 


= ex (29) 


The increase in the wattless component is 
E, [cos y— cos(¥ + Ay) ] 


Ve 


At =o (30) 
Note that the effective reactance is used here, since, as 
was shown above, it is the effective reactance which 
limits an increase in the wattless current. The watt- 
less component of current corresponding to the in- 
creased displacement is then 


1120 
HE E 
1 = = coe + - [cos y— cos(y + AY) ] 
(31) 
or 
[ 1 1 
4, = Eo | (=-- Gr )eos 
1 E,, 
~ cos + AY) + ae (32) 


The power at displacement (y + A y) is therefore 
E.2 cos (Wy + Ay) sin (y + AY) 


Us 


1 1 
+ Bsn y+ ay)! (ere i: ) 0s ¥ 


} Es 33 
aah cos (y + Ay) + Hea (33) 
or 
p= Ee | ea) 
A Us 


: Wel 
¢sing tan (—-- 


1 
ae ) cos if 


En 1 
ah ane ae cosy 00] | (34) 
Differentiating P with respect to A y, we obtain the 
rate of change of power with respect to an increase in 


the displacement which is nus 


1 1 
P, = Ee (47- ~~ ) e082 + Ay) 


+eos(¥ +ay)| ( 5 -—=— ) cosy 
+ee]] 5) 


which is P, at any displacement (y + A y). 
At y 


Peet (sr - Ga) cose 
Le Le 


ib Lis E 

+( a a EO ee cos p (36) 
This is the value of P, which should be used in all 
problems of hunting, and is represented by the slope of 
the dotted line in Fig. 1. 

It still remains to calculate the value of x, to be used 
in any given case. It has been shown that, in value, 
z, lies in between x and x, = x + m/c, where x is the 
real reactance and: m/c is the armature reaction part 


) cos” pe 
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of the synchronous reactance. Now when a motor is 
hunting, the demagnetizing component of armature 
reaction is a pulsating reaction against the field. If 
the pulsations take place slowly enough, the armature 
reaction will cause the field flux to pulsate the same 
amount. If, however, the pulsations are more rapid, 
the field flux will not have time to follow the pulsations 
in the armature reaction. 

The problem then is merely to find out how much 
effect the armature reaction has on the field flux. This 
is a measure of the effectiveness of the m/e term in 
the synchronous reactance %.. For very high speed 
pulsations m/c = 0. For very slow speed pulsations 
m/e = m/c, and in general, 

g, =x + K' m/c (37) 
where K’ is the factor of effectiveness of armature reac- 
tion in destroying and building up the field flux in the 
main path. 

K’ may be determined from the following considera- 
tions: 

Referring to Fig. 4, let the pulsating flux provided 


620. Sf: BORO OROMRG 
fe) 
{e) 


° 
6 ee eee eee 


Fic. 4—Dracram ItiustratinG~ PuLsaTING ARMATURE 
REACTION 


by the demagnetizing component of armature reaction 


be represented by 
®sin wt. 
where : 
w = frequency of the pulsations in radians per sec. 
Let 
N = No. of field turns per pole. 
L = Effective inductance of the field.’ 
r; = Effective resistance of the field.’ 
K = Coef. of coupling between armature and field. 
E = D-c. voltage impressed on the field. 
The equation of the field circuit is: 


E=i;(7,+pL+NK@weoswt. ~~ (38) 
or 
é E—NK@®@wecoswt 
pet rr +pL 3?) 
the permanent solution of which is: | 
debs E NK@w bE» 
i haa ane has cos (t= tan- ) 
(40) 


This is the pulsating field current which exists in a 
machine when it is hunting. It may be seen from (40) 
7. By “effective” resistance and inductance, the writer 


intends to consider the effect of the amortisseur winding, as will 
ve seen later. ; ; : 
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that if w is small, there is little pulsation in the field 
current. If, however, w is larger, there will be larger 
pulsations. 
The resultant flux in the field pole can be obtained 
from the equation, 


E—t;1; =N ee (41) 
or 
Or al E— istry (42) 
From equation (40) 
’ Nr;K®w ep le 
EB — i; rs ; a COS (« i sten.- ) 
BV fa ht Bg 
(43) 
; r;K® : Dw 
~» Pr acer we sin (« (tan Si ) +C 
(44) 


The constant of integration in this case is the steady 
component of the resultant flux ¢,. From (44) it 
follows that the magnitude of the a-c. component of the 
resultant flux is 
Vy K co) 
a/ rs 4. LT a? 

Now when w is very small, the armature reaction is 
100 per cent effective and 


Pee 
(9 OS ae 
i J re + L? w? J re + L? wo 
(46) 
or 
K (47) 


; 1 
(Ey 
Ts 
sift Ao 
In this formula ( ca ) refers to the field alone and 


is the time constant which determines the field transient 
occurring when the field circuit is closed on a constant 
voltage source. If this time constant is determined 
by an oscillogram of the starting current in the field, 
the effect of the amortisseur winding is automatically 
taken into consideration. K’ is thus determined and 
from it x, may be calculated by equation (39). 


SecTION III. EXAMPLES AND CONCLUSIONS 


To determine the relative importance of the various 
factors which affect the value of P., consider a typical 
low-speed synchronous motor, the constants of which 


are: 


2, = 0.85 r = 0.06 | 
x,’ = 0.60 tie gee, 0:50 | (48) 
m/e = 0.55 
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L 
apres |; 


e . .(from oscillogram of field transient) 


Assume that the speed of the above motor is 80 rev. 
per min. and that it is direct-connected to a single- 
cylinder, double-acting compressor. A compressor of 
this type has two peaks in its torque curve every revo- 
lution so that the speed of the impressed pulsations is 
160 per min. or w = 16.75 radians per sec. 

From (37) 


m 
Dn == AP Ae IK! = 


(37) 
where 
il 


a (47) 


EET: 


Substituting the above values for L/r; and w in (47), 
it is found that K’ = 0.273 which means that the arma- 
ture reaction in the main field is only 27.3 per cent 
effective. 

The effective reactance may be calculated from 
equation (37) thus: 

x. = 0.80 + 0.2738 x 0.55 = 0.45 (48) 


Having determined all the necessary constants, the 
behavior of the motor may now be calculated. Assume 
the machine to be operating at full-load unity power 
factor so that 6 = 0. The angular displacement may 
be calculated from (13). 


L 
Ty 


(49) 


Since 
0. 0, V0 = 932. 6.der 

The nominal voltage at full-load unity power factor 
may be determined from equation (15). Thus 
E,, = 0.8438 — (0.06 x 0.848 — 0.85 x 0.54) = 1.26 (50) 

Resumé of constants necessary for the calculation of 
P, at full-load unity power factor, 80 rev. per min., 
single-cylinder double-acting compressor: 


uo, = 0:85 foe O06. 
¢;' =.(),60 x, = 0:45 (51) 
yy = 82.6 deg. Lit 1e26 


Neglecting resistance, the value of P, may be ob- 
tained by substituting (51) in equation (36). 


Pes (x07 0.45 ) eres ( 0.457 0.85 J 
nee 0.8438 = 1.763 
+ 0 P 85 x . —) . 
Effect of Frequency of Load Pulsations on P.. 
If the motor had been driving a two-cylinder, double- 


(52) 


8. This value of P, is given on a percentage basis. To get 
it in kw. it must be multiplied by the kw. rating of the motor. 
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acting compressor, the torque curve of which would 
have four peaks per revolution, would be twice as 
great and 

Kk’ = 0.141 
and 

¢, = 0.378 
With this value of 2., P, would be somewhat greater, 


thus: 


1 1 | 1 1 )o - 
es ae sae ) 042+ (oa78 e056 Jas 
1.26 
+ Gap X 0-848 = 1.88 (53) 


Thus it is evident that the value of P, for this case is 
about 7 per cent greater when the motor is used to 
drive a two-cylinder, double-acting compressor, than 
it is when driving a single-cylinder, double-acting 


Fig. 5—Curves SHOWING SYNCHRONIZING Power, P,, As 
Function or THE NominaL Voutace, E 


machine. In higher speed motors this difference will 
be still less so that, while P, is not entirely independent 
of the nature of the load, it is approximately so, for 
compressors of the conventional types and speeds. 
Effect of Resistance on P.. ; 

The effect of the resistance on the value of P, may be 
determined by calculating P, from equation (20), 
given in appendix, which gives 

Pp = 1L8l (54) 
This represents an increase of only 214 per cent in the 
value of P, obtained by neglecting resistance. It 
should also be noted that 6 per cent resistance is unusu- 
ally high and hence it may be concluded that for 
practical work the effect of the resistance may be 
disregarded. 
Effect of Excitation on P.. 

Fig. 5 shows a family of three curves which give Pas 
function of the excitation EZ, for 114 load, full load, and 
half load.’ It may be seen at a glance that therelation- 
ship is practically linear for a given load, except at the 
lower end where the curves droop as the motor ap- 


9. The values used in plotting the curves in Figs. 5 and 7 were 
obtained by substituting (51) in equations (13), (15), and (36). 
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proaches the breakdown point. At no load the func- 
tion would theoretically be a straight line. 

The dotted lines are constant power-factor curves and 
show roughly the power factor which will be obtained 
for various values of excitation and load. 

The half-load line is of particular interest. There 


ii + 
2.6 a IU 
24 

.O 24 
Sata oP aN af 
20 = asi tie | 


12 fact WOE | 


08 4 —{- a 
06 -t J 
0 0250 0805 2075) OO!) —liz5inan 1.90 
LOAD 


Fic. 6—Curves SHOWING Errect or CHANGES IN LoAD ON THE 
VALUE OF THE SYNCHRONIZING Power, P, 


is very little tendency for the curve to droop even at the 
lower extremity. ‘This shows that the motor may, be 
operated at half load at a power factor as poor as 0.7 
lagging or even less without danger of the motor falling 
out of step. In fact, it would be possible to reduce P, 
to a value as low as 1.1 at half load by reducing the 
excitation sufficiently. 

This fact is made use of in connection with the un- 
loading of two-cylinder, double-acting compressors by 
removing one connecting rod. Ordinarily the flywheel 
is so designed that the natural frequency corresponds 


\ ‘iiZs 
‘Aiy( r+) xe) 


Fig. 7—Vector Diagram or SyncHROoNOUS Motor SHOWING 
Errecr or SuppEN INcREASE IN Loap. (REsIstaNceE TAKEN 
Into Account) 


to about twice the revolutions. This is all right for 
two-cylinder, double-acting compressors since there is 
no second harmonic in the torque curve. But if the 
machine is unloaded there is a large second harmonic 
and, if severe hunting is to be prevented, the natural 
frequency must be brought below it. This can be 
done by reducing P, and running the motor at a poor 
lagging power factor. While such operating is not to 
be recommended as standard practise, it is valuable 
to know that it may be resorted to in emergency cases. 
Effect of Load on P,. 

Fig. 6 shows another family of curves which gives P. 
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as function of load for various power factors. Ata 
slightly lagging power factor P, is almost unaffected by 
the load, while at 0.8 leading power factor there is a 
decided increase in P, with load. At 0.8 lagging power 
factor there is a decided decrease to half load after which 
the value remains practically the same. 

Range of P,. 

In calculating the value of P, for a number of engine- 
type, slow-speed synchronous motors, the writer has 
found that the value is practically always between 
1.6 and 2.2 at full load unity power factor. In general, 
P, is low in motors of large size and very slow speed, 
but higher in motors of smaller size and higher speed. 
Its value depends largely on the real reactance of the 
machine and on the ratio of the no-load excitation to 
the full-load armature reaction. A large reactance and 
low ratio tend to make a low value of P,. 


Appendix 
The Transient P, of the Synchronous Motor Taking 
Resistance into Account. 
It has been shown in Equations (16) and (17) that 
under ordinary steady conditions 


where 
. 7 (E,cosy— E,) +x, Ey sin y 
a - ; (1) 
|e ae Pe 
and 
: r Ey sin y — «,’ (Ey) cos y — E,) 
y= (2) 


72-1 yi! 


Now suppose y is suddenly increased to (Wy + Ay). 
Just as before, there is an increase in the J % drop as 
shown in Fig. 7 which is 
AI = E,{— [cosy—cos(y + Ay) ] 

+j{sn(y + Ay)—siny] } (3) 
This increase in J 2; is made up of two 7z drops. 
One is due to the real component of J, which is 
Niet tot) (4) 
since it is assumed that the cross armature reaction 
flux has time to function. The other 7z drop is due 
to the wattless component of current 7, and is 
JAN (r +7 4) (5) 
where x, is the effective reactance. 

Hence, from the above statement and equations 

(4) and (5), 


AI % = Atr— Att +j (Atz,’ + Air) (6) 
Equating real and imaginary parts of equations (3) 
and (6), 
Air— Ai, a, = Ey [cos (y + Ap) — cos ¥] (7) 
Aiz,’ + Atir = Ey [sin (y + Ay) — sin ¥] (8) 
Therefore 
Ey 4 : : 
£ We = SS J pale 
er ee YY). SD 
+ r [cos (¥ + A y) — cos ¥] } (9) 
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and 
. fer ! / 
See it, o: (z,/ [cos ¥ — cos (p + A yp) ] 
+ r [sin (y + Ay) — sin y] } (10) 


By adding A? and A7, to the original components of 
current, the new components are obtained. 


5 Ey E,, 2 
ital ane el r (cos y — = ) + asiny | 


Ey : 4 
+ TeV Ee {x [sin (vy + A y) — sin ¥] 


— r [cos p— cos (¥ + Ay) ]} (11) 
and 
. Ey 5 , E., 
i erie Mere Se goa rsin yy — 2; (cos v = E, ) 

Ey , 

ene ry {a.’ [cos ¥ — cos (pW + Ay) ] 

+r [sn (y+ Ay)—siny]} (12) 

The new voltage is: 
Ey {cos (¥ + Ay) +jsin (y + AW) } (13) 


Telescoping the current and voltage, the power is 
obtained. 


Es, ’ 
(cos v - sa) Se a Sin Ww 


r2 + 4,25" 


r 
P= Becos(y + ay 


beans y)—sin y}—r{cos y—cos(y+A y) '] 


rt pln, 


E,, 
rsin y— 2,’ (cos y nag 3 ) 


7? + 525" 


+Besn(y + ay 


fviadece y—cos(y+A yp) }+r{sin(y+A y)—sin y} ] 


y2 t+ 4/4, 
(14) 
In the above equation let 
ea lS EE Pe aN) 
and (15) 


77 e = 20" 

Substituting (15) in (14) and reducing, 

— 1 (%,— 2%) 
Bo” Be 


P = Bécos(y + ay] 


{—rsny +2,’ cosy} 


gulls 
che {e,sin(y + Ay) +rceos(y+ Ay) }— onl 


Gh 


Le’ (Ls— £5) 


; ek 
PIC {z,.’cosy—rsin py} 


+Besiny +40 | 
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1 
+s irsin (y+ Ay) —a,/ cost AY)! 


é 
Ge NO 
ge EK, 


(16) 


In Equation (16), let 
(is Si] ee) 


Boe 


Substituting (17) in (16), 


C= {x,’cosy—rsiny} (17) 


z2 


P = E¢cos(y + Ay) | —1C + 


E, 
{x.sin(y + Av) +reos(y + AY) } — aa 


1 
te 


+ Besin(y + Ay) [ oC + 


: te Ln 
ea Ge Een Fee | 
r 0 0 

(18) 
Differentiating P with respect to A y to get Pa 


E\, 
eee (c+ Zo? Eo 


) fe. cos (Y + Av) 


4 rsin (y + Av) Fp c08 2 (Wy + Ay) (19) 


we 


At displacement y, (19) becomes 


E,, 
es oes (c+ ze Ko 


) [x,’ cosy +rsin y] 


LE— ss | 
ste eaterets rue COSA LY, | 


e 


(20) 


which is the required value of P., taking resistance into 
account. In this formula, c is given by equation (17), 
and 2, and 2 by equation (15). 

If the resistance terms are disregarded, 


- (Le = Le) (21) 


Substituting (21) in equation (20) and neglecting r, 
equation (20) degenerates into 


uh 1 
p.= Be | reaares ) cos! v 


Le Xs 
n 


( 1 1 oe E 
a hoe = Le ce Z = E 0 Le 
which is the expression obtained previously for the 
case of no resistance, Eq. (36). | 


cos y (22) 
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Discussion 


F. E. Terman: The results of Mr. Putman’s carefully made 
calculations will be partially upset if the motor is fed by lines 
and transformers that have considerable impedance. This is 
because Mr. Putman’s derivation assumes a constant voltage at 
the motor terminals, and this constant terminal voltage is not 
obtained if the supply lines and transformers have much impe- 
dance. In such a case the surging line current causes a varying 
voltage drop in the line. The effect of the line impedance can 
be taken into account in Mr. Putman’s result by interpreting 
the motor terminal voltage to be the voltage nearest the motor 
that is substantially constant during the surging, and inter- 
preting the so-called ‘‘real armature impedance”’ as the actual 
armature impedance plus the line and transformer impedance 
between the motor and the point of constant voltage. 

Since the supply line characteristics are likely to be beyond 
the designer’s control, the most carefully designed motor cannot 
be satisfactory under all conditions. It is the old story over 
again, to the effect that the performance of a piece of electrical 
apparatus cannot be obtained with 100 per cent accuracy without 
considering the characteristics of the network with which the 
apparatus is associated. 


F. K. Brainard: A considerable part of Mr. Putman’s paper 
is devoted to the apparent increase in synchronizing power of a 
synchronous machine as the frequency of the impulses increases. 
Mr. Putman calculates values of Ps, corresponding to each 
harmonic in the tangential effort curve of mechanical power but 
unfortunately does not state just how he will use them in ob- 
taining the electrical power pulsation. 

Presumably he will use equations similar to those which he 
derived in his articles which appeared in the Journal of the 
Franklin Institute, May and June, 1924. In the case of a single 
machine connected to an infinite system, these equations result 
from the solution of the following differential equation: 


a d 

1¥ 40, Y +6y=50 (1) 
where | 
wy = Displacement angle. 
I = Moment of inertia of the revolving parts. 
Ta = Damping torque per mechanical radian per second change 

in displacement. 

G = Torque per mechanical radian displacement. 


f (t) = Torque at the shaft. 
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This equation is the basis of all previously published work 
along this line so far as the writer knows. but it does not take 
account of damping correctly. In fact, the whole phenomenon 
is somewhat more complicated than this equation indicates, and 
it has occurred to the writer that it may be the inaccuracy of the 
solution based on the above equation which causes the discrepan- 


cies which Mr. Putman has undoubtedly observed and which he 


has attempted to take into account by means of a P, which 
varies with the frequency. 


The trouble is that the damping torque is assumed proportional 


d ae: 
to “¥ which is the rate of change of the total displacement 


angle of the machine. It is quite obvious that this cannot be 
correct since all that the damping can possibly do is to prevent 
the shifting of the flux relative to the poles. It cannot by any 
possibility limit the displacement between internal and external 
voltages resulting from the impedance of the armature. In 
other words it acts on only a part rather than the whole of the 
displacement. 

It seems to the writer that this part of Mr. Putman’s paper is 
not quite correct especially if he uses the solution of Eq. (1) to 
compute power pulsations for the following reasons: 


1. It involves taking account of damping twice since the 
effect of the induced currents in the field which Mr. Putman 
calculates is really damping to a considerable extent and Ta 
in Kq. (1) is also a damping factor. 

2. As stated above, Eq. (1) and anything resulting from 
its solution is incorrect. 


It would seem much more logical and it is certainly much 
simpler to lump the entire effect of damping into one factor, 
which will include the effect of the induced currents in the entire 
field structure, and assume that the damping torque is pro- 
portional to the product of this factor (which we will call H) 
and the rate of change of the flux relative to the poles. 

This leads to the following formulas from which the pulsations 
in electrical power can be computed if the analysis of the mechani- 
cal power curve is known. 


Gi? + (wn H)? 


On = ee e 
Gi 2 Wn? H th i. 
> ee Oy Pome eats a 
[@: Zor (1+) | +| © = | 
(2) 
(See derivation at end of discussion). 
: Be ei 
on He pee a 
Go 1 on 
yn = tan-} — = tan (3) 
pop (1 4 G, ) Gy 
G;:— on G, 


where ag ’ 

Q, = Ratio of electrical to mechanical power of the nth harmonic 
in the power curve. 

G, = Torque per mechanical radian shift of flux across the poles. 

G. = Torque per mechanical radian displacement between 
internal and external voltages. 

H = Damping torque per mechanical radian per second shift 
of flux across the poles. 

wr, = 2-7 times the frequency of the nth harmonic. 

am = Phase diff. between internal and external voltages. 

I = Moment of inertia of revolving parts. . 


In order to compute G; and G; it is of course necessary to 


’ separate the displacement angle y into its two parts, viz: the 


_ displacement between internal and external voltages, and the 


displacement of the flux relative to the poles. 
Perhaps the problem can be most easily understood by refer- 
ence to the mechanical analogy of the forced oscillation of a 
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weight suspended by a spring. A pulsating force P correspond- 
ing to the pulsation in torque required by the compressor results 
in pulsations in the reaction of the support P; which corresponds 
to the power drawn by the motor from the line. This is the case 
without damping. 

The usual assumption concerning damping mentioned above 
is that the damping can be represented by a dash-pot in parallel 
with the entire spring as in Fig. 1 the damping force being pro- 
portional to the velocity of W. This leads to Eq. (1) above 
and is obviously incorrect since, as stated previously, the dampers 
act on only a part of the displacement. 

A more accurate analogy is where the dash-pot is in parallel 
with the lower part of the spring only as in Fig. 2. The dis- 
placement of the upper part of the spring corresponds to the 
displacement between internal and external voltages while the 
displacement of the lower part corresponds to the displacement. 
of flux relative to the poles and this later displacement is the part 
which the dampers restrict. Eq. (2) and (3) give the solu- 
tion corresponding to this condition. 

The apparent increase in synchronizing torque with the fre- 
quency of the pulsation can be readily understood from Fig. 2. 

As the frequency increases, the displacement of the lower part 
of the spring decreases, the upper part taking more of the load 


EYE, 


Dash pol —> 


VID 0LO0Y 


Fira. 1 


and hence there is more load per unit total displacement than for 
low frequencies. If the frequency becomes very large, while the 
weight is reduced so that the accelerating forces remain finite, the 
deflection of the lower part of the spring becomes very small, 
practically the entire deflection occurring in the upper part of 
the spring. 

This is shown by putting a w, H infinite in equation (2) which 
then becomes 


Gs 
Ge— wr? I 


This is the equation for undamped oscillations with resonance 


wees 


Go 
ate = airs 
If the damping is zero, Eq. (3) becomes 
, G 
| ae, Ta 


| G 
Resonance is now at w = 4 Mae 
In other words, as the damping or the frequency varies between | 
zero and infinity, the synchronizing torque apparently changes 
from G to G2. 
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This agrees in a general way with Mr. Putman’s conclusions 
and does not require the idea of a P, which varies with the 
frequency. 

The writer has found also that if Tq in Eq. (1) is ealeu- 
lated from the straight part of the speed-torque~ curve of the 
machine in question near synchronism, as mentioned by Mr. 
Putman in his Franklin Institute articles referred to above, the 
value of 7'q is entirely too great to account for the pulsations 
observed in operation; but if this same value is used as H 
in Kq. (2) and (3), the observed results check the calculations 
much more accurately. The test data which the writer has 
covering this point are very meager, however, but seem to be 
correct. 

The above method is not beyond criticism since the following 
assumptions are made which are not strictly correct: 

1. The armature losses are neglected. 

2. The total displacement, as well as the separate parts of the 
displacement, are assumed proportional to the torque under 
steady load over the range of load considered. 

3. The direct magnetizing and demagnetizing effect of the 
current induced in the field winding, which Mr. Putman stresses, 
is taken account of only as it is included in the damping factor H. 


> 
‘> 
= 
Ca 
— 
= 
= 
> 
(cS 


\3 


Dash Po?-> 


Fie. 2 


The first and second assumptions are obviously approximations, 
but if suitable values of Ps, Psi and P,» are taken, the error from 
these sources is probably not large. 

The error from the third assumption is probably not so very 
great, since the induced currents in the damper winding have a 
direct magnetizing or demagnetizing component as well as the 
current induced in the coils. In fact, the whole effect of the 
induced currents in both the dampers and the exciting winding 
on the field poles is to attempt to hold the flux constant in magni- 
tude and fixed in position relative to the poles and so it seems 
that the error resulting from including the whole effect in the one 
factor H cannot be so very great. 

The following is the derivation of Eqs. (2) and (3): 

Let 
T = Torque correspuuding to mechanical power delivered by 

the motor which it is assumed can be expressed by a 
Fourier series of the form f (t) = a + 2 [an cos (wnt 
ae Qn) ] ’ 

' —, = Torque corresponding to the electrical power delivered to 
the motor which can also be expressed by a Fourier series 
of the form f’ (t) = bo + 2 [bn cos (wnt + Bn) Ihe 

T, = Accelerating torque of revolving parts. 

WY: = Displacement of flux relative to the centers of the poles. 

wv. = Displacement between internal and external voltages. 

y =, + y = Displacement of rotor relative to the terminal 
voltage. 
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G, = Torque per mechanical radian shift of flux across poles. 
G, = Torque per mechanical radian displacement between In- 
ternal and external voltages. 


1 


G = 1 i = Torque per mechanical radian displace- 
—— + ———- 
Gi G 
ment of rotor relative to terminal voltage. 
H = Damping torque per mechanical radian per second shift 


of flux across the poles. 


I = Moment of inertia of revolving parts. 
w, = 27 times the frequency of the nth harmonic. 
bn 
Qn = 
an 
Then 
d 
Tar, Va Ga (4) 
dt 
Since - 
H dw Gy 
PORN EE Ge dt Go v1 
Then 
Gi H d Wi 
= ey —) 2 eee an 
ee Pt PM Ue sez a 
Hence 
Th G a fee 
dt? G2 dt? G, dé 
ay GA ey Meta ae 
T= —-I1 pane bet 
dt? ( Bs G2 dt? G. dé? 
But 
fl — Ue, = Ts 
Hence 
HI @®yw Gy ay dy 
= — r(1 ) pia 
aes + Gy) medias cme ges 


Writing this in the operator form, we have 
HI F Gm 
———— 2 2 4 
FF ts +Hp tlh =O (5) 


Neglecting the transient, the solution for Yi consists of a con- 


‘stant term corresponding to the average torque do plus a variable 


part corresponding to the series D [dn cos (wn + a@n)]. The 
second part represents the hunting due to the harmonies in f (t). 
Only the second part is of interest since this determines the power 
pulsations. The transient part of the solution is obtained by 
letting the right hand member of Hq. (5) = 0 and solving 
for Wi, but this represents oscillations which occur for a short 
time only after the machine is parallel with the system and so do 
not interest us. 

The permanent hunting is easily obtained by letting p = j on 
n, being the order of the harmonic in f (¢). 

Eq. (5) then gives 


oF ti {ot - 


( 3 
a= | —ott (1+ =z} 
2 


G2 
or in real quantities 


nV {a-mer( yg a 


Similarly from (4) 


bn = 
Dividing (5) by (4), we have 
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G2 + (w, H)? 


f 2 , G; ; ( on? ! 
\ {Gs —ati(1 4-24) | falewewes cg, i 


(2) 
The phase lag of 4, with respect to a, will be the difference 
between their phase angles, and is 


a: 
ee “ z 
yn = tan-} ke G tan -} E (3) 
Gost (1 us . 
Fl (<3) + G, ) 


C. A. Nickle: Some of the assumptions in this paper are suffi- 
ciently in error to affect seriously the correctness of the results. 
The first part of Section II of this paper deals with this problem 
and the results are in accord with those presented in a paper! by 
R. E. Doherty and the writer. Our treatment of salient-pole 
machines under transient conditions, however, does not agree with 
the treatment just presented. 


Equation (34), according to the author, is the general equation 
for power for sustained oscillations. This is not justified because 
it applies only when z, is a pure reactance, since this was the 
assumption under which it was derived. But x, is not a pure 
reactance for all conditions of oscillation. It approximates a 
pure reactance when the resistance of the field winding is either 
negligible or infinite with respect to its leakage reactance at the 
oscillation frequency, as may be seen from the equivalent 
transformer diagram shown in Fig. 3 herewith. Tn this diagram, 
x is the armature leakage reactance, zm is the mutual reactance 
of the field and armature, z; is the leakage reactance of the field 
winding, and r;/s-is the field resistance referred to the armature 
for a frequency of oscillation s times the electrical frequency of 
the machine. 

Inspection of Fig. 3 shows that as s approaches zero—i. e., 
as steady-state conditions are approached—r;/s approaches 
infinity and the field winding is essentially open-circuited. The 
impedance is then a pure reactance of value (x + zm) —i. e., the 
synchronous reactance in the direct axis. As s becomes larger, 
r;/s becomes smaller and may become quite negligible even for 
rather low values of s. As 7r;/s approaches zero, the impedance 
of Fig. 3 again becomes a pure reactance. It is evident, however, 
that z, is not the leakage reactance of the armature as concluded 
by the author, but is the transient reactance, which may be 
consiaerably greater in salient-pole machines. ' 


« 


x Xf 
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This may also be interpreted as follows: When a three-phase 
system of currents of constant amplitude flows in the winding of a 
three-phase machine, there exists a uniformly rotating sinusoidal 
m.um.f. of. constant amplitude. This m.m.f. rotates at syn- 
chronous speed, which is the speed at which the poles are rotating, 
and by proper time phase of the currents, a at zero power factor, 
the rotating m.m.f. may be made to exist at every instant 
directly over the field poles. If each of the three-phase currents 
pulsates in amplitude at a frequency f, the m. m. f. over the field 


1. Synchronous Machines—I, by R. E. Doherty and C. A. Nickle, 
A.1. E. E. Journat, October 1926, p. 974. 
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winding will likewise pulsate at the same frequency. This 
pulsating m. m. f., acting over the field winding short-circuited 
through the exciter armature, will induce currents in this winding 
and we have essentially a transformer with the secondary short- 
circuited’. The magnetic and electric circuits of such a trans- 
former are shown in Fig. 4. In this figure, p; is the permeance of 
the leakage paths of the armature, p. is the permeance of the 
mutual flux path of the field and armature, and p; is the per- 
meance of the leakage paths of the field winding. The alter- 
nating component of armature m. m. f. is now represented by an 
alternating current in the winding a, the frequency of this current 


a 
Armature Py 
Po 
Field Pg 
ane, 4! 


being the same as the frequency of pulsation of armature m. m. f. 
in the actual machine. If this frequency is infinitely small, the 
armature m.m.f. may send flux through the permeance 7, 
which corresponds to the permeance of the leakage paths of the 
armature, and through the permeance jz, which is the permeance 
of the mutual path of the armature and field. At this lower 
limit of frequency, due to the field resistance, flux can be created 
and destroyed in the field winding without opposition. Negligi- 
ble flux passes through the field leakage path under this condi- 
tion, since it is shunted by a path entirely of iron of relatively 
very great permeance. The reactance of the armature winding 
is then evidently the synchronous reactance. When, however, 
the frequency of the current in winding a is high enough so that 
the resistance of the field winding is negligible with respect to 
its leakage reactance, the short-circuited field winding effectively 
prevents any change of flux linking its self. In this case, the 
permeance encountered by the armature m. m. f. is not only pu, 
the true leakage permeance, but also the permeance p. and pz 
inseries. The total armature flux is correspondingly greater than 
just the armature leakage flux and the effective reactance is like- 
wise greater than the armature leakage reactance in the same 
proportion. This reactance, as distinguished from armature 
leakage reactance, is termed transient reactance. In commercial 
salient-pole machines, the transient reactance is of the order of 
50 per cent higher than the leakage reactance, and the effect of 
field leakage cannot be neglected as has been done by the author. 
Thus, the fact that the alternating component of flux linking the 


2. When a machine is oscillating, it delivers or consumes power and a 
pulsating armature m. m. f. also exists over the quadrature axis. There 
is, in general, no field winding in this axis, and the flux is always pro- 
portional to the current. ‘The reactance in this axis will thus be constant 
regardless of the frequency of oscillation of the machine—i. e., it will 
always be xs’. Although there is no field winding in this axis, there may 
be an amortisseur winding which acts as a short-circuited secondary. 
It may, however, be shown that in general the resistance of this winding 
compared to its leakage reactance is so great at ordinary frequencies of 
oscillation as to have a negligible influence on the quadrature reactance. 
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field winding is zero does not mean that armature reaction is 
entirely ineffective as stated in this paper on the fifth page in the 
second paragraph. The flux linking the field winding is, there- 
fore, not a correct measure of the effectiveness of armature 
reaction, and hence the author’s expression for the factor K’ is 
invalid. 


There is still another point in the calculation of K’ which is in 
error. In deriving the expression for K’, the author neglects such 
time-phase relations which occur, and since this problem differs 
from the problem of steady-state conditions only in the time 
element, this is altogether unjustifiable. When the time element 
is taken into account, the element of damping which exists is 
readily obtained, as well as a more accurate value of synehroniz- 
ing power. When the frequency of oscillation is such that the 
field resistance is neither negligible nor infinite with respect to 
the field leakage reactance, z- is not a pure reactance, but an 
impedance, and Eq. (34) does not apply. 

In Eq. (38), (N K ¢ @ cos o ft) is the alternating voltage 
induced in the short-circuited field winding. This voltage is 
consumed by the resistance and leakage reactance of the winding. 
On the sixth page, immediately below Eq. (47); the method 
outlined for obtaining L/r is in error, in that it gives the ratio of 
exciting inductance to resistance, which may be several times 
greater than the proper ratio of leakage inductance to resistance. 
Also, such a method does not take the amortisseur winding into 
account correctly, for the following reasons: The amortisseur 
winding is a short-circuited secondary with respect to the field 
coils, and the equation of the growth of field current when a 
constant voltage is applied is of the well-known form: 


Cede Agee Ase 


where 
pe Se ee 
oF (r1 Le + reli) + Vv (ri Le — ro Ly)? +4 M*r re 
Di= (1) 
2 (Ly Le — M?*) 
and 
ee i (ry Ly + ro Ln) Sa V (ri Ly — ro Li)? +4 M?rire 
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The equation for the field current thus comprises a constant 
term and two exponential curves, and an oscillogram taken under 
these conditions cannot be analyzed correctly as a single 
exponential curve. When the resistance of the secondary is 
relatively great, D2 becomes very large and one of the exponential 
curves in a very short time becomes negligible. The curve then 
continues as a single exponential, but the value of L/r obtained 
from this part of the curve is not the correct value to use for 
the condition where a definite sinusoidal voltage is applied to 
the field winding. 

In the third part of the paper*, on Synchronous Machines, by 
R. E. Doherty and the writer, our treatment of the present 
problem is given. When the problem is analyzed with due 
consideration to the points brought out in this discussion, the 
expression for synchronizing power becomes: 


a(t, — a) — b? 
a, [b? + (a, — a)? 
where P, is the synchronizing power under steady-state con- 
ditions, ¥: is the angular displacement corresponding to the 
average load, and the factors a and b are functions of the oscilla- 
tion frequency and may be readily obtained from the constants 
of the machine. The damping torque per radian per second is 
also obtained, and is given by: 

b? EH 0 sin? Wi ( 

s [2 + (a, — a)? () 


H.V. Putman: Dr. Terman has pointed out that these caleu- 
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lations assume constant terminal voltage at the machine and if 
this condition is not fulfilled, the synchronizing power is likely to 
be very different. This is a point which it is well to remember. 
I had an interesting experience which illustrates this point 
clearly. A certain synchronous motor had been directly con- 
nected to a particular air compressor. Severe hunting was 
reported and difficulty was experienced in keeping the motor in 
step. Investigation showed that the motor was supplied by a 
diesel-engine-driven generator about 50 per cent larger than the 
motor. This engine did not have nearly as large a flywheel as 
it should have had for direct connection to the generator. 

Tests showed a current pulsation of about 175 per cent, based 
on the rated motor current. The pulsation consisted largely of 
two harmonics, one due to the compressor and the other to the 
engine. 

Calculations showed that to bring the current pulsation down 
to 60 per cent, five times as much flywheel effect was required on 
the engine and about twice as much on the motor. It was 
impossible to add this amount of flywheel effect to the engine, SO 
the trouble was remedied by substituting an induction motor in 
place.of the synchronous motor. 

It is not likely a condition as bad as this could occur due to 
poor regulation of transformers. Such an experience does, how- 
ever, make one realize that synchronous machines which by 
themselves may behave quite properly often behave very badly 
when connected together or to_a system having poor regulation. 

Mr. Nickle says that my ‘‘effective reactance Ze is not apure 
reactance as I assume. Later hesays, ‘‘However, itis evident that 
ze is not the leakage reactance of the armature as concluded by 
the author, but is the transient reactance which may be con- 
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siderably greater in salient-pole machines.” The term ‘‘tran- 
sient reactance” has been clearly defined by Mr. Doherty and 
other writers and it is always treated as a pure reactance, so that 
if my 2, is in reality the transient reactance (which I think it is 
not) as Mr. Nickle says, then it is at least a pure reactance. Also 
I did not say that 2, is the leakage reactance of the armature; I 
said it is the leakage reactance of the armature plus that part 
of the de-magnetizing armature reactance which is effective under 
the oscillatory conditions. 


IT am not sure that the equivalent diagram Mr. Nickle gives 
in his Fig. 3 really represents the present problem. Certainly the 
field and armature circuits are not directly connected in series. 
They are only magnetically coupled as shown in my Fig. 5 (this 
discussion). Before one can justify conclusions based on Mr. 
Nickle’s equivalent, circuit is necessary to prove its equivalence. 


Mr. Nickle states that the alternating voltage induced in the 
short-circuited field winding is consumed by the resistance and 
leakage reactance of the field winding. I say in the paper that 
this voltage induced in the field winding is consumed by the 
resistance and self-induction of the field winding. This is an 
important point as it will make a difference in the value of K’. 
The point can be demonstrated quite easily by referring to my 
Fig. 5. In this figure the pulsating current which flows through 
the armature circuit is represented by 7:. Note that this pul- 
sating armature current flows by virtue of the fact that the com-. 
pressor to which the motor is connected demands certain pul- 
sating power to drive it. There is only one power line coming 
into the motor and if the motor is to supply the power required 
to drive the pulsating compressor load, current must flow 
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through the power line into the motor armature winding. If it 
does not the motor will stop. Hence, it is evident that this 
pulsating armature current flows regardless of what goes on in 
the motor and this pulsating current is in no way limited or restricted 
by any of the reactions or reactances within the machine. It flows 
because the compressor load demands it. 

This problem is entirely different from the generator short-cir- 
cuit problem. There the armature current does depend on what 
goes on inside the machine; in fact it is limited by the combined 
leakage reactance of armature and field which is the transient 
reactance, and this is the problem to which Mr. Nickle’s diagram 
is applicable. In Fig. 5, let 
L = the self-inductance of the field winding. 

R = The resistance of the field. 

M = The mutual induction between field and armature. 

Now, by Kirchoff’s law, let us write the fundamental differential 
equation of the field circuit. It is obviously 


0=7;(R+pL)—-Mopi 
where 


es agua 


dt 


The induced voltage produced by the armature current is the 
term M p 7; and the field current is 


: M pis 
a 
sess Fp +opL 

so that it is easily seen that the pulsating component of the field 
eurrent is equal to the induced voltage divided by an impedance 
comprised of the field resistance and the field self-inductance, not 
the leakage inductance. The field leakage inductance would be 


(L — M) 
so that if Mr. Nickle were right, the equation would have to read: 
: M pis 
GS SS SSS SSS 
7 +p (L — M) 


which is impossible. 

Mr. Nickle also says my calculation of k’ is further in error 
because I have neglected certain time elements which occur, and 
when these are properly taken into account, it is possible to obtain 
the damping torque as well as the synchronizing torque. This 
is not clear to me, but if it is possible to obtain some sort of an 
expression for the complete torque, (probably a vector expres- 
sion), one term of which is synchronizing torque and the other 
damping torque, it would be highly desirable. I shall be very 
much interested in seeing how Mr. Nickle handles this part of 
the problem. 

Mr. Brainard has submitted a very interesting discussion, 
explaining why he thinks the synchronizing torque changes with 
the frequency of the load pulsations. He believes that if the 
damping is taken into account, properly, in the fundamental 
equation of the oscillation, this “‘apparent”’ change in synchroniz- 
ing torque is explained without ‘‘the idea of a P, which varies 
with the frequency.” 

The equation to which Mr. Brainard refers is (p? I +pTa 
+ T7,) v =f (t). This is his equation (1) except that Tis used for 
synchronizing power instead of G. This equation not only has 


formed the basis of all previous published work along this line, » 


but it has been used successfully for many years in handling 
problems of oscillation and resonance. Also, many actual 
comparisons have been: made between oscillations calculated 
from this equation and oscillographie tests which have substan- 
tiated, heyond any doubt, its validity within its well-known 
limitations. ee 

It can be applied to ordinary synchronous machines which, as a 
rule, have a damping torque of from % to 1 per cent of the 
synchronizing torque. Cases of moderate oscillation can be 
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calculated successfully from it and the magnitude of the oscilla- 
tion obtained correctly. The shape of the oscillation usually 
departs somewhat from the oscillographic picture due to the 
fact that the linear type of differential equation does not apply 
strictly to the problem. The synchronizing torque is not 
absolutely proportional to the displacement except for small 
displacements and the damping torque is not proportional to the 
rate of change in displacement (either the total displacement or 
that part of it between the pole and the electrical field) except for 
very small values of slip. This means that, for a case of very 
severe oscillation where the magnitude of the oscillation depends 
to a large extent on the damping, this equation cannot be applied 
successfully. It will not give the magnitude of the oscillation 
correctly, but it will at least show if it is very severe and usually 
this is sufficient. If the oscillation is of such magnitude that it is 
not objectionable for continued operation, then the magnitude 
can be calculated very closely. 

It should be noted that both these limitations are present in 
Mr. Brainard’s more complicated equation. I say ‘‘more com- 
plicated’’ because he is forced to a third-degree equation and has 
to employ two different values of synchronizing torque. And 
what is gained by the use of this complicated equation? Noth- 
ing, except that the damping torque is made to depend on, (I 
shall not say proportional to), that part of the displacement 
between the poles and the electrical field. This is as it should 
be, but when the proportionality is of such a questionable nature 
and the whole term is so small fanyway, the use of the more 
complicated equation seems hardly justified. 
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Fig. 6—Diacram SHowine How tHe Sreep-Torque CuRVE 
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G ; 
Also, the value of resonance w = J fer which Mr. Brainard 


obtains from his equation for the case of infinite damping, has 
no physical significance. What does infinite damping mean? 
As Mr. Brainard uses it, it means that the motor develops an 
infinite torque with an infinitely small slip. This is not only an 
impossible condition, but it is a condition which cannot even be 
approached by an actual motor. Even though a motor were 
made with a damper winding resistance of very small value,—say 
approaching zero,—the speed-torque curve would approach a 
vertical line of finite length, not infinite length as Mr. Brainard 
assumes. (See Fig. 6.) This means that the linear relation be- 
tween damping torque and slip fails long before anything ap- 
proaching infinite damping could be obtained, so Mr. Brainard’s 
explanation of a synchronizing torque which apparently changes 
from G to G2 falls through. 

I feel very certain that if it is possible to obtain an expression 
for the complete torque of the motor, including both the damping 
torque and the synchronizing torque, it will be found that the 
term representing the synchronizing torque varies with the 
frequency of the pulsations in a manner independent of the damp- 
ing torque. Mr. Nickle has suggested the possibility of obtain- 
ing such an expression and I hope he will be able to demonstrate 
this point. 
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Mr. Brainard says I take damping into account twice, since the 
effect of the induced currents in the field which I calculate is 
really damping. I think he does not understand my point of 
view clearly. When the load increases suddenly on a motor and 
the angular displacement increases, there are really two voltages 
induced in the rotor winding, one due entirely to the-transformer 
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action between rotor and stator, brought on by the sudden in- 
crease in armature current, and the other, a voltage of rotation 
due to the rotor actually cutting the flux from the stator during 
the increase in the angular displacement. The effect of the latter 
voltage is pure damping, while the effect of the fo 
inerease in the synchronizing power. 
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| Lightning 
A Study of Lightning Rods and Cages, With Special Reference 
to the Protection of Oil Tanks 
BY F. W. PEEK, JR. 


Fellow, A. I. E. E. 


Synopsis.—Former papers have discussed the voltage and nature 
of lightning, lightning voltages on transmission lines, and means of 
protecting against them, the effect of lightning voltages on insulations, 
etc. This paper is a further report on this investigation which has 


been in progress a number of years. Special attention is given here 


INTRODUCTION 


HIS paper reports further work which the author 

has been carrying on for a number of years in an 

investigation on lightning. The particular phase 
of the subject treated here is the protection of oil 
tanks from lightning. Since the data given pertain 
particularly to a study of direct strokes as well as in- 
duced voltages, it can also be applied to the protection 
of buildings, etc. Former papers have treated of the 
general subject of lightning, the effect of lightning on 
transmission lines, line insulation, etc. For more 
general information and further details as to the 
methods followed in the investigations, reference 
should be made to the papers noted below’. 


OIL TANKS AND RESERVOIRS 


Oil is frequently stored in very large quantities. 
This storage is often so great, in fact, that, economically, 
metal tanks are said not to be feasible. The tanks or re- 
servoirs, which are usually made of re-enforced concrete, 
are frequently 500 ft. in diameter, but sometimes in oval 
form as large as 600 by 1200 ft. and 30 ft. deep. Oc- 
casionally some of the smaller tanks are of metal. The 
capacity ranges from seven hundred thousand to three 
million barrels. A group of tanks makes up a farm. 


The tops of the tanks are covered with wood or wood 
covered with felt-or other materials to keep out the sun 
and to prevent evaporation. Between the roof and the 
surface of the oil there is an air space which may con- 
tain oil vapors. The mixture of air and oil gases 
may be in the right proportions to be explosive and 
ignite by a very small spark., Sparks can occur 
between metal parts on the roof or between wet parts 
by induction, or by direct strokes, and cause fires or 


1. Consulting Engineer, General Electric Co., Pittsfield, Mass. 

2. F. W. Peek, Jr.—The Effect of Transient Voltages on 
Dielectrics, Transactions, A. I. E. E., 1915, Vol. 34, 
page 1857; 1919 Vol. 38, p. 1137; 1923 Vol. 42, p. 940. 

Lightning and Other Transients on Transmission Lines, 
A. I.E. E., Trans. 1924, Vol. 43, p. 1205. 

F. W. Peek, Jr., High-Voltage Phenomena, J ournal, Franklin 
Institute, January, 1924; 

Lightning, Journal, Franklin Institute, February, 1925. 

Presented at the Pacific Coast Convention of the A. Vg Joh Bop 
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to additional work on the chance of objects being struck; the area pro- 
tected from direct strokes, by a rod or number of rods, overhead wires, 
grids, nets, etc.; the effect of nets and cages in reducing induced 
voltages, etc. This work is particularly applicable to the protection 
of oil tanks, buildings, magazines, etc. 


explosions. It is probable that induced voltages can 
cause fires only when inflammable or explosive gases 
are present. Direct strokes can set fire to either oil 
or wood. 


Various principles found in the general study of 
lightning, as well as specific investigations for trans- 
mission lines, etc., can be applied to oil-tank and reser- 
voir protection. Work already reported’ will be 
outlined here for convenience. Additional work done, 
specifically on model oil tanks, will be given in greater 
detail. Although work on models and _ theoretical 
work cannot always exactly simulate or anticipate 
all practical conditions, it should be of great help in 
solving the problems of protection. 


How SPARKS OCCUR 


Sparks can occur in oil tanks by a direct stroke, 
electrostatic induction or by electromagnetic induction. 
A direct stroke can take place when the storm center is 
over the oil tank and set fire to wooden roofs, ignite 
oil directly or indirectly, or melt thin, metal plates. 
Sparks can form between conducting parts by electro- 
static induction from storms overhead or at a consider- 
able distance. As already noted, induced sparks can 
generally cause fires only by the ignition of gases. 
Electromagnetic induction could cause sparks as a 
result of heavy currents caused by a direct stroke in 
the vicinity of the tank. 

Direct strokes are by far the most dangerous, but 
voltages by direct strokes are much less likely to occur 
than by induction. Induced sparks can occur only 
between isolated conducting parts or conducting parts 
in poor contact. These conducting parts could be of 
metal or water, etc. Trouble by electromagnetic 
induction is probably the least likely to occur. 


INDUCED VOLTAGES 


A brief description may be of interest as to how elec- 
trostatic induction occurs. Assume the cloud in Fig. 1 
to be negatively charged. A  well-insulated wire 
along an equipotential surface takes the potential 


3. EF. W. Peek, Jr., “High-Voltage Phenomena”, Journal of 
Franklin Institute, Jan. 1924. “Lightning”, Journal of the 
Franklin Institute, 1925. : 
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of the space in which it is located and becomes (+) 
on the side nearest the cloud and (—) on the side 
farthest from the cloud (Fig. la). When the cloud 
discharges, the two charges on the wire go together 
and the potential of the wire becomes zero. In this 
case, it is possible for a spark to occur between the in- 
sulated wire and some other wire near it but 
differently located in space, even though the cloud 
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Fig. 1—Vouracs InpuceD By LIGHTNING 


does not discharge. What is usually known as electro- 
static induction, however, occurs as follows: Assume 
the wire in Fig. 1b to be poorly insulated, or grounded; 
the negative charge leaks away. The wire becomes 
positively charged, while its potential becomes zero. 
When the cloud discharges, the bound charge on the 
wire is released, which causes it to take a potential 
above ground with a sign opposite to that of the cloud. 
The wire generally reaches its maximum potential at 
the instant the cloud reaches zero. The potential 
that the wire assumes is approximately equal to its 
height above ground times the voltage gradient or 
volts per foot, measured vertically. The voltage 
gradient!'depends upon the position of the cloud with 
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CHARGED CLOUDS 


reference to the wire. The maximum voltage that a 
_ wire can assume is equal to 100,000 times its height 
-in feet above ground. This is practically a direct 
stroke. In general, this voltage is, 
V=gah=Gh 

where g is the gradient in volts per foot and h is the 
height in feet. As shown in Fig. 2, g depends upon the 
distance of the cloud from the wire. For short wires, 
a is unity. In the case of long transmission lines, a 
would be less than unity, its exact value depending 
upon the rate at which the cloud discharges. This 
would follow because in slowly discharging clouds the 
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charge would be dispersed over the line for a consider- 
able distance before the cloud became completely 
discharged. Measured values of ga, or apparent 
gradients, G, as high as 50,000 kv /ft., have been obtained 


Fic. 3—Meruop oF OBTAINING A SPARK FROM A GROUNDED 


ConDUCTOR WITHIN A GROUNDED TANK 


on transmission lines. Sparks may occur between 
wires or other conductors on tanks, due to these induced 
voltages. Grounded wires near and parallel to the 
line wire reduce induced voltages; a cage around the 
wire still further reduces them, while a complete metal 
cover eliminates them. Ground wires are considered 
effective on transmission lines if induced voltages are 
cut in half; this would not be the case of conductors 
in oil tanks because even 500 volts could cause a tiny 
spark between metal parts almost in contact. The 


Copper Wire Loop 


Containing Gap 


== Complete Conducting Circuit of 
Metal Foil Shields the Loop 


Circuit Surrounding Loop 
roken Here 


Iie, Gh 


work on models has shown that tiny sparks can occur 
between conductors inside of cages even when the mesh 
is comparatively small. No sparks could be obtained 
in complete metal tanks. (See table 7). Sparks can 
occur in metal tanks, however, between plates making 
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poor electrical contact or from wires or pipes brought 
in from the outside and not making good contact with 
the tank, as in Fig. 3. 


Electromagnetic induction resulting from heavy 
currents flowing in the vicinity of the tank may cause 
sparks as shown in Fig. 4. In experiments, it was not 
possible to obtain sparks in the complete metal tank 


5—TARGET MADE BY LIGHTNING 
b. With %-in. Needle 


Fig. 
a. Without Needle 


or in the tank with open sides. Sparks were obtained 
only in the extreme case shown. 


DIRECT STROKES 

While the most severe lightning effects are pro- 
duced: by direct strokes, in order to have a direct 
stroke at a given spot, it is necessary for the cloud to 
be over that spot at the instant it is charged to suffi- 
cient voltage to cause a discharge. Voltages by direct 
stroke are thus much less likely to occur than voltages 
by induction since induced voltages can be produced 
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by any storm within a radius of several miles. Sparks 
by induced voltages cannot occur unless there are 
conducting parts almost in contact or making poor 
contact; as wire, nails or wet spots on a wooden roof, 
etc. 

Although the chances of direct strokes are usually 
small, the effects are so severe that an exhaustive study 
of protection against them seemed worth while. The 
general methods followed were similar to those used in 
previous work. Models were built to scale and sub- 
jected to voltage from the lightning generator as well 
as all other types of voltages. The same general 
results were obtained from all types of clouds, points, 
spheres and planes. The hits were recorded by placing 
paper targets under the tank or other object under 
study. A hole in the paper recorded the spot struck. 


130 ft. 


X~<—130 ft. 


130 ft. 


% 
6—Diacram SHOWING PRoTEcTION oF O11, TANK FROM 
Direct-LigHtNina STROKE 


Height of roof peak—35 ft. 
Crosses denote four 130-ft. poles, 130 ft. from tank wall 
Ares indicate area within the tank wall, protected by each grounded pole 


Fia. 


Sample targets are given in Fig. 5. Fig. 54 was made 
by discharges striking a flat plane; in 5B, there was a rod 
placed in the center of the target. It will be noted 
that in this latter case, either the rod was struck or the 
ground at least four rod lengths away. There was an 
area immediately around the rod that was not struck. 
It can be seen that a model building or tank properly 
located with reference to the rod inside of the protected 
area would not be struck. It has been found that this © 
same principle applies to a number of rods. For in- 
stance, if four rods are arranged at equidistant points 
around a circle in such a way that their protected 
areas overlap, a spark never strikes inside of the 
circle. Thus, a building or tank placed within the circle 
would be protected from direct hits. It is desirable 
to place the rods a rod-length away from the tank. 
Fig. 6 illustrates how this can be applied to an oval 
tank. 

There are other methods of protection which have 
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been investigated and which will be described below. PRACTICAL PROTECTION 

An umbrella frame of conductors, placed over the tank, From the investigation it seems that a metal tank 
ean be made to take direct hits. Parallel wires strung offers the only complete protection in oil storage against 
over the tank would prevent direct hits to the tank both direct strokes and induced lightning voltages. 
provided the wires were not separated more than The thickness of the metal is not important from the 
standpoint of induction but from the standpoint of 
direct strokes must be great enough to prevent melting 
through. The cover and all other metal parts must be 


| 
we ae in good electrical contact. This applies especially 
ou S . . 
A to parts near together. When explosive or inflammable 
ransiormer 
Bs (a) = Ground Plate 
: I Cloud 
Transformer i 
AWWW | i 
(b) = Ground Plate 
= Cloud 
Transformer 
(c) i Ground Plate 
r é 6 T Fie. 9—Ligurnine Srrrkineg Rops Prorectine Om TANK 
1g. 7—LigHtTNing GENERATOR CIRCUIT USED IN 1LESTS wrrnout Cover (TANK FILLED WITH Ox) 


four’times their height above the tank. Other types 
of meshes or cages could be used. The disadvantage 
of such arrangements is that it is generally not practi- 
cablefto place the conductors high enough above the 


Fic. 10—LicHrnine Srrikinc UNPROTECTED Ort TANK WITH 
Cover (Tank FILLED WITH OIL) 


gases can be eliminated the problem is greatly simplified 
since it is reduced to the protection of the tank against 
direct hits. It appears that this can be done by placing 
Fie. 8—Licurnine Strixinc Unrrorecrep Or, Tanx WITH- pointed rods around the tank. A round tank can be 
our Cover. (Tank Fiuiep wits O11) protected by three rods. The method is shown 

in Fig. 23. No part of the protected area must be a 

tank to prevent side flashes to the roof. The lightning greater distance from some rod than approximately 
flash is also brought directly over the tank with the four times the height of the rod. To secure a 
possibility of dropping hot metal, magnetic induction, greater factor of safety it may sometime be ad- 
ete. | visable to use a ratio of less than four as indi- 
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cated in Fig. 19. It is desirable to locate the rods 
about a rod’s length away from the tank although 
it 1s possible that this distance may be as small as half 
a rod length without trouble. The object of placing 
the rods in this way is to cause the hits to occur at some 
distance from the tank and to prevent side flashes. The 


Fig. 11—LicgutTnine Srrixina Rops Protecting Om TANK 


witH Cover (TANK FILLED witH O11) 


rods should be grounded to damp earth immediately 
below. Where the ground resistance is high or uncer- 
tain it is probably best to connect the rod to the tank 
ground as well as to its own ground. Figs. 8, 9, 10 and 
11 show tests on protected and unprotected tanks. 
If guys are used, it is desirable to make them as short 
as practicable and to attach them to the rod as near the 
ground as practicable. When there are projections 
above ground, the height of the rods is increased an 
amount equal to the height of the highest projection. 

When inflammable gases are present it is important 
to reduce or eliminate induced voltages. This can be 
done by means of a thin metal or conducting roof 
grounded and preferably extending over the sides. 
A less degree of protection can be obtained by nets or 
wires placed on the roof in the same way. When 
nets are used, the closer the mesh the greater the 
protection. Less protection would be given by wires 
or nets in practise than indicated by tests on models. 
This follows because the inductance of long wires would 
not permit them to go instantly to zero potential. 

The high degree of protection given by an all-metal 
tank is probably most nearly approached by a com- 
bination of rods to take direct hits and a thin metal or 
conducting roof and.sides to protect against induced 
voltages. Wires or mesh on or above the roof instead 
of metal sheets would reduce induced voltages to a less 
extent. In tests with a uniform field, a considerable 
variation of the distance of the net above the roof did 
not materially change its protective value. While these 
may be theoretical reasons for placing a net a distance 
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above depending upon the size of the mesh, it would 
appear less expensive and, by tests, as effective to put 
it directly upon the roof. All metal parts close to the 
net should be connected to it. If this is difficult or 
uncertain, it may generally be desirable to raise the net 
on slats or otherwise to bring it away from such objects. 
With quarter-inch mesh, the supporting slats need not be 
more than several inches high. (See induced voltages 
in Table VIT). In working out the protection for any 
tank, such details are important. 

The above may be summarized as follows: 

1—An all metal tank offers the most complete pro- 
tection against both induction and direct strokes. Sucha 
tank does not seem to be always economically feasible. 

2—When explosive or inflammable gases are not 
present, it is not necessary generally to provide for 
protection against induced voltages. Rods can then 
be used to protect against direct hits: Rods do not 
protect appreciably against induced voltages. 

3—When inflammable gases are present protection 
against induced voltagesand direct strokes is necessary. 


“ ! 

Cy ey | 
x 
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© xNo.2 © > 
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Scale: 1 in.= 850 ft. 
© Denote positions of Grounded Towers 
x Denote positions of Storm Center over Farm ~ 
12—SnHowine ProrectTion or Oi, TANK FARM FROM 
Drrect-LicgHTNING STROKES 
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Hits to rods Hits to ground 
Position of in per cent of in per cent of Location of 
storm center |total from cloud|total from cloud hits to ground 
No. 1 80% 20% All hit directly beneath 
storm center, some dis- 
tance from tanks 
No. 2 30% 70% All hit directly beneath 
storm center, some dis- 
tance from tanks 
No.3 90% 10% All hit directly beneath 
storm center, some dis- 
tance from tanks 
Nos. 4, 5, 6,7 100% 0% All strokes were to rods, 
with none to tanks or 
ground 


Height of rods = 1.24 m. (equivalent to 105 ft.) 

Height of storm center = 12.4in. (equivalent to 1050 ft.) 
Ratio of cloud height to rod height = 10:1 

Diameter of tank = 532 ft. 

Distance rod to tank = 60 ft. 


When an all-metal tank is not practicable from the 
standpoint of cost, the next best thing would be 
thoroughly bonded and grounded metal roof and sides 
to protect against induced strokes combined with rods 
to take direct hits. The roof could be of thin metal, 
since direct hits would go to the rods. 

4—For the same purpose as the metal roof in (3), but 
less effective, would be the substitution of a wire net. 
The smaller the mesh the more effective the net. De- 
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tails are important in placing the net. Other methods 
of protection can be worked out from the test data 
given below. The above methods were discussed in 
detail as an example, because they seemed among the 
most practicable. 

An actual test was made on a model of the tank 
shown in Fig. 6. All of the hits went to the rods with 
clouds no higher than ten times the height of the rod. 


Fig. 13—Sixty-Cycte DiscHarGE TO OIL TANK 


Fig. 12 showsa section of a tank farm protected by rods. 
In tests on the model, with the storm center at various 
positions as indicated, the tanks were never hit. 


3. EXPERIMENTAL INVESTIGATION 


The arrangements used for studying lightning dis- 
charges as well as the lightning generator have been 
described in former papers‘. The results obtained in 
these papers also have a bearing upon the present study. 
The circuits are shown in a, b and ¢, Fig. 7. Fig. 7a 
gives a 60-cycle spark. In Fig. 7b a dielectric field is 
established over the tank or wires under test. When 
the sphere-gap discharges, this dielectric field collapses, 
voltage is induced, and the effect of a cloud discharging 
in the distance is simulated. When still higher voltages 
are used, a direct stroke is made to take place to the 
object under test. How well this arrangement sim- 
ulates a natural lightning discharge is illustrated in 
Figs. 8, 9, 10 and 11, which show zig-zag discharges, 
split strokes, side flashes and branches. The branches 
which show quite plainly in the photographic negative 
are partly lost in reproduction. Both unidirectional 
and oscillatory discharges may be obtained with this 
circuit. The tests were made in such a way that the 
cloud was about half the time negative and half the time 


4. F. W. Peek, Jr., “High Voltage Phenomena”, Journal 
of Franklin Institute, Jan. 1924. “Lightning”, Journal of 
Franklin Institute, February 1925. 
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The circuit in Fig. 7c gives an impulsive 
discharge. The cloud is “dead” until the discharge 
takes place. It would simulate one cloud discharging 
to another and then to ground. 

In studying any condition, from fifty to several 
hundred discharges were usually made. Voltages up to 
2,250,000 r. m. s. effective, 60-cycle, 2,000,000 lightning 
and oscillatory were used. 

The cloud shown diagrammatically in Fig. 7 was a 
horizontal plate 5 ft. x 71% ft. (162 cm. x 229 em.) with 
rounded edges. The height above ground was usually 
about 43% in. (110 cm.). Other types of ‘“‘clouds” 


positive. 


B 
14— TARGET MADE BY LIGHTNING STROKES FROM CHARGED 
CLouD 
a.. 6%-in. ciruclar tank, ™% in. high 
b. 5-in. circular tank, % in. high 


Fi4. 


such as spheres and points were used. A short pointed 
rod was usually suspended from the plane to represent 
the storm center. 

Division of Hits Around a Tank. ‘These tests were 
made to determine the division of hits between the 
ground around the tank, the inside of the tank and the 
edge of the tank. The tank shown receiving a 60-cycle 
discharge in Fig. 18 consisted of a circular or elliptical 
ring, made of a thin metal strip placed on a metal plane. 
The results of the tests are given in Table I for all types 
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of discharges and various types of “clouds.” Fig. 14a 
is a typical target for a circular tank. A number of 
strokes went inside of the tank, a number to the edge of 
the tank and a number to the ground at some distance 
from the tank. In Fig. 14b the diameter of the tank 
was reduced while the height was kept the same. In 
this case, there are no hits inside of the tank. Either 
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Fie. 15—ArrA PROTECTED FROM LIGHTNING BY CIRCULAR 
Merat Pan orn Tank. Hits wituHin Circunar Pan; Pan 
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the edge of the tank or the ground some distance away 
was struck. The tests show that a hit never occurs within 
a circular tank when the height of the tank is greater 
than one-tenth the diameter. The division of hits be- 
tween the edge and the inside for tanks of different 
ratios of radius to height is given in Figs. 15 and 16 
while complete data will be found in Table I. 


If rods are placed around the tank shown in Fig. 14b, 


Points: ; j si 
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Fig. 16—ArrAa PROTECTED FROM LIGHTNING BY CIRCULAR PAN 
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TABLE I 
DIVISION OF DIRECT HITS AROUND A METAL RING PLACED ON A METAL PLANE TO SIMULATE A PAN OR TANK 
Number of | Hits to ground Distance Protective 
strokes (as found from] Per cent to ratio 
holes in paper) of nearest hit Distance to 
Ratio Con- Storm | Strokes — total — — height 
(Radius | dition Cloud center from Soe _hits : ae : sa 
Test to of height height storm to to outside | inside | inside | outside inside outside inside 
Test arrangement | number| height) cloud | (inches)| (inches)| center ring | rods ring ring ring ring ring ring ring 
20 ”x10” x 0.50” ellipse 1 10.0 charged 37 32 415 61 10 “344 83 ne 1.53” A es 3.06 
10” x 5” x 0.50” ellipse 2 5.0 S fe 6 286 283 3 0 0 is a aoa fats 3 Be KK 
15’x7.50”’x0.50” ellipse 3 Whos id s rs 111 51 3 57 a 2 ; : ; F ee 5 : 5 : 
12.50”x6.25”x0.50” “ + 6.25 %, «6 4 136 103 as 3 30 5 as eae oN : 
7 50” dian ‘tirdle 5 hata 24 ‘ dd 250 207 ee 14 29 11.6 2,12 2.19 4.26 4.3 
pee sare os 6 6.25 bg a] sf 307 276 23 8 2.6 2007 a 18571) -4.0 Sam 
a es a 7 5 0 e Ke “6 342 280 62 (0) 0 1.387” an OH f5) ae 
. < u 
5 ae Oe de 15 15.4 dead 35 29 106 105 0 9 6.6 2 salt 4.25 
¥ 50” 4 ie Bray: Maes fe “ G 100 99 0 1 1.0 2 pe 
F A 5 “ “ 100 98 6) 3 250 aie bees, oe . 
15’x7.50”x0.50’ellipse 17 Lab ff nem : 
7.50” diam. circle 18 Lio 60 cycles| 35.5 29.5 * 50 43 3 4 8 1.75 1.38 yc) 2.75 
i i onl 
eee Sen 19 6.25 ae « ts 50 44 6 0 ) 2.50” 5.0 
ae gee 192 | 6.25 “ “ «“ 50 £4. Te. 6 0 0 3.25" 6.5 
pad “ “ 20 7.5 “ 80 72 50 38 Re 12 0 0 3.50 Le, ti) hou 
(ea ae ‘0 “ “ “« 50 20 1 29 | 58 ao Wa) Be 5.5 
ao; “ “ ae a “ec “ “ 50 40 3 V6 14 4.00” 2.50” 8.0 5.0 
yo 4 = ina i none is 51 EU Wh tts 1 3 6 Gey? Wek rds | Tess ee ts 
Lido v ey . f 
Rods placed symmetrically around rings or tanks 
Pat OS DC SE aay ee I a at es 
7.50” circular ring- 
a Fafa. o | 9.5 SOV Maen KM Quen acg 
1/12” out from ring 24 6.5* charged 37 32 ea 113 173 1 3 
7.50” circular ring- 
” 
four meee sha ad a ae Z Z te 309 |, 125 | 176 5 3 0.98 | 2.75” |3.38”| 3.7 | 4.5 
ching rin; 3 : 
a : P Rods without tanks 
aide ter) ae 27 5.0* Gi ae G 349 347 2 0 10) 2.06” Zeno 23 
“50 ¢ - 
Boar .0.207 rods em 18 o | 232 | 77 Pe ike aah 
15.4” circle ee | IDeA re. ss i i 302 
; fe aio 3.5 
1 we See || an ea “ 344 . | 265 0 79 | 22.9 | .. |2.62 
clr . 


” *Ratio = radius of rod circle divided by rod height. 
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so that a line drawn from the top of a rod to the center 
of the tank just touches the edge of the tank practically 
all hits go to the rods. 

Area Protected From Direct Hits by Wires and Nets. 
Fig. 17 shows a typical target of a wire parallel to and 


Fic. 17—TAarGET MADE BY LIGHTNING STROKES FROM CHARGED 
Cuioup One Horizontat Grounp Wire, 34 In. ABOVE GRoUND 


connected to ground. Either the wire is hit or the 
ground some distance from the wire. For a single 
wire, the ground is never hit nearer the projection of the 
wire than about four times its height above ground. 

A similar test was made on parallel ground wires 
arranged as in Fig. 18. It was found that the ground 


———— —————— 


ee 
B 


Fig. 18—TarGetT MADE By LIGHTNING FROM CHARGED CLoUD 


A. Two parallel ground wires 34 in. above ground and 8 in. apart. 
B. Two parallel ground wires 3 in. above ground and 4 in. apart 


between the wires was never hit when the separation of 
the wires was not greater than about four times their 
height. . Both of these rules, however, are subject to 
the cloud height as discussed later. 

Data on ground wires and ground wires over tanks 
are given in Tables 2 and 3. In general, it can be seen 
that they are not especially efficient. There are also 
several factors not shown by these tests. Since, for 
large tanks, the wires must be quite long compared to 
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TABLE III 


LIGHTNING PROTECTION BY PARALLEL GROUND WIRES 
Cloud height = 30 in. (at storm center) 


Wire : = Ss} abil, 
Percentage 
division 
of strokes | 
Cloud 
Height |Ratio of 1% 
SS distance to Distance | Ratio of 
Distance wire between ground to distance 
between height wires (inside to nearest to hit 
ground to wire wires) wires ground to wire 
wires ratio height per cent | per cent hit-in. height 
24.0” 10:1 4.00:1 50 50 7.88 Ges 
18.0” - 3.00:1 10 90 Tato 2.58 
Gro" ue Qeosk 5) 95 8.38 2.79 
LSEOW “ 2.50:1 D 95 7.00 2233 
13.5” ik | 2.2531 0 100 aa 
Cloud height = 30 in. (at storm center) 
Wire S915 ink 
15,0” 20:1 5.00:1 40 60 4.00 2.67 
13.5” Ne 4.50:1 10 90 5.62 3.74 
Tp e 4.25;1 10 90 6.00 4.0 
12.0” <é 4.00:1 0 100 


their height above the tank, side flashes to the tank are 
thus likely to occur. Wires arranged like an umbrella 
frame would be somewhat more efficient, but a direct 
hit would be likely to side flash or follow the 
central insulating pole to the tank. Heavy currents 
flowing in such wires could produce internal voltages 
by electromagnetic induction, while hot metal could 
drop on the tank. 

Area Protected by Rods. In previous investigations 
it was found that lightning either struck a rod or the 
ground some distance from the rod. There was always 
a protected area around the rod equal to about 


Calculated Curve 


| (Rp=V2Re-1) 


PROTECTIVE. RATIO (Rp) 


x=Caleulated Points 
©= Measured Points (Four Rods) 
A= Measured Points (Three Rods) 
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CLOUD=ROD RATIO -(Rc) 


Fic. 19—Prormection or AREAS FROM Direct-LIGHTNING 
STROKES 


\ Curves showing relation between R p (Ratio of radius to rod height) or 
protective ratio, and Re (Ratio of cloud height to rod height) 


four times the height of the rod. This is illustrated in 
Fig. 5. The protective ratio should, however, vary 
with the height of the cloud for a given rod. The fol- 
lowing relation would be expected theoretically: 


R, = V/2R.-—1 
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where 

R, = protective ratio 

R, = cloud height divided by rod height or cloud 
rod ratio. 

Actually, however, a ratio much greater than four 
would not be expected in practise because irregularities 
would overcome the slight increased distance effect. 
This is well illustrated in Fig. 19 where the theoretical 
and measured curves are plotted together. 
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PROTECTED FROM LIGHTNING BY 
Vertical Rops 


Hits within circles drawn with four rods arranged symmetrically on 
circumferences. Height of rods, 2.02 per cent of cloud height 


Fig. 20—AREA Four 


TABLE IV 
EFFECT OF CLOUD HEIGHT—ROD-HEIGHT RATIO ON AREA 
PROTECTED BY RODS SYMMETRICALLY ARRANGED 
AROUND A CIRCLE ON A CONDUCTING PLATE .... 


Percentage 
Cloud Division 
height of strokes 
(At Rod To 
storm | height | Cloud- | Radius-| ground 
Test center) |——_|_ rod rod | (inside| To 
arrangement in. in. ratio ratio | rods) rods 
Three rods 30.0 6.0 ost 2.5.1 10 90 
as ss Ws fs § 2.021 0 100 
- «< uss 3.0 10:1 4.0:1 5 95 
«“ Gi im SY Ke B.OrL (0) 100 
i a “ 2.0 15:1 5.0:1 50 50 
“ as < ae i 4.5:1 10 90 
« “ “ bg eS 4.0:1 (0) 100 
ee We ¢ 1.5 20:1 6.521 20 80 
« ae i « 2 5.021 ) 100 
Four“ S 6.0 Bal. [2.051 30 70 
“ c: ¥ & : 2.531 15 85 
“ “ “ “ce “c 2.0:1 (0) 100 
Z é e SOs Orta thio, 0%1 80 20 
“ “ “ “ “ 4.5:1 10 90 
«4 a : 154.031 0 | 100 
és . f 20 1Sel, yh S:0u 50 50 
“ “ “ “c “ 4,5:1 10 90 
Z e < ft 4.0:1 0 | 100 
= - os 1.5 20:1 6.0:1 30 70 
“ “ “ “ “ 5.5:1 10 90 
“ “ “ “ “ 5.0:1 0 100 
Special tests using 25 cm. sphere as cloud. (No needle on sphere). 
Four rods-sphere over 
center 30.0 3.0 10:1 4.0:1 25 75 
Sphere over center 30.0 3.0 10:1 3.531 0 100 
Four rods—Sphere off- 
set 1/3 from center 30.0 3.0 10:1 | 4.021 0 100 
Four rods—Sphere off- 
set 4 from center 30.0 3.0 10:1 4.0:1 5 95 
Four rods—sphere off- 
set 1/, from center | 30.0 3.0 LO ie40st 0 100 


*Radius of circle divided by rod height. 
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It was found that a given area could be protected by 
placing a number of single rods so that their protective 
circles or areas overlapped. For example, with a 
cloud about fifty times the height of a rod the protective 


TABLE V 


VARIATION OF PROTECTIVE RATIO OR RADIUS—ROD RATIO, 
WITH CLOUD-HEIGHT ROD-HEIGHT RATIO . 


Ratio of 
Maximum Radius 
to Rod Height 
Cloud height 
Rod height For complete 
Rods used Ratio protection 
Four symmetrical rods 5031 DLOO re 
oe a? “ 20:1 eet pe | 
GS ty = 1532 4.2531 
w ‘ % 10:1 4.00:1 
os y ce ORL 2.2531 
Three symmetrical rods 20:1 5.00:1 
$ os ne 1521 4.25:1 
a 2 aH 10:1 ok Osk 
. a ss §:1 2.2531 


ratio should be about five. Four rods were arranged 
symmetrically about a circle. It was found that no 
hits took place within the circle when no rod was at a 
greater distance from the center than five times its 
height. This is shown in Fig. 20. The data will be 
found in Table I. 


TABLE VI 


AREA PROTECTED BY RODS ARRANGED ON THE AXIS OF 
AN ELLIPSE 


Cloud height = 30 in. (at storm center) 


Rod height = 3 in. 
Percentage division 
of strokes 
To 
Radius- ground 
Cloud- rod a 

rod Ratio (Inside To 

Test arrangement Ratio * rods) rods 
Four rods arranged on metal 
plate at ends of axes of 
7x4 ellipse. Storm center 

over center of ellipse. 10:1 4.60:1 5 95 

Same conditions as above 4.05:1 0 100 
Same as above except storm 
center moved !/3 of distance 

along major axis es ce 20 80 

Same as previous conditions se 3.47:1 (0) 100 
Same as previous conditions 


except metal piece 1/7 

height of rods placed along 

major axis to simulate roof ae ae 0 
Same as previous test except 

metal piece made 1/3 of : 

rod height. % we 0 100 
Same as previous test except 

metal piece made 7/8 of rod 

height. - +3 90 10 


(To roof) 


100 


Same as previous test except 
metal piece 1/3; of rod 
height used. Rod spacing 
also increased. me ot 4.05:1 25 75 


| ; (To roof) 
*This ‘‘Radius-Rod Ratio’’ is the ratio otf the minimum radius of those 


ares drawn from each rod position for the given arrangement which will 
just cover the entire area within the rods to the height of the rods used. 
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Complete data on the area protected by three or more 
rods with different cloud heights and different types of 
clouds are given in Tables 4 and 5. 

It may be concluded from these tests that a given area 
can be protected by arranging a number of rods about it so 
that no point on the area is at a greater distance from a rod 
than the protective ratio times the rod height. The 
protective ratio varies with the cloud-rod ratio or the 
ratio of the height of the cloud to the height of the rod. 
The practical protective ratio will usually vary between 
three and four. 

The results in Table VI show the effect of projections 
within the protected area. It will be noted that, for 
the given ellipses, complete protection is obtained fora 
flat plane with the protective ratio of 3.47. This 
area is still protected when a roof as high as one-third of 
the rod height isused. Theeffect of varying the position 
of the cloud is also illustrated. In this case a protective 
ratio of four does not give complete protection for all 


TABLE VII 


REDUCTION OF INDUCED VOLTAGES ON MODEL TANKS 
BY MEANS OF OVERHEAD NETS OR CAGES 


Actual induced 
| voltage in per cent 
Sizeof | Ciearance Position Induced of voltage induced 
mesh to of voltage of unprotected 
used—in. tank—in. mesh on tank tank 
Cage or net 21 inches square 
‘ No protection 41.4 100 
YY 1.0 Over top and 
around sides 0(+) 0(-) 
2 xe Over top and 
around sides 3.2 8 
2 sf Around sides 
only 20.7 50 
2 S Over top only (aaa t 14.8 
B. ue ce 5.6 13.3 
2 2.0 - ‘5 il 1233 
2 4.0 ¥ 5.9 14.3 
2 8.0 fs 7.4 17.9 


Net, 36 in. square over top only 
LO aS | 2.4 | 5.8 
Diameter of tank:—17 in. Cloud height:—44.5 in. 
Height of tank:— 6in. Cloud voltage:—372 kv. 


to 


positions of the cloud. The height of the cloud, how- 
ever, was taken unusually low. 

It is desirable to protect a tank from all directions of 
approach of a storm. For this reason it is not well to 
use less than three rods. 

It is desirable to place the rods one rod length away 
from the tank to prevent side flashes. 

Chance of Non-Metallic Objects Being Struck. It is 
important to know if non-metallic but partly conducting 
objects such as green trees, wet -wood, wet wooden 
roofs, etc., affect the electrostatic field sufficiently to 
determine the direction of a stroke as metallic rods do. 
Tests were made by placing dry wooden poles, wet 
wooden poles, dry and green branches to simulate 
trees, etc., under the model cloud. It was found that 
the green trees or the wooden poles completely wet to 
ground determined the direction of the stroke in the 
same way that metal rods did. However, when the 
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trees or wet wooden pieces were struck they were badly 
shattered and side flashes took place. The dry pieces 
had practically no effect. Thus a tall dry “building” 
was not struck but a nearby green tree of less height 
was. A green tree was generally struck at the top 
without appreciable effect but with great explosive 
damage at exit part way down under the branches. 


TABLE VIIf 
LIGHTNING PROTECTION OF OBLONG TANKS 


Special tests with arrangement simulating a 1170-ft. x 583-ft. tank, placed on 
50 ft. of sand and protected by 140-ft. rods, 110 ft. from edge of tank 
Cloud height 30 in. (at storm center) 
Rod height Sully 


Percentage 
Division 
of strokes 


To 
Radius | ground 
Cloud rod |—— 
Test rod Ratio | (Inside To 
Arrangement ratio + rods) rods 


Remarks 
25.0) ins x 12.5 4in. 
lead foil on 1 in. of 
sand, protected by 
four 3-in. rods, 
2.36 in. from foil 
edges. Lead foil 
ungrounded, storm 
center over mid- 
dle of tank 10:1 3.32%1 0 100 
Same as previous 
test, except lead 
foil grounded 
Same as previous 
test, except storm 
center offset 1/3 
along major axis 
Same as previous 
test, except rods 
on top of sand 
were ungrounded 


cc “ (6) 100 


“ “ (0) 100 


Strokes to rods 
were afterwards 
found to have 
fused sand be- 
neath unground- 
ed rods 


i : 0 100 


Same as previous 
test, except lead 
foil, as well as rods 
was ungrounded 


Strokes to rods 
were afterwards 
found to have’ 
fused sand be- 
neath unground- 
ed rods 


ra “ce (0) 100 


Same as previous 
test, except rods 
and foil were 
placed on top of 
grounded metal 
plate set on sand 


“ “ce 0 100 


*This ‘‘Radius-Rod Ratio”’ is the ratio of the minimum radius of those 
arcs drawn from each rod position for the given arrangement which will 
just cover the entire area within the rods to the height of the rods 
used. 


An examination of the tree without knowledge of what 
had really happened would give the impression that the 
hit took place under the branches. 

Since wet wood has the same effect in determining the 
direction of a stroke as metal, it would appear that a 
metal cover on a wooden roof would not greatly in- 
crease the hazard of the tank being struck. 
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Electrostatic Induction. In previous investigations, 
it was found impossible to obtain sparks in all-metal 
tanks unless there were metal parts extending in from 
the outside and making poor contact with the tank. 

Table 7 gives the results of an investigation to de- 
termine the reduction of voltage due to over-head 


TABLE IX 
PROTECTION OF ROUND OIL TANK FROM DIRECT 
LIGHTNING STROKES, BOTH FILLED AND EMPTY, AND WITH 
VARIOUS TANK COVERINGS AND GROUNDS 


Diameter of pan used to simulate tank: 10 in. 
Height of pan used to simulate tank : 34 in. 
Height of cloud needle : 30 in. (storm center) 


Number of rods used Tayi 
Height of rods used 22) ims 
Distance of rods to edge of pan $12). 


Note: All tests were made with both 60-cycle and oscillatory lightning 
generator circuits— (see A and Bon Fig.7. See Figs. 8, 9, 10 and 11.) 


Test No. 1—With empty pan 


Conditions Results 


All strokes were to edge of pan 
All strokes were to rods 

3 rods—dry cardboard roof All strokes were to rods 

3 rods—wet cardboard roof All strokes were to rods 

3 rods—wet cardboard roof (pan insulated) All strokes were to rods 

Test No. 2—With pan filled with oil 
No rods—no roofing 

3 rods—no roofing 


No rods—no roofing 
3 rods—no roofing 


All strokes were to edge of pan 
All strokes were to rods 
3 rods—dry cardboard roof All strokes were to rods 
3 rods—wet cardboard roof All strokes were to rods 
3 rods—wet cardboard roof (pan insulated) Al strokes were to rods 


grounded nets or cages. It will be seen that a cage of 
14-in. mesh reduced the induced voltages between a 
model tank and ground practically to zero, while 
cage of 2-in. mesh reduced induced voltage to 8 per cent 
of the values without a cage. 

A net of 2-in. mesh over the tank only reduced the 
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eliminate induced voltages, but very materially reduce 
them. It is probable that the hazard is reduced in a 
greater proportion than the reduction of voltage. 

A roof of high-resistance or partly conducting ma- 
terial could take as great a bound charge as a roof of 
conducting material. Upon release of the charge, 
however, the high-resistance roof could not discharge 


100 [ ke ale 
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J 7 T 
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LL 80 : | 
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Zee leas 
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Wo 
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oO 
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|= 
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DISTANCE OF 3/-IN. ROD FROM MAIN 1-IN. ROD — (INCHES) 


Fig. 21—Area ProtrecTtED FROM LIGHTNING BY VERTICAL 


Rop 


Hits to auxiliary rod at various distances from fixed main rod 
Height of auxiliary rod = % in. (1.0 per cent at cloud height) 
Height of main rod = ¥% in. (1.35 per cent at cloud height) 


instantly. High local voltages would result and such a 
roof would appear to be a hazard. 

Tests on Model Tanks and Practical Applications. A 
number of tests was made on model tanks. A very 
complete example is illustrated in Figs. 8, 9, 10'andat; 
while the results are tabulated in Table 9. In this 


TABLE X 
ACTUAL LIGHTNING PROTECTIVE ARRANGEMENTS FOR OIL TANKS 


Actual radius-rod Effective-radius- 
Distance of ratio rod ratio 
Ht. of tower tower to 
Object being Actual ht. minus roof nearest tank (Using actual (Using tower ht. 
protected Tank size of tower ft. ht. ft. wall-ft. tower ht.) minus roof ht.) 
Single oblong oil tank 675 x 475 130 95 130 2.92 4.0 
Fig. 6 
Oil tank 583 x 1177 140 119 110 Suge 4.0 
Three-tank farm One oval two round 150 107 100 2.85 4.0 
Four-tank farm Round and oval 150 107 150 2.85 4.0 
Section of tank farm 105 85 60 3.24 Sees 
(four tanks) Fig. 12 
Large tank farm (thirty 
tanks) 520 ft. and 430 ft. 150 120 150 3.4 4.0 


voltages to about 15 per cent. The reduction was 
practically the same whether the net was very near the 
top of the tank or a considerable distance above. In 
the last test’a large 2-in. mesh net corresponding more 
nearly to the size of the cloud was used. Since the 
edge effect on the tank was removed in this way and the 
field was practically uniform, some idea of the reduction 
due to a similar net on a large tank should be given. 
The voltages were reduced to about 6 per cent of 
voltages in an unprotected tank. Thus nets do not 


test a study was made of the effect, with and without 
oil, in an open and covered tank with both wet and dry 
roof. 

Further tests were made on models to scale of single 
tanks, groups of tanks and a large farm. A few of the 
arrangements are illustrated in Table 10. Table 8 
gives results on the effect of ground resistance. The 
effects of projections on the protective ratio are given 
in Table 6 and Figs. 21 and 22. : 

In applying rods to the protection of tanks one of the 
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factors that must be decided upon is the protective ratio 
to use. By referring to Fig. 19 it will be noted that 
this ratio depends upon the height of the rod and the 
cloud. If it is assumed that the minimum thunder 
cloud height is 1500 ft., the cloud rod ratio is ten for a 
150-ft. tower and the protective ratio, four. Weather 
authorities usually give the cloud heights considerably 
greater than the above value. 

A number of layouts were made of single oval and 
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HITS TO SMALL ROD IN PERCENT OF TOTAL 
NO. OF STROKES FROM STORM CENTER 


Fig. 22—Arra Prorecrep FROM LIGHTNING BY VERTICAL 


Rops 


Hits to small auxiliary rod of varying height placed near fixed protective 
rod. Distance between rods equal to twice height of fixed rod. Height at 
fixed rod = 1.35 per cent of cloud height 


round tanks as well as of tank farms. (See Table 10.) 
A height of rod was used that covered the tank with a 
protective ratio of four. The height of the tallest 
part of the roof above ground was then added to the 
rod height. The method is illustrated in Fig. 6 for a 
single oval tank. Fig. 23 gives the general method. 
The rods were always placed at least one-half of the 
rod length away from the tank. All directions of 
approach were guarded against by using at least three 
rods per tank. In the tests of these models a cloud 
rod ratio of ten was used. The layout gave complete 
protection on the models in all cases. By referring to 
Table 10 it will be.seen that the actual protective ratio 
used in making the layout, neglecting the effect of the 
roof, was considerably less than four and, in fact, 
varied from 2.85 to 3.4. As shown in Table5, however, 
the effect of the roof is not so great as the allowance 
made for it in the layouts. In any event, the actual 
rod height attained seems about right for the condition 
assumed. In the above, it is assumed that the top of 
the rod is brought to a point. 

Perhaps a more direct method would be to use a 
actual protective ratio of 3 to 3.5, depending upon the 
rod height, neglecting the effect of the roof when it is 
less than one-quarter of the rod height. 


4, MISCELLANEOUS FACTORS 
It might not be out of place to mention here several 
_factors outside of the scope of this paper. 
Any leakage of inflammable gases should be prevented 
or means taken to prevent flames starting on the out- 
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side from going back into the tank. This would apply 
to vents or to other possible leakage. 

It is quite evident that the hazard is increased as the 
amount of oil stored at a given place is increased. It 
would thus seem desirable to reduce storage or separate 
places of storage when practicable. 


5. SUMMARY OF RESULTS 

Some of the more outstanding results are outlined 
below. 

1. Partially insulated or grounded metal or other 
conducting parts assume a potential above ground 
when a cloud discharges. This potential is opposite to 
that of the cloud and directly proportional to the 
height of the conductor above ground or equal to the 
apparent gradient times the height above ground. 
Sparks may thus pass between isolated metal parts, or 
between metal parts in poor contact, due to cloud 
discharges at a considerable distance. 

2. Insulated metal parts assume the potential of 
the space in which they are located. Sparks may occur 
between two conductors at different heights above 
ground in the field of a charged cloud. It is not 
necessary for the cloud to discharge to produce these 
sparks. 

3. One ground wire over a transmission line reduces 
the induced voltage to about one-half, and two, to about 
one-third. This is effective on transmission lines. 
While nets or wires over a tank would reduce induced 


TYPICAL LAYOUTS 


Dots © denote Grounded Rods 
Arcs show area Protected by each Rod 


~~~ ~ Protective Cone 

Rod ~~ _All Objects to be Protected must Lie 
~—>~_well under this Cone 

___ Level of Roof Peak’ e 


D Roof 


Ground Level 


Section of Oil Tank 


t= Height of Roof Peak 

h=Height of Rod above Roof Peak 

H =Total Rod Height 

D = Distance from Rod to Inner Tank Wall 
A= Protective Ratio x Height of Rod 


23—DIAGRAMMATIC LAYOUT SHOWING PROTECTION 


AGAINST Direct STROKES 


Fia. 


voltage, to be effective in preventing small sparks in 
explosive gases the voltages must be reduced almost to 
zero. Grounded nets, etc., would thus reduce the 
hazard but would not be complete assurance against 
trouble. 

4, The only method of preventing internal sparks is 
a complete metal tank. Induced sparks could not occur 
in a tank of insulating material, and free from conduct- 
ors, but such a tank is not practical. In the metal 
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tank, it is important that all parts be in electrical 
contact. A slightly insulated pipe or other conductor 
projecting in from the outside, even if grounded, 
could cause a spark. 

5. Direct hits can produce all of the above effects in 
an intensified form and, in addition, set oil, wood or 
other combustible material on fire. 

6. Direct hits do not always strike the highest 
point unless it is 2.5 per cent of the cloud height and 
directly under the cloud. A rod 1.1 per cent of the 
cloud height is struck 50 per cent of the time. 

7. A direct hit either strikes a rod or the ground 
several rod lengths away. There is thus a protected 
area around the rod. 

g <A six-foot rod has fifteen times the chance of 
being struck as a flat area directly under a 1000-ft. 
cloud. 

9, In all protective schemes, the resistance of the 
earth plays an important part. These herein assume 
conducting earth. 

10. A tank or pan will usually be struck on the edge 
if the height of the wall is greater than one-tenth of the 
diameter of the tank, (unless the clouds are very low). 

11. A number of rods may be arranged to protect 
a given area from direct hits. The area to be protected 
must not be at a greater distance from some rod than 
the protective ratio times the height of the rod. This 
protective ratio is approximately four over a wide 
practical range; it is not actually constant, however, 
but depends upon the ratio of the cloud height to rod 
height. Lower values should probably be used in 
practise. (See Fig. 19). 

12. Where there are projections, it is desirable that 
they be well below a line drawn between the top of the 
rod and the ground at a distance equal to the protective 
ratio times the rod height from the base of the rod. 

13. In arranging any protective scheme, it is im- 
portant to guard, so far as possible, against side flashes. 
For this reason rods should be- placed from one-half 
to one rod length away from tanks. A greater distance 
would tend to make too many rods or too high rods 
necessary to cover a given area. 

14. The condition of the ground is important. For 
instance, a layer of non-conducting sand with a water 
level below would have the effect of increasing the height 
of the rods as well as the tanks. Generally, a rod 
should be grounded immediately below, at water level. 

15. A grounded wire may be used to protect a given 
area from direct hits. 

16. An area can be protected from direct hits by 
several parallel ground wires if the ratio of separation to 
height is not greater than four. One practical difficulty 
of such protective schemes on large tanks is the possi- 
bility of secondary flashes to the roofs as the distance 
to the roofs would generally be small compared to the 
distance along the wire to ground. Cages, “spider- 
webs,”’ over-head nets, umbrella-frames, etc., could 
also be used for protection against direct hits. 
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17. Grounded rods, wires, meshes and cages all 
reduce the induced voltages in metal parts of a tank 
to a greater or less degree and thus diminish the hazard 
of small sparks. The mesh of a cage must be quite 
emall to make a great reduction in induced voltages. 
The net may be on the roof or above. 

18. A well bonded metal roof and sides would be 
more effective than nets, while a complete metal tank 
would be the only absolute assurance against induced 
voltages. In case of a metal tank, it is important not 
to have any loose plates of projections slightly insulated 
from the tank. 

19. In case explosive gases are present, there is 
probably also a hazard of ignition due to agitation or 
by sparks due to friction, etc. 

20. The following may be concluded from the tests 
on models:— 

1. The only complete protection is a metal tank. 

2. Where explosive gases can be prevented, the 
hazard is very greatly reduced and the protection 
problem simplified. 

3. Nets, cages, wires, rods, etc., all more or less 
reduce induced voltages. The mesh of a cage or 
net must be quite small to prevent induced sparks. 

4. Rods seem to offer one of the most practical 
means of protection against direct hits. 

5. Rods in combination with a bonded. metal 
roof extending over the sides and grounded seem to 
be the next best arrangement to a thick all-metal 
tank. The roof would keep down induced voltages 
while the rods would prevent any heavy discharges 
immediately upon the tank. Grounded wires or 
grounded mesh could be used in place of the sheet 
metal roof but would be less effective. 

6. The condition of the ground and method of 
making ground connections is important. 


Discussion 


Joseph Slepian: There is one point that has bothered me 
about which Mr. Peek may be able to reassure me. The model 
experiments show quite definitely the existence of a protected 
area around a lightning rod, but I do not feel so certain of the 
quantitative applicability of the results to practical cases. 
If the electrostatic field only is considered, model tests give 
quantitatively correct results. If, with a set of electrodes, the 
scale of dimensions is reduced in any ratio we may be sure that the 
electrostatic field will be faithfully reproduced on the smaller 
seale. But not so with discharges; there we have another factor 
coming in. Discharges or sparkovers depend upon the distances 
between molecules of the gas. It would seem that if the ex- 
periment with discharges is to be made on a small scale the 
distances between molecules of the gas should also be reduced so 
that absolutely correct model experiments should require molec- 
ular distances to be reduced in the same ratio or the pressure of 
gas to be increased in the same ratio. There is a theorem bearing 
on this, relating to similarity of discharges given in Townsend’s 
book on “‘Conducetion of Gases.’”’ It is that if the dimensions of 
electrodes are reduced in a given ratio and the gas pressure is 
increased in the same ratio at the same time, the sparking 
potential is unchanged. It may be that these model experi- 
ments are correct but there is this little doubt. This doubt will 
be removed if it proves true that the ratio of protected radius 
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to rod height is independent of the scale on which these ex- 
periments are made. Very likely Mr. Peek can set that point at 
rest if he has made tests on different scales and has still 
obtained the same ratio of protected radius to rod height. 


R. W. Sorensen: During the summer of 1926 a number of 
engineers in Southern California has been trying to find out 
how to protect oil reservoirs from lightning fires. There were a 
few strikes of lightning in Southern California early in the year. 
These few strikes did millions of dollars worth of damage, 
because some of them set fire to oil stored in reservoirs. Up to 
the time of the fires of last spring, the oil companies were confident 
that oil stored in reservoirs represented a small risk for damage 
which might be caused by lightning. The peculiar coincidence 
which made three bad oil fires due to lightning occur within a 
period of about three weeks immediately produced great excite- 
ment, which resulted in the opinion that the frequency of light- 
ning storms in Southern California was rapidly increasing. Im- 
pelled by this excitement, engineers undertook investigations and 
laboratory tests to determine the probable danger due to light- 
ning and means for guarding against such danger. Some con- 
clusions have been reached. One is that there are fewer electric 
storms along the Pacific Coast than in any other place in the 
United States. Another is, oil in storage presents no special 
inducement for lightning to strike the tanks containing oil, 
or in the immediate vicinity of such tanks. Beyond this I feel 
that as yet we know very little about complete lightning 
protection. 


Mr. Peek, with his equipment and knowledge of high-voltage 
phenomena, is obviously the one who has the most knowledge 
concerning laboratory experiments with apparatus constructed to 
produce in the laboratory electric discharges’ simulating as 
nearly as possible those due to lightning. From these tests 
Mr. Peek has drawn the conclusion that lightning cannot hit 
within an area circumscribed by a circle having a radius of four 
rod heights drawn about the rod as a center. 


I am in no position to question Mr. Peek’s law as to what 
lightning will do, but I have a record of several thousand shots 
made from a point to a plane, the shots being recorded on sheets 
of paper in the manner used by Mr. Peek. These shots were 
made with direct current obtained from kenetrons without the 
use of condensers with condensers charged by direct current from 
kenetrons, with 50-cycle alternating current directly from a 
transformer and with discharges from a surge generator as used 
by Mr. Peek. Our surge generator of course had different con- 
stants from those of the surge generator used by Mr. Peek. The 
data to which I refer include tests made with spark-gaps ranging 
from less than 2 in: to 14 in. in length. Using these gaps con- 
nected to the circuits mentioned, we find a very appreciable 
percentage of the electrical discharge striking the plane surround- 
ing the metal rod within a distance of less than four rods height 
from therod. Mr. Peek has suggested that we get strikes within 
this distance because our gap lengths are short. I see no 
reason why gaps 5or 10 in. long should act differently from 30-in. 
gaps, as used by Mr. Peek. In making these laboratory tests we 
used rod heights varying from Yin. to lin. The rod height in 
every case was designated as 150 ft. Using the rod height as 
the unit, the spark-gap distance for each test was set to represent 
a cloud height one might expect to find during thunderstorms. 
The minimum height in each test represented 1000 ft., while the 
greater number of thunder clouds probably have an average 
height of 3000 ft. I have data for more than 900 shots made 
with varying rod heights; and for each rod height for varying 
gap lengths. From this data I should conclude that for the spark 
discharges we used there is approximately 43 per cent protection, 
rather than complete protection, for the area within the four-rods- 
height circle. Mr. Peek has suggested that our results differ 
from his because we have circuits which oscillate. Perhaps that 
is so, but I doubt if we are in possession of sufficient information 
to declare that no oscillations will ever occur in actual lightning 
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strikes. At any rate, the results we obtained for spark dis- 
charges from a point to a plane upon which is mounted a pro- 
jecting metal rod in our work at Pasadena are not the same as 
those obtained under the conditions used by Mr. Peek in Pitts- 
field, Mass. . 

With regard to the protection of tanks having rods erected 
around them, we have found that three points around a small 
metallic tank in the laboratory afforded practically no protection 
against sparks from a point directly above the center of the circle 
inclosed by the three rods, most of the discharges going to the 
space between rods. With sparks up to 14 in. in length the 
results were approximately the same for all spark lengths. 
Four rods and six rods around a model tank furnish a considerable 
degree of protection for the space surrounded by the rods, but 
give by no means complete immunity. 


We have also done some laboratory work to determine the 
area protected by wires but our time does not permit discussion 
of the results obtained in these tests. I will therefore close by 
stating that I do not wish to appear to question Mr. Peek’s 
experimental results in any way, but I do believe that at the 
present time we are not justified in concluding that Mr. Peek’s 
laboratory tests as reported give complete data as to how an area 
can be given complete protection by rods spaced according to 
his four heights rule. 


B. F. Howard: I should like toask Mr. Peekifit is possible— 
economically possible—to prevent potentials which would cause 
lightning to build up on clouds in the neighborhood of oil tanks 
or of wire lines. During this year I have carried out an experi- 
ment at Colorado Springs in order to try and prevent two areas 
of cables being damaged by lightning which heretofore have been 
so damaged every year. We have had very severe lightning 
at Colorado Springs this summer and so far we have received no 
damage due to this cause on these protected cable areas, whereas 
serious damage by lightning to other cables which were situated 
around and close to these areas has been experienced. The 
damage did not appear to be the result of direct strokes but more 
of induced charges on the wires disruptively discharging to the 
sheaths on their way to ground at the time of a nearby lightning 
flash. 

The method of protection followed was this: The two cable 
areas in question are each about half a mile long and the con- 
struction which was done several years ago was on the old system 
of ground wires being placed at every tenth pole. These con- 
nected with the cable sheaths and messengers and to ground. 
The soil is good for making a satisfactory ‘‘ground.”” This is 
rather unusual, for in Colorado Springs there are often pockets 
of earth which are not well electrically connected with the main 
ground. A galvanized wire was run up each pole and connected 
to the messengers and cables and to an ordinary ground rod 
driven in at a little distance from the base of the poles. No 
sharp bends were allowed and the tops of the wires were carried 
to a height of 6 in. above the poles and each was sharpened to a 
needle point. The poles for three or four spans on each boundary 
of the cable areas were included. The idea was that each pole 
within the areas and several poles around them would act as 
leakers and so prevent or reduce potentials building up in the 
nearby clouds sufficiently to prevent lightning discharges from 
them. 

It isa rather bold attempt to try to control lightning, but “the 
proof of the pudding is in the eating.” The fact remains that 
while cables in other parts nearby have been seriously damaged, 
and I believe the power people experienced a good deal of dis- 
turbance from lightning this summer, the cables in these areas 
so far have remained undamaged. Of course I may be mistaken, 
as the effects of lightning are so uncertain and we may find 
next year that we have had some damage done to these cables, 
notwithstanding the protective conditions. 


M. E. Dice (by letter): Mr. Peek lays down some very 
definite rules representing the results obtained by using models 
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subjected to “voltage from the lightning generator as well as 
all other types of voltages.” He says the same general results 
were obtained from all types of clouds,—points, spheres, and 
planes. The one thing he has not done to make the record com- 
plete and the rules applicable is to compare these results with the 
records of actual lightning strokes. It would be very convineing 
if he could show historical data from insurance companies and 
from the many published observations on lightning which would 
substantiate the laboratory results. 

F. W. Peek, Jr: I quite agree with Dr. Slepian’s criticism. 
So long as the problem is purely an electrostatic one, an exact 
solution can be obtained from a model. The induced voltages 
on the ground wire, the effect of a net, ete., are purely electro- 
static problems. In the study of direct strokes, electrostatic 
conditions are represented by the model up to the point when the 
spark occurs. There is reason to believe from a study of light- 
ning strokes that the model also represents actual conditions after 
the spark occurs. Of course it is not possible to reduce the size 
of the atoms to correspond to the scale. Tests were made, 
‘however, over a wide range of scales with substantially the same 
results. In other words, for a given arrangement and ratio of 
rod and cloud height the results were independent of the seale. 

Since I have not seen Prof. Sorensen’s data, I cannot discuss 
it in detail nor venture an opinion as to the exact cause of the ap- 
parent discrepancies. There are several ways in which it can be 
explained. For the short sparks used in his tests, high-frequency 
oscillations are quite likely to occur. Such oscillations change 
conditions and do not represent the effects caused by an im- 
pulsive or highly damped discharge of a lightning stroke or longer 
spark. On several occasions we have had similar trouble for 
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various reasons but have always been able to determine the cause 
and eliminate it. Reference to my Fig. 19 will show that the 
protective ratio varies with the cloud height-rod height ratio. Ido 
not know whether or not Prof. Sorensen made allowance for 
this. 

Since this paper was written, IT have extended the tests to 
include d-c. voltages up to 350 kv. When the cloud is negative, 
the results are very much the same as in Fig. 19; in fact, the 
protective value is somewhat better. When the cloud is posi- 
tive, a curve similar to Fig. 19 is obtained. The protective ratio, 
however, is less for a given eloud-rod ratio than it is for the 
negative cloud. For instance, in Fig. 19 a protective ratio of 
four is given for a cloud-rod ratio of ten. When the cloud is 
positive the protective ratio of four may not obtain until the 
cloud-rod ratio is about twenty. Theory and some measure- 
ments indicate that the cloud causing the discharge should gen- 
erally be negative. Also, the lightning voltage just previous to 
the discharge is generally not steady direct current. 

The values given in Fig. 19 are ratios where the rods just do 
give protection. In using these figures it is, of course, desirable to 
allow a certain factor of safety. 

I doubt if appreciable protection can be obtained by corona 
discharges as suggested by Mr. Howard. A pine forest should 
offer the very best kind of a discharger yet lightning frequently 
strikes trees in such forests. 

While it may not be possible to simulate all actual conditions 
in tests on models, it is felt that the result of such tests should be 
of very material help in laying out protective schemes. Perhaps 
the best that can be hoped for in most schemes that are economi- 
cally feasible is that the hazard may be very greatly reduced. 
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Synopsis.—A brief history of the development of engineering 
education in the United States and a consideration of the usual type 
of curriculum in particular branches of engineering are followed by 
reasons for the development of a new type of curriculum and a 
discussion of its principal characteristics. 


The recently adopted curriculum leading to the degree of Bachelor 
of Arts in Engineering at Stanford University is given in detail. 

The ideals discussed in the paper are emphasized by a few 
selected quotations from statements of leading executives and 
teachers. 


N order to gain a true perspective of the subject of 

engineering education, one must consider its early 

history in the United States. The first American 
colonies were forced by Parliament to limit their pro- 
duction to agriculture and raw materials, and when 
they made the non-importation agreement in 1774, 
there appeared an urgent need for skilled workers in 
all mechanic arts. This situation was relieved by the 
formation of societies which exerted all possible effort 
to encourage the useful arts and by prizes offered 
“for the best achievement in every essential line 
of industry.” After the war, similar activities were 
made necessary by the fact that England attempted 
to stop the development of industries by underselling 
methods. 

During the years immediately following the war, 
many engineering developments were made, notably: 


1787 —First flour mill machinery. 

1790 —First textile mill driven by water power 
1793 —Invention of the cotton gin 

1801 —First high-pressure steam engine 

1801 —High-capacity double steam pump 
1807 —First steamboat 


1786-93—Several canals begun 

The war of 1812 again made it necessary that Ameri- 
can industries manufacture all necessities, and this, 
together with the fact that much of the soil was be- 
coming exhausted, produced a very urgent demand 
for scientific information which would lead to greater 
production in both agriculture and manufacturing. 

As a result of this demand, the Rensselaer Poly- 
technic Institute was established at Troy, New York, 
in 1824. Thecurriculum, which was one year in length, 
contained a great variety of subjects. During the last 
nine weeks of the year, a study was made of the practi- 
cal applications of the sciences previously studied. 
In 1835, instruction in civil engineering was added and 
students who completed the new curriculum were 
awarded the degree of Civil Engineer. Following a thor- 
ough study of instruction in French technical schools, the 
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Rensselaer curriculum was lengthened in 1849, to three 
years. The first half of the curriculum was planned so 
as to lay a general foundation for all engineering, and 
the last half contained courses designed to allow for 
specialization in some particular branch. 

In much of the early demand for such schools, the 
need for training as an aid to industrial production was 
very strongly emphasized, but there was also a rather 
insistent demand for instruction in science as part. of 
a liberal education. 


The Lawrence Scientific School at Harvard and the 
Sheffield Scientific School at Yale were established in 
1847. At the same time, the University of Michigan 
decided to give a course in civil engineering. No 
other engineering schools were established before the 
Civil War'. 

One of the most significant steps ever taken in pro- 
viding for higher education was the passage by Congress 
of the Morrill Act in 1862. By this Act, the National 
Government presented to each state in the Union 
30,000 acres of public land for each senator and repre- 
sentative in Congress. The purposes as stated in the 
Act were, “ . . . the endowment, support, and mainte- 
nance of at least one college, whose leading object shall 
be, without excluding other scientific and classical 
studies, and including military tactics, to teach such 
branches of learning as are related to agriculture and 
themechanicalarts, . . . inordertopromote theliberal 
and practical education of the industrial classes in the 
several pursuits and professions of life.’’ 

The results of this Act were extremely gratifying to 
those who had been appealing for more technical 
schools. In 1870 there were seventeen such schools as 
compared with the four established before 1862. The 
number continued to increase very rapidly, and there 
were forty-one in 1871, seventy in 1872, and eighty-five 
in1880'. Atthepresent time thereare approximately 130 
engineering schools of college grade in the United States. 

A number of these early schools were called industrial 
universities because the greatest demands for them had 
been based on industrial needs. The idea that manual 
labor occupied an important place in their training 
soon became so widespread that many objections to 
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such names arose, and changes were made. For in- 
stance, the Illinois Industrial University became the 
University of Illinois in 1885.* 

Although the first schools offered civil engineering 
only, the curricula were soon extended to include 
several branches of science and engineering. The 
Massachusetts Institute of Technology, which was 
established in 1865, offered six four-year curricula as 
follows: 

Civil Engineering 

Mechanical Engineering 

Mining Engineering 

Practical Chemistry 

Architecture 

General Science 

The first curricula of the Illinois Industrial Uni- 
versity, established in 1867, were:* 

Agriculture 

Polytechnic—including 

Mechanical Science and Art 
Civil Engineering 

Mining and Metallurgy 
Architecture and Fine Arts 

Military 

Chemistry 

Natural Science 

Four years were required for the completion of each. 
The above examples are fairly representative of cur- 
ricula offered by all of the early technical schools. The 
general plan in all cases was to provide training in 
mathematics, drawing, physics, chemistry, ete., in the 
earlier parts of the curricula, and to have the work in 
applied science follow such training according to the 
plan used in French schools. English and foreign 
languages were usually included in the curricula. 

The number of curricula in engineering increased 
very rapidly with the extensive development which 
occurred in the applications of engineering knowledge 
of all kinds. There are now available curricula in 
about forty branches of engineering, including aero- 
nautical, agricultural, architectural, automotive, cer- 
amic, chemical, civil, electrical, marine, mechanical, 
metallurgical, mining, sanitary, etc. 

The great increase in the number of curricula offered 
has been accompanied by numerous changes in their 
content. The chief tendency has been to include more 
technical subjects to keep pace with the phenomenal 
expansion of engineering activities. This expansion 
itself has made even more necessary than before a very 
thorough education in the fundamental subjects. 
Hence, serious overcrowding has resulted. 

This has been relieved to some extent in many schools 
by the growth, from each curriculum in a particular 
branch of engineering, of several curricula covering the 
various sub-specialties. This process is only a partial 
remedy, however, because some of the sub-specialties 
have grown into branches of great magnitude, and the 
growth has by no means ended. 
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The type of curriculum now in most general use is 
one leading to a Bachelor’s Degree in a particular branch 
of engineering (any one of approximately forty) at the 
end of four years. Such a curriculum contains a com- 
mon core of subjects required of all engineering students, 
and consisting of the following groups of subjects:° 

Science: Mathematics, chemistry, physics, mechanics 

Mechanics Arts: Drawing and shop work 

Humanities: English, foreign language, economics, 

etc. 
These foundation courses are followed by the various 
engineering subjects considered essential in the special- 
ized curricula. As a general average, the student’s 
time during the four years is distributed about as 
follows’: 

Languages and humanities........... 19 per cent 

Mathematics and sciences............29 per cent 

Engineering subjects.............+.- .52 per cent 

Since the languages and humanities group receives 
only 20 per cent of the time, and English and foreign 
languages are usually strongly emphasized, little or no 
time is spent on certain very important subjects such as 
biology, economics, geology, history, political science, 
psychology, business law, etc. 

The group of subjects including mathematics and the 
sciences, principally chemistry and physics, receives 
strong emphasis in nearly all curricula because these 
subjects really constitute the foundation of all engi- 
neering. These, together with the group mentioned 
above, are usually given in the first two years. 

Drawing and shop work are usually considered very 
essential subjects, and receive their proper proportion 
of time. The value of shop work, however, has been 
seriously questioned during the past few years. Many 
experiments in the handling of such courses have been 
tried. Ina few schools, the university shops have been 
operated on a production basis in order ‘that students 
might have experience as production managers, foremen, 
machine operators, etc., and thus receive a training de- 
signed to enable them to understand shop operations 
of all kinds. Others have developed cooperative 
courses with neighboring industries so that shop 
training as well as many other kinds of training can be 
obtained under practical industrial conditions. 
Throughout the period covered by these experiments 
there has been a considerable strength of opinion that 
shop work is being allowed to take time which should be 
allotted to other subjects, and the reasons why all 
engineering students should develop facility in handling 
tools have not been clearly shown. here 

Following these two years of preparation, the latter 
half of the curriculum is usually nearly filled with 
engineering subjects. This makes it necessary that 
each student decide early in his university career 
which one of the many branches of engineering he 
is most interested in and best fitted for. The time at 
which such a decision must be madeif heis to graduate 
with his class depends upon the school chosen. In 
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some it is as early as the beginning of the first year. 
A large number require this decision at the beginning of 
the second year, and about one-fourth permit it to be 
made as late as the beginning of the third year. Very 
few schools permit greater delay’. 

During the work of the last two years, there is usually 
a considerable number of courses dealing with the 
various phases of the specialty chosen. There are also 
courses in related branches of engineering. Thus a 
student in civil engineering is usually required to take a 
course or two in electrical and mechanical engineering, 
and a student in electrical or mechanical engineering 
usually takes surveying in the civil engineering depart- 
ment. However, the major portion of the time is 
spent on the subjects closely related to that chosen for 
specialization. 

In connection with the very thorough investigation 
of engineering education now being conducted by the 
Society for the Promotion of Engineering Education, 
many questionnaires have been used to secure informa- 
tion on all phases of education and related matters. 
One such questionnaire now being circulated gives ten 
divisions of electrical engineering, and asks which ones 
are considered so important that special curricula 
in them should be offered. 

A serious result of the tendency to keep adding tech- 
nical courses to curricula which are already completely 
filled is found in many schools in which the require- 
ments for graduation in engineering include a considera- 
able number of units more than required for graduation 
in other curricula. It is quite common to find this 
situation made more serious by the fact that there 
are few if any courses in subjects which prepare men for 
dealing with people, namely, citizenship, economics, 
political science, etc., or subjects which provide any 
cultural value. Many such curricula are extremely 
rigid, and allow almost no choice of subjects. There- 
fore, students are expected to follow a certain list of 
courses with very little thought as to their own 
interests. 

The established order of subjects in most curricula, 
i. e€., languages, chemistry, physics, mathematics, 
mechanics, drawing, and shop work in the first two years, 
and engineering subjects in the last two, is often severely 
criticized because practical applications always follow 
theoretical principles. Another result of this order of 

‘subjects is that the students have very little contact 
with engineering or engineering faculty members 
during the first two years. Several institutions have 


tried the experiment of giving engineering problems. 


throughout the first year. The success has apparently 
been great, as such work stimulates the students’ 
interest and assists in making the final decision as to 
the special branch of engineering in which they wish 
to specialize. However, it seems to be impossible to 
coordinate theory and practise in a curriculum in such a 
manner as to meet all objections. Certain fundamental 
subjects must precede the more advanced subjects, and 
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no Utopian scheme which includes all subjects mixed 
in proper proportions and arranged in ideal order has 
been proposed. It seems that the students of a worth 
while type should be able to maintain their interest 
through two years of work in fundamental subjects. 
It is a serious question whether one who cannot do so 
does not more properly belong in a trade school than ina 
university. 

The investigation now being conducted has shown 
that about 62 per cent of the students admitted to 
engineering curricula fail to graduate, and the elimina- 
tion occurs largely in the first two years’. This fact 
is causing a serious consideration of the factors involved 
with the hope that the mortality can be reduced. It 
has been suggested that the adoption of two-year 
curricula leading to a certificate or diploma, and 
preparing students definitely for certain kinds of tech- 
nical employment, might be a satisfactory solution. 
There are a number of very serious objections to this 
procedure. Such a two-year curriculum would not 
provide the. most suitable first two years’ training 
for those who wish to complete a four-year curriculum, 
and it would be difficult or impossible for most institu- 
tions to provide facilities and personnel to handle both 
classes of students. The most serious objection, 
however, is the fact that this would definitely lead many 
able men into mediocre technical positions where their 
future progress would be slow. The failure of a student 
in mathematics or some of the other subjects placed 
early in the engineering curricula does perhaps indicate 
that he cannot be successful in the higher types of tech- 
nical work, but it by no means indicates that he cannot 
become a successful man in the business or manage- 
ment side of engineering. 

It seems obvious that the greatest need is for some 
means of determining what each student is best fitted 
for and the type of intellectual effort in which he is 
most interested. If each could receive expert assistance 
in the determination of his strongest natural aptitudes, 
the number of such eliminations would be greatly re- 
duced. Many men now turned out as failures in the 
engineering curricula would be highly successful in some 
field of human endeavor, and this would be a far 
more satisfactory outcome than would be obtained by 
guiding all such men into mediocre technical positions. 

To sum up the characteristics of most of the curricula 
now in effect: They are too rigid in that, little allow- 
ance is made for the interests or initiative of the students 
when a decision has been made to specialize in a particu- 
lar branch. This decision must, in most cases, be made 
before students are mature enough or have had sufficient 
experience to decide wisely. They devote too small an 
amount of time to broad education and too much to 
narrow specialized training. 

A number of universities have developed five- or 
six-year curricula in order that more general subjects 
might be included without omitting the engineering 
courses which are considered necessary. In several 
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eases no degree is received until the completion of the 
entire five- or six-year period. 

The cooperative type of education has some well 
recognized advantages in schools of all grades. The 
Massachusetts Institute of Technology and the Uni- 
versity of Cincinnati are the two outstanding examples 
in the engineering field. At the former, the cooperative 
curriculum is five years in length. The first two years 
are the same as the usual electrical engineering curric- 
ulum, but during the last three years, alternate terms, 
including summer terms, are spent in the industries. 
The fifth year is devoted to graduate work and research 
in both the Institute and the companies. Each man 
has a choice of manufacturing and utility companies, 
but works in the same company during the three years. 
His compensation averages about $1500 for this period.° 

The ideas expressed below, regarding some of the 
ideals of engineering education, are not those of any one 
man alone, but represent the aggregate opinion of the 
author and others. An earnest effort has been made to 
include the best thought on the subject. 

The requirements of engineering education could be 
determined more definitely if there were a generally 
accepted definition of engineering. The following 
definition was given in his president’s address in 1908, 
by Past-President Stott: 

“Hngineering—The art of organizing and direct- 
ing men, and of controlling the forces and materials 
of nature for the benefit of the human race.’ 

The first part of this definition shows that an important 
part of education consists of subjects which will enable 
those men who will become executives to develop more 
rapidly. 

Probably a large majority of undergraduates in 
engineering schools believe they will be engaged for 
many years in work primarily technical. The results of 
the S. P. E. E. investigation show that of the three 
most recent classes 71 per cent are in work primarily 
technical, while more than 70 per cent of those in 
classes out fifteen years or more are in work primarily 
administrative? Such records certainly indicate 
clearly that a broad education is more important than 
training in technical subjects. In 1916 a circular letter 
was sent to thirty thousand members of the four large 
engineering societies requesting them to number 
six groups of qualities headed Character, Judgment, 
Efficiency, Understanding of Men, Knowledge, and 
Technique, in the order of importance given them in 
accounting for engineering success and in considering 
young men for employment. Of the seven thousand 
replies received, 94.5 per cent placed the Character 
group at the top of the list, and about the same number 
placed Technique at the bottom". Success in engineer- 
ing obviously depends upon many factors besides 
technical knowledge and skill. The really successful 
engineer must be able to coordinate theory, practise, 
and economics, and to handle men. As shown above, 
most of the engineering curricula now in effect were 
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planned in the earlier years of engineering education, 
and the changes made since have consisted principally 
in the addition of more technical courses. Most of 
the curricula furnish excellent preparation for certain 
types of work into which some of the graduates enter. 
Onaccount of the extremely rapid progress that has been 
made in many branches of engineering during the past 
few years, the applications of engineering knowledge are 
now so many and so diversified in character that any 
curriculum designed to meet directly certain needs in 
industry may indeed prepare men in a most excellent 
manner for those needs, but fail utterly to prepare them 
for a great range of engineering problems, both executive 
and technical, which all graduates will be called upon to 
solve. i 

The very strong and growing tendency to choose 
executives from men with engineering training is a 
force which must be reckoned with. Problems which 
executives meet are becoming so complex and so closely 
associated with fundamentals of engineering that some 
technical knowledge is essential. No one believes the 
schools can train executives, as ability in this direction 
depends primarily upon inherent characteristics. How- 
ever, if engineering graduates are to receive their fair 
share of such positions, they must be given the broad, 
general foundation which is absolutely essential. 

During the past few years many high executives in 
some of our largest industries have advocated a broad 
type of training for engineers. In employing recent 
graduates, they prefer to obtain men who have had a 
thorough training in fundamentals and who have 
not specialized in some small branch of one of the 
principal types of engineering. 

What, then, are the principal characteristics of a 
satisfactory engineering curriculum? The answer to 
this question depends upon the types of activity for 
which the schools attempt to prepare men. In the 
present stage of development, it seems necessary to 
recognize the needs of two general groups of students, 
viz., those who expect to spend their lives in highly 
technical design or research, and those who will be 
engaged in commercial, industrial, or administrative 
phases of engineering. Both groups need a broad 
foundation consisting of such subjects as English, 
economics, biology, geology, history, business law, 
political science, etc., and thorough training in chemis- 
try, physics, mathematics, mechanics, and other 
subjects which make up the heart of engineering. 
Such training should be mixed with and followed by 
courses giving the fundamentals of all of the principal 
branches of engineering, and there should be a reason- 
able amount of time available for elective subjects. 
Thus far there is no serious difference between the 
wishes of executives in industry and teachers of en- 
gineering. It therefore seems that the chief cause of | 
argument is the relatively small group of men who will 
engage in research and other highly technical phases of 
engineering. This group must have better oppor- 
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tunities for the development of research ability and for 
specialized study than can be provided in any four-year 
curriculum which contains sufficient training in funda- 
mentals. It seems clear that the usual type of four- 
year curriculum fails to meet the needs of all except 
those who wish to remain in the specialized divisions of 
engineering which do not require either a very broad 
training or an advanced technical education. 

Many professional engineers believe a university 
curriculum should provide broad and thorough training 
in the fundamentals of engineering, and that consider- 
able emphasis should be placed upon humanistic 
subjects such as English, economics, sociology, history, 
etc., not merely on account of their usefulness to the 
engineer, but also on account of their broadening 
influence”. Another phase of the investigation of 
engineering education now being conducted has de- 
veloped the strength of this demand. The opinions 
of 1931 graduates of the classes of 1919, 1914, 1909, 
1904, 1899, 1894, 1889, and 1884 on the principal 
objectives of engineering education are as follows": 


No. Per cent 


To train broadly for the general needs 
OPUS anausity sees pce es oe OOS 
To train for specific needs of specialized 
divisions of engineering practise... 229 11.9 
To provide the former type of training 
for the majority, but provide the 
latter type for those who desire to 


spend the additional time required 1304 67.5 


The enormous physical plant which has been built up 
during the last few decades has produced problems 
never thought of in the early engineering curricula. 
The country-wide net-words of railroad, telephone, 
power, and radio systems have brought with them a 
host of problems in all branches of engineering, ranging 
by degrees from management, with all of its extremely 
complicated personnel and technical questions, on the 
one side to the most advanced scientific research, with 
its exacting demands in mathematics and the sciences, 
on the other. The size of the field in which a young 
engineer finds himself shows clearly the futility of any 
four-year curriculum of a specialized nature. The only 
adequate preparedness for such a field is a broad edu- 
cation in the humanities, fundamental sciences, and 
engineering fundamentals. 

The results of the investigation indicate that the 
most serious criticism of engineering education arises 
from the lack of training in business and economics“. 
The fact that success depends largely upon a good 
understanding of those subjects seems to be very 
generally recognized. 

It has been said that engineering graduates of the 
past have risen to high executive positions and that this 
indicates that no great changes in curricula are neces- 
sary. Many of the questionnaires covering various 
phases of the investigation contain replies which show 
that in general engineering alumni think the curricula 
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were not seriously deficient in any important respects 
except in the lack of business and economics. It must 
be remembered, however, that the questionnaires were 
planned to bring out the facts regarding existing curri- 
cula, and those who answered them were given no real 
opportunity to express their opinions of the recent 
movement toward more liberal engineering curricula. 

In 1920 Stanford University put into effect the 
Lower Division plan which replaces the major depart- 
ment system during the first two years. The principal 
object is to require more training in fundamental sub- 
jects. During this period, the students are registered 
under the supervision of the Lower Division Committee 
which is appointed by the President. Each is re- 
quired to take certain subjects and to choose other 
subjects from specified groups. Some of the require- 
ments can be met by certain high school subjects. 
The requirements do not completely fill the first two 
years, and the remainder of the time can be devoted to 


electives. The following is a brief summary of the 
requirements”: 
Group Requirements 
I Languages and literature and formative art. .18 units 
II Natural sciences and mathematics... ......18 “ 
LITE Social’sciencess meme eee ces eke en Lae 
Subject Requirements 
ne lishkcom Positioner err hee cena fie eas eres Ga 
Foreign language........ 22 units in one, or 15 units in each 


of two foreign languages 

May be anticipated in high school in whole or in part. 
Biological selonog Pe. 32 4 a hee eee 9 units 
IPhysies omeh emistrye ance. cece ea etre eee es 

One of the sciences may be anticipated in the high school. 
ATM CrICAT DISLOLYareeite eee aire aren ae ree MULT GS 
General history 24 yokes as A oe eee Ore 

One of the history requirements may be anticipated in 

the high school. 

Witizenship wate not aor ter cn ee oie ae 12 units 


At the beginning of any quarter, a Lower Division 
student may designate the department in which he 
expects to register during the last two years. Those 
who thus make a tentative choice of major subject are 
then advised to consult the department regarding the 
most suitable courses to take as electives during the 
first two years. 

In the autumn of 1924, the President appointed a 
special committee made up of representatives of all of 
the en: ‘neerine departments, and requested that the 
varicus phases of work in engineering be considered 
and recommendations be made to him. That com- 
mittee presented its report in March 1925. In this it 
recommended that a School of Engineering be organized, 
that a more general type of engineering curriculum 
leading to the degree of A. B. in Engineering be adopted, 
that the department curricula, with certain modifica- 
tions, be retained at the option of the departments, 
and that two-year graduate curricula leading to the 
degree of Engineer be adopted by those departments 
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which had been requiring only one year. The recom- 
mendations were adopted by the University, and Pro- 
fessor Theodore J. Hoover, Executive Head of the 
Department of Mining and Metallurgy, was appointed 
Dean. Committees were appointed last October, and 
the registration of students in the tentative form of gen- 
eral engineering curriculum was begun in January 1926. 

A revised form of curriculum has recently been 
adopted by the Faculty of the School of Engineering, 
and a copy of it is given below. 


FOUR-YEAR CURRICULUM LEADING TO THE DEGREE OF 
BACHELOR OF ARTS IN ENGINEERING** 


FIRST YEAR, TOTAL UNITS, 44 


Subject Course No. Autumn | Winter | Spring 
Foreign Language........-- 3 3 3 
Linear Drawing and Letter- 

Cint92, Galeser geiko a ao OI CyHe i) 2 ee 1 1 
Chemistry... 82 663: ek 4 4 4 
Co-ordinate Geometry....-- Math. 10, 11 3 3 as 
@alGulis. le tees wo eGere erate es Math. 21 Be ee Bi 
Citizenship). >... -- 22-55. Citizenship 1-3 4 4 4 

OGL se tim ca aes oe 14 15 15 
SECOND YEAR, TOTAL UNITS, 46 
Subject Course No. Autumn | Winter | Spring 
English Composition......- Engl. 2a, 2b 3 me B, 
Freehand Drawing.....---- M.E. 11 3 e 
GAICUNUS Fe pact raters sues. tes Math. 22, 23 3 3 a 
Heat and Electricity......- Physics 13, 14 ae 4 4 
Mechanic Arts.......-.-+-- M,E.1,2o0r3 2 2 2 
Descriptive Geometry....-.- M. E. 10 ee 4 Sn 
RISC ORV is tala. s) stokes © cls: <suse= 3 3 3 
Extemporaneous Speaking Engl. 7 3 
Elementary Machine Draw- 
IMA: Grol cleat ore ee M. E. 12 a a 3 
Kboriho paonegomeno ie 4 15 16 15 
THIRD YEAR, TOTAL UNITS, 45 
Subject Course No. |Autumn| Winter | Spring 
Theoretical Mechanics..... C. E. 30, 31 5 5 ae 
Hydraulics.......-.-+++++: C. E. 106 ao ns 5 
Surveying......+--++++e+: C. E. 20 5 
Engineering Geology.....-- Geol. la 5 Ae ws 
Electricity in Engineering. .| E. E. 102, 103 ss 3 3 
Eiementary Accounting.... Econ. 3 aS 5 ae: 
Principles of Mining.......- M. & M. 101 he ie 18) 
SENIOCULVGS- cc oor | posse sim oitorel = sh 2 2 
Tey Gadineer ciate teat osecer eet 15 15 15 
FOURTH YEAR, TOTAL UNITS, 45 
Subject Course No. Autumn | Winter | Spring 
Mechanics of Materials..... C. E. 110 5 
Pyrometallurgy of Iron and 

Stole see or store ba oeyee M. & M. 105 oe 3 
Exposition..........--.++: Engl. 131 4 
Business Liaw os 6.052 oe a Law 100 4 Sn a 

Prime Movers......-- = M. HE. 123 5 or 2h 

or Elementary Machine 

Dessay asses osoniond aucune M. E. 113 me 4 oe 
Engineering Economics..... C. E. 130 an os 3 
Human Relations in Busi- 

MRCS ctr aca thay sales casita toe oo 3 3 
WIGCHIVES.. ¢t.0¢i © alesis ic 2 4or5 9 
ppm tal en yews eters be Cie be She tlie Ab AB a 


*AJl these Mechanic Arts Courses are given in the Autumn, Winter, and 
Spring Quarters. Any two courses may be chosen by the student, limited 
only by the capacity of the laboratories. Although scheduled for the 
Winter and Spring Quarters, sufficient registration is desired for the 
Autumn Quarter to make operation of all three laboratories possible. 

**Since the presentation of this paper before the San Francisco Section, 
minor corrections have been made in this schedule to place it in complete 
accord with the curriculum appearing in the Stanford University An- 
nouncement of Courses for 1926-27. 
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This curriculum is founded on the belief of many that 
any considerable amount of specialization in engineering 
subjects during a four-year course is undesirable. All 
students should have a good foundation in general or 
cultural subjects. In addition to this, engineering stu- 
dents must have rather extensive training in chemistry, 
physics, and mathematics. There is a number of sub- 
jects such as mechanics, hydraulics, surveying, geology, 
business law, etc., which all engineering students should 
take. Finally, a young man who hopes to become a 
broad-minded and well-balanced engineer must have 
some knowledge of the contents of all of the principal 
branches of engineering, first, in order that he may be 
able to choose more intelligently the branch he wishes 
to follow as a specialty, and, second, in order that he 
may be able to consider all problems in their proper 
relation to the whole field of engineering. It is desirable 
also that such a curriculum allow a reasonable amount of 
time for elective subjects. 

The above curriculum is not considered final. It is 
hoped that improvements can often be made in it. 
However, we believe it does follow closely the ideals 
expressed above. 

The decision has recently been reached that the Acs. 
degree will not be awarded in the separate branches of 
engineering at Stanford after 1929. 

The graduate study in each department is to continue 
over a two-year period leading to the degree of Engineer 
in the various branches. It is firmly believed that 
students who complete the six years will be very much 
better prepared for their life work than are those who 
take a more specialized course for four years and then 
one year of graduate work. 

The question will often arise as to whether students 


-who complete the four-year curriculum only will be 


prepared to begin work in certain engineering organiza- 
tions. It is true that they will not be as well pre- 
pared in a certain few special phases of engineering as 
would the graduates of a more specialized curriculum. 
However, they will have a much wider range of choice, 
and need not feel limited to only a few specialties. 
If they devote their electives to carefully chosen courses, 
there need be no feeling that they are not prepared to 
become immediately useful. Future progress should be 
materially faster due to the broad foundation. 

A few quotations from statements of leading execu- 
tives and engineers will emphasize some of the state- 
ments made above. 


Secretary oF Commerce Hersert C. Hoover!® 


‘There is somewhere to be found a plan of individualism and 
associational activities that will preserve the initiative, the 
inventiveness, the individual, the character of man and yet will 
enable us to socially and economically synchronize this gigantic 
machine that we have built out of applied sciences. Now, there 
is no one who could make a better contribution to this than the 
engineer, but to make that contribution our engineers in the 
future have got to have a broader and stronger place in our world 
affairs than they have today. We cannot be turning men out 
of our universities as we are in many cases today purely mechan- 
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ical machines devoted to some theory built on apphed sciences. 
If the engineer is going to take his part in this community, is 
going to give expression to those things that he can express best, 
he must start with a sense of his public obligations as well as his 
professional knowledge.”’ 


“but we had better reduce the volume of science and 
applied science we are pouring into our young men in order to 
make room for some stimulation of their public relationships, 
some realization of their public obligations.” 
F. C. Prarr, Viczr-Pres., GENERAL Execrric Co!” 

“Voicing my own opinion on this subject, we are not looking 
to the colleges and technical schools to turn out finished engi- 
neers, but we do look to them for a steadily increasing supply of 
young men who have been thoroughly trained in the fundamental 
theories of the mathematical and physical sciences, and to the 
fullest practicable extent in economics and in what are commonly 
called cultural studies. We believe that, with this ground-work 
thoroughly prepared, the large industries are in a particularly 


favorable position to offer exceptional opportunities to young men. 


for gaining practical knowledge and experience along special 
lines. 

“In this connection, I wish to make it quite clear that in the 
foregoing remarks I am not including those exceptional students 
who by natural qualifications and inclinations are prepared to 
pursue post graduate studies in theoretical work in any branch 
of science or engineering which contributes to the industry.” 


F. C. Prarr!® 


“My observations also lead me to the conclusion that the 
percentage of those who fail to attain a reasonable degree of 
success is greater in the group of men of mediocre ability but 
narrowly specialized education than in almost any other group 
coming within my knowledge.” 

Proressor Epwarp Bennett, UNIVERSITY oF Wisconstn!® 

“One of the most gratifying developments of recent years 
has been the recognition on the part of the engineering industries 
that they do not wish to have the engineering colleges train men 
for immediate service in their specific fields.” 


Dean F. L. Bisnop, Untversity or PirrspurGH?? 


“There are two factors which enter fundamentally into the 
life of an engineering student. One is education, the other is 
training. In the very early days of the engineering school, 
education was the controlling idea; later, training or specializa- 
tion became the controlling factor. In other words,.we shaped 
our courses, modified our curriculum, and selected our teachers 


‘with the sole purpose of graduating professionally trained 


engineers. 
" “The reaction soon became evident. The cry went up that 
the engineer, although thoroughly trained, was narrowly edu- 
cated. He lacked the proper perspective of life. He was unable 
to grasp the economic principles underlying great problems. 
He was too intent upon design and the solution of specific 
problems. 
ok OK OR ek 

“We must look forward to the time when engineering schools 
will consider themselves as educating a large body of men 
who will become effective managers of the industries and who 
will exert, through their education and training, an important 
influence on the political and social side of the community. 

“Tf our engineering schools will look upon the education 
and the training of this large mass of men as their primary 
object, and delay the specialization and technical training to 
additional years in the schools or industries, our instruction 
will be changed to meet this demand so that the emphasis will 
be placed more on education and less on specilization. Our 
teachers will not be such highly specialized technical experts 


but that they will be hroadminded educators. The public will show . 
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an increasing confidence in our graduates because they will 
be educated as well as trained.” 


Dr. F. B. Jewert, Viczr-Prus., AMERICAN TELEPHONE AND 
TELEGRAPH Company”! 

“Consequently I am interested in having those young men 
who come to us and who are going to be the leaders of our 
business of the future well grounded in the sciences. ‘First, 
because we need them in the technical side of our business, 
and second, because I believe we are going to need them in a 
larger measure as the recruiting source for the executive directors 
of our business in years to come.”’ 


Joun Mrtis, Direcror or Pusiication, Bett TELEPHONE 
Lasorarorizs, Inc.2 

“After we have answered these intermediate questions, we 
shall probably agree that we turn to the colleges in the hope 
of obtaining men of good mental ability and personality, who 
have acquired habits of thought and study which will enable 
them to see broadly the business and technical problems of the 
future, to analyze the factors involved, to arrive objectively 
and without prejudice at solutions, and, through personality and 
executive ability give to those solutions weight and effective- 
ness. We look, I believe, for trained brains in vigorous bodies 
with pleasant but dynamic personalities; men who may make 
creative contributions to our respective businesses or arts 
and, in asufficient number of cases, develop as capable executives.” 


Dr. M. I. Purpin, Prestpent, A. I. BE. 8.28 


“Nothing resists a change so obstinately as the mental 
attitude of man. The history of science from Archimedes to 
Newton offers many illustrations of this well-known fact. 
The change in the mental attitude of our age is one of the 
greatest achievements of our intellectual renaissance. Less 
than two generations ago, educational training was expected 
by many to operate like a penny-in-the-slot machine; that is, 
learn your lesson and convert your learning into cash without 
much delay. The so-called practical man who managed our 
American industries was at that time an ardent advocate of 
this utilitarian theory. He worshipped the art of making a 
living. Franklin and Lincoln, my patron saints, had no sympa- 
thy with this theory. The art of making a living was not the 
determining factor in their schooling, but the art of making 
life worth living was everything to them. They would find no 
fault with the American college because its diploma does not 
testify that college graduates are loaded with a knowledge of 
the art of making a living, provided, however, that they carry 
with them some definite ideas about the art of making life worth 
living, not only their own individual life, but also the life of 
our nation. The expansion of these ideas is the gospel of the 
American university.” 


References 


1. GC. R. Mann, ‘‘A Study of Engineering Education,” The 
Carnevie Foundation for the Advancement of Teaching, Bulletin 
No. 11, 1918, Chapter 1. 
University of Illinois Register, 1919-20, page 46. 
University of Illinois Directory, 1916, page XXIV. 
University of Illinois Alumni Record, 1918, page X. 
Reference No. 1, page 89. 

- Reference No. 1, page 24. 

. ‘Report of Committee on Admissions and Eliminations 


NO gE Go by 


-of Engineering Students,’ Society for the Promotion of Engi- 


neering Education, Journal of Engineering Education, Septem- 


ber 1925, page 66. 


8. W. E. Wickenden, ‘Do We Need Better Engineering 
Edueation?,’’ McGraw-Hill Book Notes, February 1926, page 1. 

9. W.H. Timbie, ‘‘Cooperative Course in Electrical Engi- 
neering of the Massachusetts Institute of Technology,” JouRNAL 
A. I. E. E., June 1925, page 613. 


” 


1154 HENLINE: HISTORY OF ENGINEERING EDUCATION 


10. The Evolution of Engineering, president’s address, 
H. S. Stott, Trans. A. I. E. E., Vol. XXVII 1908, pp. 459-464. 

11. Reference No. 1, pages 106 and 107. 

12. Reference No. 1, page 88. 

13. “A Study of Enginering Graduates and Former Stu- 
dents, Non-Graduates,” Journal of Engineering Education, De- 
cember 1925, page 290. 

14. Ditto, page 265. 

15. Stanford University Register, 1924-25, pages 119 and 120. 

16. Herbert C. Hoover, ‘‘The Engineer’s Place in the World,” 
an address before American Engineering Council, Engineering 
News-Record, January 24, 1924, page 160. 

17. F. C. Pratt, ‘Relation of Engineering Education to 
Industry,” Journal of Engineering Education, October 1925, 
page 137. 

18. F.C. Pratt, ‘Professional Engineering Edueation for the 
Industries,’ Bulletin of Society for the Promotion of Engineering 
Education, January 1922, page 229. 

19. Edward Bennett, contribution to discussion, Report of 
Bell System Educational Conference, 1924, page 126. 

20. F.L. Bishop, “Education Versus Training,” McGraw-Hill 
Book Notes, May 1924, page 1. 

21. F. B. Jewett, Report of Bell System Educational Con- 
ference, 1924, page 195. 

22. John Mills, *‘Selecting and Placing College Graduates in 
Business,” a paper presented before American Management 
Association, pages 8 and 4. 

23. M. I. Pupin, extract from Charter Day address at 
University of California, March 26, 1926, JournaL INA WE, ADS 1 0ied 
April 1926, page 321. 


Discussion 

F.E. Terman: The future of engineering education may be 
profoundly affected by the work which the psychologists are 
beginning on special interest and special aptitude tests. 

The Psychology Department of Stanford has devised an 
interest test to separate men practising the legal, medical, 
and engineering professions. This test contains no technical 
matter, and yet it distinguishes between engineers, doctors 
and lawyers with about 90 per cent success. That is, if one 
gives the test to a hundred lawyers, a hundred doctors and a 
hundred engineers, the interest test will correctly name the pro- 
fessions of about two hundred seventy of the three hundred 
tested. 

The Stanford Psychology Department has devised also a test 
of scientific aptitude. This test was given to about a dozen 
graduate students studying electrical engineering and the men 
were ranked in order of their scientific ability as shown by the 
test. This ranking was then compared with an independent 
ranking made by the electrical engineering staff. The two 
rankings were identical with the exception of one or two students 
out of the dozen or so ranked. 

Thus the one-and-a-half-hour test alone was able to tell about 


_as much regarding the scientific ability of these students as could 


be discovered in from_one to two years’ contact by several 
teachers. 

These two tests are illustrative of a movement that the psychol- 
ogists are just starting, and which appears to have great promise, 
particularly in vocational guidance and engineering education. 

J. H. Johnson: I ‘enjoyed’? one of these courses about 
fifteen years ago and desire to give my impressions from a study 
of the suggested course. 


The course I pursued was quite similar to the one outlined, 


except that it was slightly heavier—in that it averaged about 
eighteen hours where sixteen hours is now suggested. I strongly 
favor the heavier work. 

Rather early in Mr. Henline’s paper, he suggests a liberal 
policy as to electives. I fear the results of sucha procedure and 
believe it much better to offer a “‘cast-iron’’ schedule. The 
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student does not like a rigid schedule and in theory I agree 
with him but practically it appears to be necessary. ‘The 
average student does not know what he wants. He does not 
know what courses will best prepare him for his future needs. 
Conflicts as to time further complicate the problem—to the end 
that unless a course of study is carefully prepared, the electives 
end in courses such as typing, glee club, orchestra, or wrestling. 
For these reasons I object to the rather large amount (about 12 
per cent) of electives outlined. : 

Since courses as given in some colleges are so presented that 
essential ideas are scattered scantily through a large mass of 
unimportant elaboration, it appears to me that when ris, 0 
deemed advisable to give engineering students courses such as 
economies, business management, and so on, the work should 
be condensed and reduced to its more important component 
principles in the same fashion as in his engineering texts. To 
secure this treatment, it may be necessary to have the work 
given in the College of Engineering. 

Further, as a general thing, I would remind you of the old 
objection to a five- or six-year engineering course, 7. e., the fact 
that it graduates a student at a correspondingly later and to the 
employer, less desirable, age. 

G. S. Smith: The field of engineering education is being 
subjected to a great deal of careful scientific research, and already 
these studies have resulted in the formation of-some very definite 
ideas. So far, it has not been possible to give many of these 
ideas a fair trial because the general public, upon whom the state 
universities at least are largely dependent, will seldom sanction 
a change, especially if it means added expense, until they are 
educated to realize its value. 

However, it is very gratifying that the engineering profession 
im-general is taking such a keen interest in the methods to be 
used in our engineering colleges. Fortunately, the larger com- 
panies are doing more and more to help the engineering colleges 
to a higher standard. Would it be too much to ask that these 
larger companies, and in fact the whole engineering profession, 
help educate the general public to realize these needs? The 
advances made in engineering education will no doubt prove 
valuable to education in general. 

It is becoming more and more evident that the best engineering 
professor is not only well versed in the fundamentals of engineer- 
ing which he must teach, but must also specialize in some branch 
of that work to the extent that he may be considered authorita- 
tive in his specialty. Such a professor will prove an asset to the 
institution he serves and an inspiration to the students with 
whom he comes into contact. Here again the larger companies 
are cooperating in helping faculty members to a higher standing 
in their profession and offering them opportunities of contact 
with the practical field. Here also the institution might well 
offer some incentive for the professor to build up his reputation, 
and avail himself of the opportunities offered. 

The success of many of the ideas which have been put into 
practise is apparent from Professor Henline’s paper. He men- 
tions the courses in general engineering problems now required 
of engineering freshmen in some colleges. This work has met 
with fine success at the University of Washington. It gives the 
student a fair idea of that to which he may look forward and 
either gives him a good start in his chosen field, or causes him to 
realize he has been mistaken in his choice. 

Those faculty members who have charge of the junior and 
senior courses might well study and lend their influence toward 
directing students into the field of work for which they are best 
fitted. For example, it is often apparent to the professor whether 
a student is adapted to such fields as research, design, shop 
or mechanical details, executive work, ete. A little personal 
advice and aid might stimulate a student to aims which otherwise 
he may never develop. 


That marked advantage is to be gained by having certain 
required non-engineering courses taught by engineers has been 
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supported by some and questioned by others. While this is 
seldom possible except in the larger schools, it seems very de- 
sirable for the more fundamental subjects, such as engineering 
mathematics, and at least one course in English. Another 
alternative that has met with some success: is to segregate the 
engineering classes in such subjects and select some instructor 
from the faculty of that department to specialize in teaching these 
classes from the engineering point of view. 

R. W. Sorensen: [I think it absolutely impractical to make a 
standard engineering curriculum. I can see no reason why all 
schools should be alike. Individuals and communities differ 
from each other, and regardless of our efforts to direct young 
men along the paths we think they should follow, they seem to 
do work largely according to their natural abilities. At Cali- 
fornia Institute of Technology we aim to guide students in the 
selection of courses and assist them in making efficient use of 
their time; but we also endeavor so far as possible to give the 
student the widest latitude as to the manner in which he shall do 
his work. For several years the classes have been divided into 
groups according to scholastic standing, the various groups 
doing work we think best suited to their special abilities. The 
results of this plan have been wholly good. The Institute 
faculty has never been satisfied with a one-year course in English 
for engineering students. When our course was a four-year 
course, the students had a four-year course in English and 
associated humanities. The time given to this work was ap- 
proximately one-fifth of the total time spent on college work. 
I can report also that our engineering students have not con- 
sidered these subjects uninteresting or things to be avoided if 
possible. For example, we have several times had requests from 
students for additional classes in English and last year we had a 
request even more surprising than one for additional English—a 
course in the study of Greek. This was probably due to the 
fact that Dr. Macarthur, one of our English professors, had so 
inspired the men with some discussion of Greek Literature as to 
incite them to a desire to study from the original, methods of 
Greek thought. Under such conditions I am certain that the 
course in Greek as given by Dr. Macarthur was a very valuable 
one. We have always endeavored to make English just English, 
—not engineering English,—believing that most engineers not 
only do not write reports well, but cannot expect to learn to write 
reports well if they endeavor to learn only to write reports rather 
than learn to make the fundamentals of English and English 
literature an integral part of the means used by them in express- 
ing ideas. : 

D. I. Cone: Men of the industry who are not on college 
faculties have a very great interest in the matter of engineering 
curricula. If there were no other reason for it the young men 
being trained would very soon be taking up the work of assisting 
us in our problems; so we do well to encourage the school to give 
the best possible training. Just to consider the great variety of 
topics upon the program of this Convention is to become con- 
vineed that a broadly developed curriculum is necessary to fit 
the student to be appreciative of it. We should, therefore, 
extend our heartiest interest and our congratulations to the 
Stanford faculty for undertaking this forward step. 

The problem of the fifth and sixth years of training raises a 
challenge to us of strengthening means for assistance to those 
students who find difficulty in going on; that is, men who would 
need to devote a large part of their time to earning their own way. 
A further problem ealling for continued study by the men of the 
industries and colleges is that of cooperation in bridging the gap 
between the college life and the ensuing life in industry. It 
seems, clear, however, that the solution of this is not to be found 
in a specialized curriculum. p 

H. T. Plumb: Many young men come to me for help in 
choosing engineering and college courses, and I generally give 
them four rules as a safe guide for starting out on a college career. 
_ First: During high school and the first three years of college, 
at least, “‘study fundamentals.” ; 
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Second: Avoid early specialization. 

Third: Study in school what cannot be learned outside of 
school. 

Fourth: Become an all-around man and do not specialize 
in any one subject until you have a general knowledge of all. 
Elect studies that will develop your low spots. 

About these four rules I have thought for‘many years and 
believe them to be generally good. I think that too much of 
instruction and not enough of education is attempted in engi- 
neering. Education should develop or lead out. All courses 
should seek first to develop the man and then to add a, little 
knowledge of engineering for him. 

The larger engineering firms are coming to demand college 
men and are willing to teach them the engineering afterward. 
They are willing to teach their particular form or method of 
engineering. I think we should not train to be engineers only. 
That is not the prime object. We have to live and we should 
educate ourselves and train ourselves so that we ean help» 
with the greatest amount of judgment and with the greatest 
amount of service to our fellow beings. 

Weare three-sided by nature, and if we neglect the training of 
any one of these sides, then we reduce the efficiency of the whole. 

D. C. Prince: It seems to me that many people have: 
entirely too low an opinion of the college undergraduate. They 
seem to think that they have to outline everything he should do.. 
It would be interesting if someone would take all the material 
of the four-year college course and take a good active boy and 
turn him loose on it. I think he could clean up four years’ 
work in two years. 

K. B. Miller: I think we have to admit that the educators 
are up against a very hard problem and that they are trying to 
solve it. The most promising thing is that they are trying to 
solve it in a scientific way. Looking back over my experience 
as a graduate from one of the technical universities, I have been 
forced to the conclusion that the average engineering graduate 
was a pretty lopsided individual, mostly because he had tried to 
specialize too soon. I do not object to a man having a definite 
idea of his future, but I think he should be guided and given a 
chance before he commences some course for which he will not be 
well adapted. His judgment is not as good as it will be later on 
and I think I take issue with Mr. Prince on that particular ques- 
tion; not as regards all men, but as regards the rank and file. 
Most of them do not know what they want to do at the time they 
enter college. Give a man a pretty good education and do not 
allow him to specialize too soon. A man will be so much better 
able to tackle his line of work if he does not specialize too soon in 
any one thing. : 

Harold Michener: It seems very important to me that 
young men should have some choice of instructors. Do not make 
the curriculum so rigid that those who are bright enough to do so 
cannot choose the best instructors giving the desired or required 
courses. Do not, by putting the cultural subjects under instrue- 
tors in the engineering departments, deprive the engineering 
students of the opportunity of studying these subjects in out- 
standing courses under outstanding instructors, such as, in my 
time, Prof. Gayley’s course, ‘“Great Books.” 

L. N. Robinson: It is gratifying to read in Professor 
Henline’s paper that another pesitive step is being taken toward 
the better and broader education of engineers. 

One can hardly criticise the curriculum proposed without 
intimate knowledge of the individual courses. It appears to me, 
however, that it would be preferable to spread English ecomposi- 
tion and public speaking over at least the first three years, 
devoting one unit each of the autumn and winter terms to 
grammar, rhetoric and themes, and one unit of each of the spring 
terms to the presentation of prepared speeches, the reading of 
technical papers written by the student, and extemporaneous 
speaking. ; 

The course, ‘‘Human Relations in Business,’ appears interest- 
ing and I wish Professor Henline would tell us more of the content 
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of this course. Human relations in business can hardly be taught 
comprehensively without giving a course on human relations in 
general; and in view of the state of modern society, it appears 
that it might be desirable to inelude the subject of domestic 
relations. It is te be presumed that the course will be offered 
with a scientific treatment to conform to the methods employed 
in teaching the theories of physical phenomena, and I wonder 
what text is to be used? 

For a long time it has seemed to me that sooner or later some 
of the engineering colleges will visualize the importance of 
teaching the fundamental principles of human relations. Pro- 
fessor Henline alludes to the necessity for this when he ranks the 
“understanding of men” (often callec “ability to handle men’’) 
high among the requisites of an engineer, especially if he would 
attain an executive position. Incidentally, to handle men should 
not mean manhandling, as too many old-school executives and 
others believe; it should mean to guide them,—subordinates, 
superiors and contemporaries. How ean that ability be 
developed? 

Now-a-days, we depend almost altogether on the students and 
graduates learning by merely casual contact and hearsay,—often 
accompanied by bitter experiences,—what they can and cannot 
profitably do. Would it not be far more rational to teach them 
the fundamental principles and give them such laboratory work 
along these lines while in college as would better prepare them 
when they graduate, just as we endeavor to equip them with the 
fundamental laws that govern physical phenomena? Where 
shall we find these fundamental laws governing human relations? 

There is no place where they are so well codified and demon- 
strated as in the New-Testament of the Bible. You may object 
to my proposing to introduce religion into our colleges. Are 
we not already putting too much blind faith in our scientific 
Ikmowledge and adhering too religiously to theoretical fetishes? 
ow many of our so-called scientific laws have stood uncontro- 
-verted anywhere nearly as long as the scientifically founded 
laws of human conduct voiced by Jesus Christ and his disciples? 
jHow many have stood half, or even one-tenth, as long? 

Lhold no brief here for any creed or sect; in fact I would be one 
of the first to object to introducing into any school a course in 
blind religion as such. The genuine Christian doctrines, how- 
ever, as differentiated from sectarian dogmas, are not founded on 
blind faith. They are rational and demonstrable, permitting of 
the same scientific methods of analysis and experimentation as 
the commonest laws of physical phenomena. When they are 
studied openmindedly by scientific methods and confirmed by 
experiments and observation, the student will feel fully justified 
in clinging to them just as religiously as he now clings to Newton’s 
laws and Maxwell’s equations despite an Hinstein. 

Professor Henline’s paper advocates a six-year course for 
engineers. This appears to be predicated on the assumption 
that 15 units per term is about the permissible maximum. 
Should we not examine such an assumption very carefully before 
we cut two years out of every engineer’s life? Practically, it 
amounts to killing him two years before the end of what would 
otherwise be his useful career. Nevertheless, this assumption is 
commonly accepted in most colleges, although it seems a reckless 
waste of students’ time and highly conducive to their immorality. 

Tf I am not mistaken, 15 units correspond to 15 hours of class- 
work and 30 hours of homework per week, with suitable adjust- 
ments for drawing and laboratory periods, so that the student. is 
expected to fulfill the requirements of the course by applying 
45 hours per week. 


After he graduates, the student will be expected to work at 
least 45, if not 54 or more, hours a week. Furthermore, he will 
be expected to spend four or five evenings of, say, three hours 
each, in study and self-betterment, or a minimum of 57 and a 
maximum of not less than 69 hours. Why train him in laziness 
at college? On the other hand, any ambitious high-school 
graduate who is forced by circumstances to go to work, would be 
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expected to work at least 45 hours and probably more per week, 
attend night school two or three evenings per week and study the 
intervening evenings. Why should earnest college students do 
less with their manifold advantages? Is it any wonder our stu- 
dents need automobiles, supper dances and gin to fill up their 
idle time? 

In conclusion, I believe the best of engineering curricula can 
be condensed very practicably and advantageously to not more 
than four years of nine months each, giving between 20 and 25 
units per term and requiving an average of approximately 60 
hours of application per week. 

F. O. McMillan: It appears that most perscns associated 
with or interested in engineering education are quite generally 
convinced that four years is a short time in which to train for 
an engineering career. These people in general, are also con- 
vineed that the fundamental principles of science and engineering 
and the humanities are of prime importance. Yet with these 
points conceded, we are still confronted with the problem of 
training many engineering students who enter the colleges and 
universities with a desire and a determination to be trained in 
some specific branch of engineering, such as electrical, mechani- 
eal, civil, etc. These students, many times excellent scholars, are 
unable for financial or other reasons to continue their education 
longer than four years. How are we to hold-the interest of such 
students in a four-year general engineering course? 

Obviously, one way to hold interest in the general engineering 
course would be for the industries and others employing these 
engineering graduates to announce publicly that, other conditions 
being equal, the four-year graduate having a general engineering 
education will be given preference over the four-year graduate 
specializing in the branch of engineering for which they are seek- 
ing employes. Are the employers of engineering graduates, 
outside of a few large corporations having well-established 
training systems, willing to do this? Ifso the problem is already 
along way toward being solved. 

Another phase of Professor Henline’s paper is that which has 
to do with the vocational-guidance value ofa four-year general 
engineering course in assisting students to choose their major 
branch of engineering for the two-year post-graduate course. 
My personal observation has been that students undecided 
upon their major course are very largely influenced by the rela- 
tive personality, enthusuasm and ability of the professors in the 
various major departments between which the student must 
choose. This obviously, many times, is detrimental to the best 
interest of the student because it fails to take into consideration 
special aptitude and many other points that are vital. For this 
reason it occurs to me great care would have to be exercised 
in the presentation of engineering subjects during the four-year 
general engineering course to avoid the aspect of selling one 
branch of engineering in competition with another. 


G. R. Henninger: One thing that at first, perhaps, reacts 
negatively upon all of us is the idea of extending courses of 
engineering study to include more than four years. However, 
it is of importance to remember that the prime objective of an 


education is nothing more nor less than to bring the present — 


generation up to date. It is obviously necessary that the in- 
dividual learn what has gone on before in order to progress 
logically and economically. 

Engineering has branched out in many ways. That of itself 
makes it essential that more of the engineering student’s time be 
devoted to study. Further in support of the proposed longer 
courses is the accepted fact that the graduate engineer must have 
more cultural and commercial training if he is to step into active 
practise without a serious setback. ; 

The soundest foundation that a young fellow can get, regard- 
less of the nature of the work that he may take up in later life, 
is a course in engineering fundamentals. Thus at least on two 
counts I have great regard for the proposed ‘‘four-plus-two- 
year” course developed by Professor Henline, at least as‘a starter 
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ne right direction. The practising engineer must assist in 
is. 

Regarding the ‘cast-iron schedule: Most of my thoughts 
have already been spoken by others, but I should like to add my 
urge against too rigid a schedule. It would seem that our 
educators themselyes are in a most advantageous position to give 
to the individual student something in the way of individual 
guidance. 


Another word of warning should be voiced against the tendency 
to bring under the control of the engineering department those 
courses of cultural value that are so badly needed by the student 
engineer. If liberalizing subjects are brought within the in- 
fluence of the engineering department they lose at once at least 
50 per cent of their broadening value. Perhaps the one out- 
standing exception to this is mathematics. Theoretical mathe- 
maties and the mathematical proficiency that will be most useful 
to the majority of engineering graduates differ widely. In this 
one case, therefore, it would be of advantage for the engineering 
department to have under its influence the study of engineering 
mathematics. 

David Hall: I have come in contact with many students in 
the Engineering School of the Westinghouse Electric & Mfg. Co. 
and I have observed that students well grounded in fundamentals 
easily take the lead. We have a course first on d-c. machinery, 
then on induction motors, a-c. generators, transformers, control, 
ete. After the first two or three sessions, one can pick out the 
leaders among those students. In about two sessions you can 
pick out the ones best adapted to engineering. The leaders are 
picked out because they have good fundamental grounding in 
the studies. They understand the underlying principles. When 
they get the underlying principles, they can take the subjects 
and handle them in a masterly manner. 


There is one point in this paper where the author says that 
“70 per cent of the men of those in classes out fifteen years or 
more are in work primarily administrative, etc.’”’ Now, because 
70 per cent of these men are in administrative work the author 
concludes that they should have been trained for administrative 


work. My conclusion is that the technical education has 


already trained them for administrative work and the proof 
lies in the fact that they are selected by their superiors for ad- 
ministrative work. 

J. P. Jackson: Engineering education in this country has 
been developed under the supervision of strong men of brilliant 
mind. Evidence that a sound foundation has been builded is 
to be found in the great, beneficent influence wielded by our 
college-trained engineers in the upbuilding of American industry. 

In making changes, therefore, it should be with a view to build- 
ing further on the existing base, being extremely careful not to cut 
away any but occasional rotten spots. 

With the author, I am convinced that as development proceeds 
we shall put into our engineering courses more of the humanities. 
An engineer should be the most useful and influential man in his 
community. To be so he needs a practical knowledge of govern- 
ment, social customs, of business methods, and of how to handle 
men. The strengthening of his training along these lines while 
in college will result in some cutting on the scientific side of his 
training; but this should be done carefully or a stunted growth 
will result. 

The author states rightly that generally character has been 
considered a most important element in making a good engineer. 
When I was Dean of Engineering at Penn State the members 
of our enginering faculty unanimously decided to give a certain 
definite proportion of their time to the study of how best to 
instill the various elements, such as honesty, industry, tolerance, 
thoroughness, justice, humanity, ete., into the embryo engineers 
within their care, and also to devote a definite portion of their 
class time for this purpose. The results as I observed them 


were eminently helpful, and I believe not only tended to empha-. 


size the importance of sound ethics in the minds of our engineer- 
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ing students, but to increase their enthusiasin and inspiration 
for their scientific and technical studies. The older professors 
were generally able to draw their material for this kind of teach- 
ing from their own experiences in the engineering field, while 
the younger ones were expected to confine themselves 
more specifically to the biographies of great engineers and in- 
dustrialists. 

With regard to the course schedule on the sixth page of the 
author’s paper, permit me to say that I cannot agree comfortably 
with the use of the B. A. degree for application to a course so 
substantially scientific as the one he gives. For such a long span 
of years, courses leading to B. A. degrees have been those 
which prepare for careers dealing with the fine arts, literature 
and kindred subjects or professions, that it seems to me to be a 
distortion of good, sound English language to apply it to such a 
course as the one given. I should like to know from the author 
and from the great university which offers the course, what is 
wrong with the degree, Bachelor of Science? 

I believe no one would have serious reason to criticise the 
fundamentals of the general course on the sixth page. To my 
mind, it would be far wiser to put the work on citizenship in 
the fourth instead of the first year. If taught as I conceive it 
should be to a college man, it is one of the most important 
subjects of the student’s course and requires the brain training 
of a senior student. I should also use the term “industrial his- 
tory’’ instead of ‘‘history,’’ not for the purpose of cutting out a 
suitable review of the political phases of history, but for the 
distinet purpose of emphasizing the enormous effects of industrial 
and scientific development on civilization, particularly during the 
past one hundred years. 

I should like to add one more word about this course. If 
the great institution which is using it continues to offer also the 
regular engineering undergraduate courses, without question or 
doubt, there will be a small handful of students enrolled in the 
general course and a small army will continue to go into the 
ordinary engineering courses. In the regular engineering 
courses of great value there is created a certain amount of 
professional spirit which attracts students and which is not 
usually so evident in a general course. My own past practise 
and present belief is that much the same result as desired by the 
author can be obtained by suitably broadening the existing en- 
gineering courses to the point where differentiation is of a com- 
parably slight amount, though I am not at all disposed to the 
addition of such a general course as he has outlined. 

H. H. Henline: I agree fully with Dr. Terman that the 
interest and scientific aptitude tests which have been developed 
promise much for the future. We have had the experience of 
rating in numerical order, two classes of graduate students in 
electrical engineering using as a basis their scientific aptitude as 
exhibited in class and laboratory, and comparing our ratings 
with those made by a graduate student in psychology who had 
given these classes a special scientific aptitude test developed as 
part of his own graduate work. Both times our ratings agreed 
very closely with his. The need for some such means of deter- 
mining that for which each student is best fitted is very great, 
and such tests should be given a fair trial. 

The fact that the curriculum under discussion contains only 
about 15 units of work per quarter instead of 18 has been men- 
tioned by Professor Johnson. I can assure him that the major- 
ity of the students will find all the work they can do well. He 
said a ‘‘east-iron” schedule with no electives is better. I cannot 
agree with this at all. How can we tie men down to a very 
rigid schedule for four years and hope to find them showing any 
originality after leaving school? It is better to allow them a 
little freedom of thought, and give them a chance to strengthen 
their weak spots. An objection has been raised to this in that 
many men may choose easy courses. This possibility is, of 
course, present, but the best that can be done is to give students 
whatever guidance may be necessary and encourage them to 
develop their own individualities in the proper directions. 
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The plan of having English, economies, mathematics, and 
other such courses for engineering students given in the en- 
gineering schools exclusively has been the subject of many 
arguments. With ideal instructors, perhaps these and other 
subjects should be given by engineering teachers, but men who 
know both engineering and the other subjects sufficiently 
thoroughly and are willing to do such work are rare. The 
students should by all means have contact with those who are 
teaching such subjects on account of love for the work, and should 
not be restricted to teachers who are giving those subjects merely 
because they are useful tools for engineers. They need the 
broadening effect as much as the subject matter. 

Issue has been taken with the Stanford plan on the apparent 
assumption that the four-year curriculum will not prepare 
students thoroughly. We believe they can go out at the com- 
pletion of it, prepared to enter many types of engineering work 
and well prepared for the commercial phases of engineering. 

The six-year idea has been criticized because it would hold 
students in school two years longer than the great majority 
now stay. As just stated, we believe that the four-year eurricu- 
lum furnishes good preparation for entering actively into the 
engineering field and those who can follow that with two years of 
graduate study will have an excellent preparation for their 
life-work. The first function of a university is to supply the 
foundation for good citizenship. The second is to train for 
definite fields of usefulness. The second is important, but it 
should not be allowed to replace the first. 

The question has been raised as to whether we are placing too 
much emphasis upon training for administrative work and too 
little on technical education. Records given in the paper indi- 
eate clearly that a broad education is of greater importance than 
training in technical subjects. The plan is to lay the foundation 
for all life and to build upon it a moderate amount of engineering 
education. A few courses such as economics, geology, psy- 
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chology, ete., will awaken students to interests extremely im- 
portant in later development, with which they might not come 
into contact for several years if such courses were omitted. 

Mr. Robinson has asked for more information on the nature of 
the course, “Human Relations in Business.”” This is to be de- 
veloped and given by the Department of Psychology primarily 
to meet the needs of engineering students for some training 1n 
those fundamental principles governing human relations which 
one must know if he is to deal successfully with people. It 
will be given by means of lectures, and adapted to the require- 
ments of the students as well as practicable. 

The desire of young men to specialize in some branch of en- 
gineering immediately after entering the university is often 
mentioned as an argument against the more general curriculum. 
The S. P. E. E. investigation has developed the facts that the 
great majority of young men entering the engineering schools 
have chosen particular branches of engineering, and that more 
than half of those who have made such choice have done so with 
little or no real information regarding the branches chosen or 
their fitness for them. It seems necessary to teach many young 
men that technical subjects are not the only ones needed in an 
engineering curriculum. 

Mr. Jackson has asked what is wrong with the Bachelor of 
Seience degree. Stanford has always given the Bachelor of 
Arts degree in all departments with the idea that no distinction 
should be shown between those who graduate in literary subjects 
and those who graduate in the more specialized subjects, such as 
engineering. The degree given in all cases is Bachelor of Arts 
1 6 eo ee ee oer Romani 
Citizenship is given during the first year, rather than during 
the fourth as Mr. Jackson suggested, on account of the desire 
to-place it where it will be most helpful from the standpoint of 
orientation and the development in the student’s minds of a 
sense of their responsibility as citizens. 
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Transmission Features of Transcontinental 
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Synopsis.—In this paper, the various steps in the establish- 
ment of the existing network of transcontinental type circuits and the 
transmission design considerations are reviewed. The discussion 
covers the communication channels obtained from transcontinental 
type facilities and the bands of frequencies employed, and includes 
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carrier-current systems, telephone repeaters and signaling systems. 
Mention is made of special uses of transcontinental telephone 
circuits, such as the transmission of program material for broad- 
casting and the transmission of pictures. Finally, the maintenance 
methods required to keep the system at full efficiency are outlined. 


N view of the fact that this convention is being 
held in Salt Lake City and that the original trans- 
continental telephone line connects this point with 

Pacific Coast points and the eastern part of the country 
including points on the Atlantic Coast, it was 
suggested to the authors that it would be of interest 
to present a discussion of the transmission features of 
transcontinental telephony at this time. 

Since considerable information on this subject has 
been covered by previous papers presented before the 
Institute, this discussion will be confined to a resumé of 
the transcontinental type facilities provided for coast- 
to-coast telephone service and some of the general 
transmission considerations which are important factors 
in determining the design of these facilities. 

The opening of the first transcontinental line in 1915, 
between New York and San Francisco, marked a new 
era in long distance telephony, as this was the first 
achievement of successful telephone transmission over 
distances materially in excess of 2000 mi. and demon- 
strated clearly the practicability of meeting the trans- 
mission requirements for a nation-wide telephone 
service. Previous to that time, New York to Denver 
represented about the maximum distance for telephone 
connections and the transmission obtained would not 
be considered any too good as judged by the standards 
of today. The circuits for the New York-Denver 
service had been constructed of copper wire, 165 mils in 
diameter (435 Ib: per'mile), and were loaded with 250- 
milhenry coils spaced about eight miles apart. Re- 
peaters, or amplifiers, however, were not used since 
methods for applying them to loaded lines, as well 
as for their use at more than one point in a connnection, 
had not been developed to a practical extent at that 
time. 

By the time the new line west of Denver was con- 
structed, telephone repeaters of new design and improve- 
ments in their application to telephone circuits had been 
developed so that the difficulty of operating in tandem 
and also over loaded lines had been overcome. In- 
cluded in these improvements, which were applied 
to the new line and also to the existing line from New 


{Both of the American Telephone and Telegraph Co., 


New York City. 4 
Presented at the Pacific Coast Convention of the Awe isi El a 


_ Salt Lake City, Utah, Sept. 6-9, 1926. 


York to Denver, were new loading coils of a more stable 
design, very accurately spaced, in order to provide 
uniform impedance characteristics and balancing 
networks of simple design for use at repeater points to 
match or simulate the impedance of the line. The 
repeaters were located about 500 mi. apart so that ona . 
New York-San Francisco connection, six repeaters were 
normally in the circuit. The transmission loss in a 
connection of this kind was about half that in a former 
New York-Denver connection and about the same as 
that in a former New York-Chicago connection. 


Many new developments have been applied to the 
transcontinental circuits since the first of these were 
placed in service and also to other similar circuits 
throughout the country, which have resulted in a 
better quality of transmission, including increased 
over-all volume efficiency?. Briefly, the outstanding 
features of the improved circuits are that they are 
non-loaded and that the repeaters and the associated 
equipment have improved transmission characteristics. 
With the non-loaded circuits, increased speed of propa- 
gation and smoother lines are obtained and consequently 
they can be operated to give better volume without 
increased echo effect. At the same time, transmission 
is further improved due to the better attenuation- 
frequency characteristics. Variations in line attenua- 
tion with weather conditions also are considerably 
reduced. 

The transmission improvements in the repeaters 
and associated equipment consist chiefly of better 
transmission-frequency and impedance-frequency char- 
acteristics, which, together with improved balancing 
networks, contribute toward better quality of trans- 
mission not only from the standpoint of naturalness 
but also from that of volume efficiency. Due to the 
higher attenuation of non-loaded lines as compared 
with loaded lines, a larger number of repeaters is 
required on a long non-loaded circuit than on a loaded 
circuit of similar length and therefore the importance 
of the improvements in the repeaters is correspondingly 


greater. 


Three telephone circuits were provided by the first 
transcontinental facilities, which consisted of four wires 
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arranged for phantom operation. The circuit layout 
was planned to provide direct circuits between strategic 
points along the line to facilitate connections to other 
trunk routes as well as the handling of the message 
traffic between large cities on this route. ~The longest 
direct circuit set up was a Chicago-San Francisco 
circuit. There were also direct circuits from New York 
to Chicago, Chicago to Denver, Denver to San Fran- 
cisco, Denver to Salt Lake City, Salt Lake City to 
San Francisco, etc. 

For several years these facilities were sufficient to 
handle the long telephone message traffic connecting the 
country east of the Rocky Mountains with that to the 
west, but by 1923 the increase in traffic requirements 
made it advisable to provide additional facilities. After 
careful consideration of all factors, it was decided to 
provide these partly over the. direct route between 
Chicago and Denver and thence over a new route to 
the south through El Paso and west through Tucson 
and Phoenix, Ariz. to Los Angeles. A second route 
from Chicago via Kansas City to Denver was already 
in existence, so by providing a new route west of Denver, 
two separate routes were made available from eastern 
points to the Pacific Coast. This was particularly 
desirable from the standpoint of service protection, and 
furthermore, there was an appreciable volume of traffic 
to Los Angeles and surrounding territory for which it 
was desirable to provide direct circuits. Toll circuits 
were already available between San Francisco and Los 
Angeles so that in times of trouble on either the central 
or the southern route, the other could be used for con- 
nections to both the northern and southern sections 
of the Pacific Coast. 

Following the construction of the line from Denver to 
Los Angeles, the next steps were to provide trunk 
routes between New Orleans and Dallas and Dallas 
and El Paso which connect to other similar routes at 
New Orleans and Dallas, and to the Denver-Los Angeles 
route at El Paso. The line across Texas was completed 
‘in 1925 and at the present time transcontinental 
telephone connections may be established over an all 
southern route. 

As a result of further increase in transcontinental 
traffic requirements, particularly to points in Wash- 
ington and Oregon now reached over the central route 
by switching at San Francisco to circuits north along 
the coast, there is being constructed a direct northern 
route from Chicago through Minneapolis, Fargo, Bis- 
marck, Billings, Helena, and Spokane, to Seattle. 
When completed, this will provide a third separate 
and distinct transcontinental route and will further 
insure the continuity of telephone service between the 
east and far west. 

There are many other important routes throughout 
the country carrying circuits of the transcontinental 
type, as indicated on Fig. 1. Some of the longest direct 
circuits radiating from Chicago reach to San Francisco, 
Los Angeles, Denver, Dallas, Atlanta, Washington, New 
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York and Boston, while circuits of similar class radiating 
from New York terminate in Minneapolis, Milwaukee, 
St. Louis, Kansas City, New Orleans, Atlanta, West 
Plam Beach and Havana. Other circuits of corre- 
sponding type® connect San Francisco with Portland, 
Salt Lake City, Denver and Los Angeles, while Los. 
Angeles has direct circuits to El Paso and Dallas. 

Telephone circuits having repeaters at several 
intermediate points may be compared to a series of 
power transmission lines, each one of which receives 
power from the originating point or a repeater and de- 
livers power to another repeater or to the terminal. 
In contrast to power transmission lines, however, the 
sections of a repeatered telephone circuit and the asso- 
ciated equipment are designed with the object of causing 
power of a complicated nature to be reproduced in form 
at a distant point, and the fact that none of the original 
power reaches the far terminal is of no concern since 
in any event it would be useful only as a means of 
transmitting intelligible sounds while it would have no 
appreciable value purely from the power standpoint. 

While the application of telephone repeaters to 
long telephone circuits improves their over-all trans- 
mission efficiency, the efficiency from a power trans- 
mission standpoint is zero, since none of the original 
energy passes through a repeater point. It is fortunate 
that the energy losses do not involve large amounts of 
power and therefore do not represent an appreciable 
economic loss from the power standpoint. _ 

In the early days of the telephone, the only method 
of improving the volume efficiency of a telephone line 
was to increase the amount of copper; that is, to use 
wires of larger diameter. The use of metals of higher 
conductivity than copper was clearly prohibitive 
because of the cost. But additional increments in 
copper result in less and less improvement in efficiency 
so that wire larger than 165 mils in diameter was not 
used to any important extent. 

With the invention and development of the loading 
coil and its application to open wire lines, it became pos- 
sible to operate at a higher voltage with a consequent 
reduction in line losses. With this method, however, 
leakage losses in wet weather are greatly increased, 
resulting in considerable variation in efficiency. 

The development of efficient amplifying devices and 
of circuit arrangements for applying them to two-way 
circuits provided the means for increasing the trans- 
mission volume efficiencies of long telephone circuits to 
a much greater extent than the older methods. With- 
out telephone repeaters but with other parts of a long 
telephone circuit unchanged, the delivery at the re- 
ceiving end of the amount of power ordinarily obtained 
would require startlingly large amounts of power at 
other points in the circuit. For example, in the case 
of a San Francisco-New York connection, the amount 

3. Applications of Long Distance Telephony on the Pacific 


Coast, by H. W. Hitchcock, Trans. A. I. E. E., Vol. XLII, 1923; 
p. 1071. 
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of power ordinarily applied at San Francisco would be 
required near Harrisburg, Pa. All of the power intro- 
duced ordinarily at all points in the line would be 
required at a point near Pittsburg. Power sufficient to 
light two 20-c. p. incandescent lamps would be necessary 
near Chicago, while the power of a five-kw. radio 
station would be required near Omaha. The require- 
ments continue to rise rapidly until, near Rawlins, 
Wyo., a 50,000-kw. generator would have to deliver its 
entire rated capacity to the circuit, while at San 
Francisco, something in the order of the estimated 
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total world production of mechanical and electrical 
power would be needed. 

Let us suppose, however, that a 50,000-kw. generator 
delivered its entire output to the circuit at San Fran- 
cisco, and overlook, for the moment, what would happen 
to the line if any such amount of energy were applied. 
The power received at New York would be of the order 
of one five-hundredth of a microwatt, which would have 
to flow for about 25,000 years in order to equal the en- 
ergy required to light a 25-watt lamp for one minute. 

From this it is evident that the economic solution 
of the problem of verylong distance telephony does not 
lie in the application of large amounts of power at the 
circuit terminals, but rather in the use of amplifiers 
located at suitable intervals along the line. 
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In the design of telephone circuits, it is necessary 
to consider the three transmission essentials for easy 
and natural conversation. These are volume, accurate 
reproduction, and freedom from disturbance. The 
factors which tend to impair these qualities are attenua- 
tion, distortion and noise. In addition, cross-talk 
must be so low as to preclude appreciable overhearing 
of speech over other circuits. 

Fortunately it is not necessary, nor even desirable, 
that all of the energy reaching a telephone transmitter 
be delivered by the receiver at the other end of the 
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circuit, and the characteristics of the hearing mechanism 
of the human ear are such that very slight amounts of 
distortion and noise do not materially affect the in-— 
telligibility of received speech energy when the latter 
is of reasonable magnitude. In designing long tele- 
phone circuits the engineer thus has a small range within 
which to work as regards each of the essential factors 
for satisfactory transmission. 
The attenuation losses in line conductors may be 
offset largely by the use of repeaters applied at suitable 
points to give transmission gains. The extent to which 
such losses can be counteracted in non-loaded open wire 
circuits arranged for two-way operation is illustrated 
by the present transcontinental circuits between New 
York and San Francisco in which the total attenuation 
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is about 165 transmission units‘ and the total repeater 
gain about 153 transmission units. 

Distortion results when too narrow.a band of fre- 
quencies is transmitted, or when the volume of trans- 
mission of part of the frequencies within the range 
transmitted is materially different from that of another 
part of the frequency range. Another form of dis- 
tortion occurs when currents which are reflected from 
irregularities in a circuit are again reflected by other 
irregularities and reach the listener as echo currents 
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appreciably later than the direct transmission, due to 
the longer path traveled. 

Distortion caused by a sloping attenuation-frequency 
characteristic of a line can be neutralized to a large 
extent by designing the telephone repeaters and asso- 
ciated equipment to have transmission-frequency 
characteristics complementary to those of the line. 
As an illustration of this, Fig. 2 shows the attenuation- 
frequency characteristic of a typical repeater section 
of non-loaded 165-mil open wire, 216 mi. in length, 
while Fig. 3 shows the gain-frequency characteristic of 
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an improved type of telephone repeater which has been 
adjusted for use with the same section of wire. It 
will be noted that the attenuation in the line increases 
with the frequency and that the repeater gain, which 
corresponds to negative attenuation, also increases at 
approximately the same rate, so that the result of the 
combination of the line and the repeater is a trans- 


4. The Transmission Unit and Telephone Transmission 
Reference Systems, by W. H. Martin, Trans. A. I. E. E., Vol. 
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mission-frequency characteristic that is substantially 
flat. The over-all transmission-frequency characteris- 
tic of a long circuit composed of several repeater sections 
is shown in Fig. 4, which indicates that practically 
uniform transmission is obtained over the range of 
frequencies important in speech. 

In long repeatered telephone circuits, the time of 
transmission from one end to the other becomes an 
important factor in determining the transmission 
volume efficiency since the seriousness of echo current 
effects not only is a function of their magnitude com- 
pared to the original transmission but also is a function 
of the amount of delay involved. For this reason 
the speed of transmission over long telephone circuits 
must behigh as compared with that over shorter circuits, 
and the line must be reasonably free from irregularities 
that would give rise to echo currents. Also, throughout 
the range of frequencies transmitted, the line impedance 
must be closely matched by the balancing network on 
each side of each repeater. Loaded circuits are in- 
ferior to non-loaded circuits with respect to speed of 
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transmission and smoothness of impedance-frequency 

characteristics. From this, it follows that the volume > 
of transmission obtainable with loaded:facilities is less 

than that obtainable with non-loaded facilities of the 

same length, when tandem repeater operation is 

involved. 

Noise and cross-talk are reduced by transposing the 
wires at frequent intervals throughout the length of the 
line so that each wire of a circuit will be as nearly as 
practicable equally exposed to the disturbing influences 
which exist, at the same time carefully preserving the 
balance between the impedances to ground of the wires 
and associated equipment of each circuit’. The in- 
tensity of the extraneous influences of course should 
be controlled and kept within reasonable bounds. 
In designing the transposition layout, it is necessary 
to take into consideration the effect of each circuit 
on the line upon each of the other circuits, including the 
phantom circuits, as well as the effect of neighboring 

5. Telephone Circuit Unbalances, Determination of Magni-— 
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power lines. A single series of transpositions which 
results in substantially equal exposures of each circuit 
to every other circuit on the line is called a transposition 
section. In general, one or more sections of this kind 
are required for each part of the line that is exposed 
to different outside influences. The phantom trans- 
positions involve interchanging the positions of the 
two pairs from which the phantom circuit is derived. 

Fig. 5 shows the power at different points in a New 
York-San Francisco connection, when an arbitrarily 
assumed power of 1000 microwatts is applied to the 
line at San Francisco. It will be seen that the power 
is attenuated at the inputs of many of the repeaters to 
a value which is of about the same order as that which 
reaches the New York end. Therefore, any noise 
induced in the circuit at such points may be as strong 
when it reaches a terminal of the circuit as it is at the 
points where it originates. In some places, the trans- 
mission level is even lower than at New York, as at 
Beaver Dam; so that noise introduced at such points 
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may reach New York at greater than its original 
strength. Thus it is evident that from the noise stand- 
point, the relative transmission levels at a disturbed 
point and at the terminals are of particular importance 
rather than the distances from the disturbed point to 
the terminals. 

Besides providing voice-frequency telephone chan- 
nels, the open wires composing the network of “back- 
bone” telephone circuits are being used to a large 
extent for superimposed carrier-current systems’ as well 
as for providing ordinary grounded telegraph facilities. 
An example of this is covered by Fig. 6, which shows, 
schematically, the various communication channels 
obtained from four wires of a group of transcontinental 

facilities between Denver and Sacramento. Altogether, 
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there are twenty two-way communication channels 
operating on these two pairs of conductors, six tele- 
phone circuits and fourteen telegraph circuits. A 
telephone circuit is obtained from each of the two pairs 
of wires, and a third from the combination of these 
“side circuits,” to form a phantom circuit. The other 
three telephone circuits are obtained from a carrier- 
current telephone system superimposed on one of the 
pairs of wires. 


|TeLeonary. 


Fig. 6—CoMMUNICATION CHANNELS ON Four WIRES OF 
Group oF TRANSCONTINENTAL FACILITIES BETWEEN DENVER 
AND SACRAMENTO 


Ten of the telegraph circuits are obtained from a 
carrier-current telegraph system superimposed on the 
other pair of wires, and the other four telegraph circuits 
are direct-current channels derived by ordinary com- 
positing arrangements. 

In some cases, a similar group of four wires may have 
a second carrier telephone system superimposed in 
place of the carrier telegraph system, while in other 
cases, a second carrier telegraph system is used in place 
of the carrier telephone system, according to the re- 
quirements for these types of facilities. 

Fig. 7 shows the bands of frequencies used at present 
for communication purposes on typical long open wire 
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circuits. The lowest, from zero to about 80 cycles, is 
employed for the d-c. telegraph. Hach telegraph 
circuit employs a single wire with ground return, so 
that two are obtained from each pair of wires. 

The voice frequencies occupy the next higher band 
of frequencies, extending to about 3000 cycles. Some 
circuits of this type are made efficient at frequencies as 
low as 135 cycles to permit the employment of a current 
of this frequency for signaling purposes. 
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Above the voice range, each pair of wires may be 
arranged for superimposed carrier-current operation, 
either telegraph or telephone. The former utilizes 
frequencies as high as 10,000 cycles; the latter, as high 
as 28,000 cycles. 

The general use of large wire and long repeater spac- 
ings is advantageous in the case of very long circuits, 
since this results in a smaller number of repeaters, and, 
in the case of voice frequency circuits, the lesser number 
of echo current paths permits somewhat better over-all 
volume efficiencies to be obtained. Carrier systems 
involve, at the terminals, large investmentsin apparatus 
for converting the voice frequencies or telegraph signals, 
as the case may be, to carrier frequencies, and vice 
versa. Thus, in general, the longer the distance to 
be spanned, the lower is the cost of the carrier circuits 
per mile. The longer or “back-bone”’ circuits are 
usually of 165-mil diameter copper, with repeaters 
spaced from about 200 to 300 mi. apart, and, con- 
sequently, carrier systems have been applied to these 
much more extensively than to wires of smaller gage. 
In a few of these circuits, however, 128-mil or even 
104-mil wire is used through some sections where 
repeater spacings and other conditions are favorable. 

In carrier-current telephone systems, the frequency 
employed for carrier purposes is modulated by the voice 
currents, and one of the resulting bands of frequencies 
is filtered out from the others and transmitted over the 
line. At the terminals of the systems, the various 
bands are separated from each other and from the voice- 
frequency channels by properly designed filters. In 
the latest systems, six bands of carrier frequencies are 
utilized, the lower three for transmission in one direction 
and the other three for transmission in the opposite 
direction, these being combined at the terminals to 
form three two-way circuits. The use of separate 
channels for the two directions of transmission of each 
circuit permits the use of one-way amplifiers the 
gains of which are not limited by balance conditions. 
At repeater points, the lower bands are kept separate 
from the upper ones by filters, and each one-way re- 
peater amplifies three carrier channels simultaneously. 

In the carrier telegraph system, the fundamental 
carrier frequencies are under the control of telegraph 
relays and are applied to the line as spurts of high- 
frequency currents..For a ten-channel system twenty 
different frequencies are employed, the lower ten for 
transmission in one direction and the upper ten for 
transmission in the opposite direction. As in the 
case of the carrier telephone systems previously men- 
tioned, the group of frequencies transmitted in one 
direction is kept separate from the opposite bound 
group at repeater points by means of filters and an 
entire one-way group of frequencies is amplified by a 
similar method. . 


It is necessary, of course, to convert the received 


carrier telephone or telegraph currents to voice fre- 
quencies or d-c. telegraph signals, as the case may be. 


In the case of the carrier telegraph system the signals 
are relayed in the form. of ordinary direct-current 
telegraph impulses so that such circuits may be con- 
nected to telegraph circuits of other types as desired. 
. The application of carrier systems employing fre- 
quencies as high as 28,000 cycles has brought with it 
specially difficult problems from the standpoint of 
cross-talk. With these high frequencies, the transposi- 
tion spacing requirements become quite stringent 
and the number of points at which transpositions are 
necessary is greatly increased. In addition, in toll 
entrance and intermediate cables, it is necessary 
usually to arrange the conductors in such a way that 
those used for carrier systems will not be adjacent to 
each other. 

Frequent reference has been made to telephone 
repeaters’ and repeater gains. The amplifying element 
of a telephone repeater, the vacuum tube, is essentially 
a one-way device, and for two-way operation it is 


necessary that the output of the element be prevented 
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from getting back to the input side and thus setting up 
continuous oscillations known as singing or howling. 
This is accomplished by the use of two amplifying 
elements, each with its input connected at a neutral 
point in the output circuit of the other. The neutral 
point is obtained in a manner very similar to that em- 
ployed in duplex telegraphy by dividing the output 
of each vacuum tube between the line and an artificial 
line having similar characteristics so that the electrical .. 
center of the output circuit remains at a constant 
potential unaffected by the changing currents in the 
output circuit itself. 

Fig. 8 shows the equipment at an intermediate 
repeater point on one pair of wires of the type used for 
transcontinental service. The voice-frequency tele- 
phone repeater is shown connected to the line in the 
two directions. Each line, with its associated terminal 
equipment, is balanced by an artificial line with associ- 
ated balancing equipment. The hybrid coil located — 


es Telephone Repeaters, by B. Gherardi and F. B. Jewett, 
Trans. A. I. E.E., Vol. XX XVIII, Part II, 1919, p. 1287. 
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in the electrical center between the line and artificial 
line is the means by which the transmission in the two 
directions is separated. Currents amplified by the 
upper one-way element pass through the so-called 
third winding of the hybrid coil and set up voltages in 
the line windings. These voltages are of exactly the 
same magnitude on both sides of the electrical center 
of the coil and cause equal currents to flow in the 
line’ and artificial lines ‘if their impedances balance 
each other perfectly. In practise, it is impracticable to 
obtain an exact balance due to the presence of un- 
avoidable irregularities in the line and its associated 
equipment, the effect of which is to reflect energy which 
reaches the other amplifier. For successful operation, 
however, the average of the two transmission losses 
represented by the ratio between the reflected energy 
and the applied energy on each side of the repeater, 
must be substantially greater than the average 
of the transmission gains of the two amplifying 
elements. 

The line repeating coil is shown in the figure with 
the mid-point of the line side indicated as the phantom 
circuit tap. The composite set is essentially a filter 
which allows the voice currents to pass between the 
line and the telephone repeater, while direct currents 
and the low-frequency alternating currents involved 
in d-c. telegraph operation pass between the line and the 
telegraph repeaters. It will be noted that the tele- 
graph repeaters, also. are arranged for two-way 
operation involving the employment of balancing 
networks. 

The currents of carrier frequencies are prevented by 
a filter from reaching the low-frequency equipment but 
are transmitted easily through a high-frequency path 
in the filter to the carrier repeater. In the latter, for 
separating the two directions of transmission, advantage 
is taken of the fact that the currents in the two directions 
are of different frequencies so that directional filters 
can be used to separate them. The repeaters amplify 
the three one-way channels of a carrier telephone system 
or the ten one-way channels of a carrier telegraph 
In order to avoid interaction 
or modulation between the various channels, it is essen- 
tial that the relation between the output current and the 
input voltage of the vacuum tubes be a straight line 
function over the energy range employed in the carrier 
system. c 
- Signal currents, also, must be relayed or amplified 
on long telephone circuits, just as voice and carrier fre- 
quencies are. On some short toll circuits, a signaling 
current of about 20-cycle frequency is used, the same 
as that for ringing the bells of subscribers’ telephones. 
On circuits arranged for d-c. telegraph operation, it 
is impracticable to employ such a low frequency; it 
is necessary to use a frequency that will be transmitted 
In actual operation, the 
signaling channels at the ends of the circuits are 
arranged usually for 20-cycle operation by means 
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of relays which automatically apply higher frequency 
signaling currents and receive the incoming signals. 

The signaling frequency commonly used on toll 
circuits of medium length is 135 cycles. With this 
system, the signals are relayed at least at every other 
voice-frequency repeater point since the attenuation 
loss at 185 cycles is greater than that over the main 
voice-frequency range. In very long circuits, this 
results in the necessity for operating a train of relays 
at successive points, which delays the transmission 
of the signals. To overcome signaling difficulties 
on such circuits, a system of ringing, employing 1000- 
cycle currents which are transmitted from end to end 
of the circuit with the same efficiency as speech currents 
of that frequency, has been developed and applied. 
The signaling currents are supplied from a suitable 
source and are controlled by 20-cycle relays at the ter- 
minals. At the receiving end, circuits tuned to the 
signaling frequency are employed to amplify and con- 
vert the signals to currents which operate relays. 
Interference from speech currents is avoided by inter- 
rupting the signaling current at the sending end about 
twenty times per second, while at the receiving end, 
the signals pass through a circuit tuned to 20 cycles. 

At some points in a long telephone circuit, it is. 
necessary to employ cable, as when passing through: 
a large city. Because of this greater capacity between: 
wires, cable circuits cause much greater attenuation 
per unit of length than open wire circuits, especially 
at carrier frequencies. In order to improve the effi- 
ciency of the cable circuits they are loaded by means of 
inductances placed at intervals along the circuit. 
The inductances and spacing are so chosen as to 
cause the characteristic impedances of the cable 
circuits to approximate closely those of the open wire 
circuits over the range of frequencies transmitted. 

Circuits of transcontinental type are used often for 
special services such as for the transmission of program 
material to broadcasting stations’ or to points where . 
such material is desired in connection with a public 
address system. As this is essentially a one-way 
service and the programs usually include music, for 
which the best results are obtained by using a wider 
range of frequencies than ordinarily is employed for . 
commercial telephone communication, the two-way 
repeaters in the line are replaced by one-way repeaters 
and associated equipment for amplifying the currents 
and equalizing the transmission throughout the wider 
range of frequencies. Programs are transmitted daily 
in this manner to a number of broadcasting stations I in 
the eastern half of the country. 

Typical of the larger networks that have been set 
up is that for the inauguration of President Coolidge. 
Fig. 9 shows the layout arranged for that purpose, which 
effectively covered the entire country. 

8. High Quality Transmission and Reproduction of Speech 


and Music, by W. H. Martin and H: Fletcher, Trans. A. I. E. E., 
Vol. XLIII, 1924, p. 384. 
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On occasions, a speaker in one city addresses a 
meeting in a distant city, the loud speakers at the 
receiving end being connected to the transmitting tele- 
phone by wire. In some cases, such speeches also are 
broadcast from one or more radio broadcasting stations. 

Another use made of transcontinental type facilities 
is the transmission of pictures or facsimiles of printed 
or written matter, fingerprints and similar material. 
The frequencies employed for this purpose are within 
the voice range and the currents are transmitted in the 
same way as voice currents. Special apparatus is re- 
quired, of course, at the transmitting and receiving 
ends. 

The continuity of the many important services routed 
over the facilities used in making up these long circuits 
is dependent upon continuous and efficient maintenance 
methods and performance. Coordination of the work’ 
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including a complete description of the types of equip- 
ment and transmission data, are prepared and furnished 
to the terminal offices and intermediate repeater 
stations. These records are made on ecards of conve- 
nient size as illustrated by Table I, which is reproduced 
from one of three cards containing the data for a 
Chicago-San Francisco circuit. 

To insure satisfactory over-all transmission and proper 
functioning of the circuit, various tests and inspections 
are made at frequent intervals’. Some of the more 
important maintenance tests are as follows: insulation 
resistance, loop resistance and resistance balance of the 
line conductors; measurement of the gain-frequency 
characteristic as well as the gain at 1000 cycles, and tube 
tests on all repeaters to detect changes in amplification 
due to possible changes in the characteristics of the 
vacuum tubes or repeater equipment; balance tests at 
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of the different offices is most essential in order to obtain 
best results especially on the longer direct circuits 
and on those built up by connecting together several 
circuits, as there are many variable factors. To 
assist in obtaining this coordination, one of the terminal 
offices of each circuit is designated as the controlling 
office for that circuit and is responsible for the direction 
and supervision of tests and adjustments required on 
the circuit as a whole. In addition to the duties in 
connection with the maintenance of the complete 
circuit, each office along the circuit is responsible for 
the proper physical maintenance of the plant in its 
territory. To assist in this maintenance work, ac- 
curate records of the circuit make-up from end to end, 


each repeater station to check the degree of balance 
between the line circuit and its balancing network; 
noise and cross-talk measurements; 1000-cycle trans- 
mission measurements and _ transmission-frequency 
measurements on the over-all circuit to insure that the 
circuit equivalent is maintained within proper limits; 
and finally, over-all talking and signaling tests. 

In making many of the measurements, it is necessary 
to remove the circuit from service. This would result 
in considerable lost circuit time if each of the stations 
made the measurements and tests independently. In 
order to minimize this lost circuit time, it has been found 


9. Practises in Telephone Transmission Work, by W. H. 
Harden, Trans. A. I. E. E., Vol. XLIII, 1924, p. 1320. 
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TABLE I. 
TOLL-CIRCUIT LAYOUT RECORD 
Cireuit No. 2 Chicago (BE) San Francisco (W) Ce: 
con oe SVG sot CHD eta Sa aE ce sete Equiv. in TU Eto W | WtoE | Circuit order 5785 Item 42 
Oats “Chicco pe eee, hale oise Req. 11 11 Date in service 6-1-26 
g ASS hack ye teehee ne" os Its oOo Meas. 11 ual Card issue No. 1 Date 5-22-26 
| Toll line equipment 
For Loss 
: Cable or Pair or pin| Size of| Load- On For | other! CX (Columns) 
From To line numbers | wire ing | Length|Equiv.| side sx use Ringer | Misc. | (9 to 14) 
s, 1 2 3 + 5 6 7 8 9 10 11 12 13 14 15 
© Chicago 75 A 3A 0.8 
D Morl Park Chg-MPCA5| 151 19. |.Ho44|. “76 | 3-6 | 75 A 0.7 
E Morl Park MH 28 West TE CA 1 13 N 2.2 1.4 75 A TS KX 1 il 
F P128 P 328 Chg—Omaha 9-10 165 | N Bo || Oil 
G P 328 P 7415 < sf 9-10 165 N 166.3 5.5 
HP 7415 P 7445 ot sy 9-10 165 N 0.7 0.0 
J P7445 Davenpt Aer Cable 9 13 N Ont 0.0 
K Davenpt P 7445 > ss 5 13 N 0.1 0.0 
L P 7445 P7557 Chg—Omaha 35-36 165 N 2.1 OFF 
M P 7557 P7741 < se 25-26 165 N 4.5 Ft 
N P 12976 P 9047 Stl-Davpt 5-6 165 N 83.4 2.8 
P P 9047 Burlington Aer Cable 5 10 N 0.5 OF 75 A TS KGXe nba, 
Q Burlington P 9047 se # 15 13° | N 1 OEP Oe5 mlesroun TS KX Led: 
R P 9047 P 7930 Stl-Davpt 15-16 165 N 29.5 1-0 
Ss Total Total 
Telephone Repeater Data CA. & 
“= \a Mileage | O. W.| O. W 
Toward W Toward E 
== This 2002 .3/2021 .2 
Gain or Singing point Gain or Singing point | Misc. | company : 
CC step CC step Other 
—| Net Ring- | Ring- Net company 644.3 
Office Type | Imp. | Req. | Meas. Req. Meas.| ing ing | Req. | Meas. Req. | Meas. 
16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 Total 2665.5 
T Chicago Cc N 3 13 P 24 Net Equivalent 
U Morl Pk 2AC N pias 17E 24 Chas! 13’ P 14 — 
V Burlington | 21 P N 12 17F 24 12 17 F 24 Four-wire section 
W Kans Cy. | 21P N 12 17 24 12 17 F 24 Two-wire section 
Z Newtn. 21 P N 12 17 E 24 12 17F 24 Carrier section 


desirable in the case of long telephone circuits to set 
aside a definite time for making the periodic tests and to 
coordinate the work of making the tests under the 
direction of the controling office. This testing routine 
has been perfected to such an extent that the circuit 
need not be kept out of service for more than a few 
minutes even in the case of the longest circuits. 

The measurements of line resistance, msulation 
resistance, and resistance balance are made by means of 
Wheatstone Bridge arrangements in the testboards 
located at each repeater station and sometimes at inter- 
mediate points in a long repeater section. The ampli- 
fication, or gain, given by each repeater is measured by 
means of a visual reading instrument of the vacuum 
tube type located at each repeater station. Balance 
between the line and network circuits in each direction 
at the various repeater stations is roughly checked 
by means of the repeater itself. This is done by dis- 
connecting the line and network from one side of the 
repeater and connecting the two amplifying elements 
of the repeater in tandem, then increasing the amplifi- 
cation until the repeater circuit begins to oscillate. 
The sum of the calibrated gains of the two sides of the 
repeater is a rough measure of the degree of balance 


existing between the line and network circuits connected | 


to the repeater. Measurements of the over-all equiva- 
lent of a circuit are made from the terminal offices by 


means of transmission measuring sets'® provided with 
variable frequency oscillators. 

The long telephone circuits in the United States 
form a network by means of which many important 
points are connected directly to each other, while 
practically all large centers may be connected by a 
very few switches which rarely involve more than three 
such links. Economic use is made of the wires by the 
large number of telephone and telegraph channels super- 
imposed on the voice-frequency circuits. The plant 
composing this network extends over the entire country 
and close coordination is essential to insure the best 
results both from the technical and the economic 
standpoints. 

Main arteries of communication have been es- 
tablished in this way which bring the widely separated 
parts of the country into close touch with one another 
and the network is being augmented and extended to 
meet the growth in the traffic as it occurs. These 
arteries are being developed so that continuous service 
can be given by means of the protection afforded by 
alternate routes, and they are well maintained to give 
efficient service under all the varying conditions 
encountered. 

10. Methods for Maintaining the Transmission Efficiency of 
Telephone Circuits, by F. H. Best, Trans. A. I. E. E., Vol. XLIII, 
1924, p. 423. 
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Discussion 

J. E. Heller: It might be of interest to point out some appli- 
cations in the West of the developments described by Mr. 
Jacobs. The longest circuits in the West inelude those from 
San Francisco to Seattle, Denver and Salt Lake City. The 
Seattle circuits are about 950 mi. inlength and are made up of car- 
rier channels to Portland, open wirefrom Portland to Tacoma and 
eable from Tacoma to Seattle. A large portion of the toll-cireuit 
relief during 1927 in the Pacific System will be cared for by means 
of about 10 telephone carrier systems. In the next few weeks 
an additional circuit consisting of 104 wires will be established 
between Salt Lake City and San Francisco. This circuit, from a 
service standpoint, will be practically equivalent to the 165 
circuits between San Francisco and Chicago. 

Mr. Jacobs mentioned improvements in the quality of the 
transmission due to better transmission-frequency and impe- 
dance-frequency characteristics of repeaters and associated 
equipment. Quality consists of two components, namely, 
volume and intelligibility. The volume is a function of the 
energy transmitted, while intelligibility is a function of the band 
of frequencies transmitted. The New York-San Francisco 
connection has a volume equivalent of about 12 T. U. and will 
transmit frequencies between 300 and 2600 cycles. While 
it would be possible to inerease the volume equivalent and, at 
the same time, increase the band width above 2600 cycles with- 
out materially affecting the quality, the choice of volume equiva- 
lent and band width is dictated by the economies of the situation. 

In order to stimulate interest in the use of the transcontinental 
service, public demonstrations were held during 1915 at which a 
large number of people listened to selected programs transmitted 
over the transcontinental circuits. These demonstrations were 
accepted as more or less of a novelty by the majority, who did not 
give serious consideration to the use of the service. Later. 
smaller and selected groups were brought together at both ends 
of the line and members of each group were allowed to talk to 
friends at the other end of the line while the rest of the group 
listened. These demonstrations were very successful in showing 
the practicability of the long-distance service, as is indicated by 
the growth of the business. 

K. B. Miller: The present telephone instruments, trans- 
mitter and receiver, are something like 32,000 times more efficient 
in the air-to-air transmission than was Bell’s original centennial 


experiment which caused such astonishment fifty years ago.” 
That 32,000-times more efficient instrument that we have Tow . 


does not take into account any difference in the lines. To show 
what these men have done to the line in the way of improving its 
efficiency, we have only to recollect that an exact replica of Bell’s 
instrument was used in transcontinental conversation in 1915, 
so that the’ difference involves something like a 32,000 ratio 
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(representing the efficiencies of the two instruments) which was 
overcome entirely by the improvements in the line (by line I 
mean transmission system between the two terminal points). 
Looking at it in another way, in order to get the requisite amount 
of energy from San Francisco to New York without these 
improved instruments in the line would require enough energy 
put into the line to annihilate the line absolutely; vaporize it, 10 
fact, in order to get the required amount of energy across the 
continent. I think those illustrations will show something of 
what has been done; in fact, the whole tendency lately has been 
to decrease the conductivity of the line, thus accomplishing very 
much eredit in the amount of copper saved by use of repeaters, 
loading coils, and similar improvements. 

W. G. Rubel: It might be interesting to add that we have a 
great many circuits throughout the United States which are very 
similar in type to the ones described, and while not normally 
employed to connect, directly, points as widely separated as those 
mentioned, they may be used as sections of built-up long-haul 
circuits by connecting them together and inserting telephone 
repeaters-at proper intervals. These long built-up circuits are 
equivalent approximately to the direct transcontinental type 
circuits, and when once established, the service over them is 
of high grade. In the case of such circuits an appreciable time 
is required to build them up and a very large number of pieces of 
auxiliary apparatus is involved in signaling, in adjusting repeater 
gains, ete., while establishing through connections. 


An ideal arrangement, from the standpoint of traffic at least, 


would be to have direct circuits from any point to every other | 


point in the country; that is, of course, economically imprac- 
ticable. That is the trend in the design of circuit layout, 
however, and we find that when the community of interest be- 
tween any two localities is such as to indicate the necessity of a 
direct cireuit, such a circuit is provided so that in addition to the 
long’ direct circuits discussed in this paper we have a network of 
shorter circuits radiating from every important center in the 
country. For example, from Salt Lake City, there are. 35 
direct: toll cireuits varying in length from a few miles to 600 or 
700 mi. One of these is to Pocatello, Idaho, where a connection 


may be made through a repeater to a circuit extending from — 


Pocatello to. Boise. From Boise, this circuit can be extended to 
Baker, Oregon, and from there to Spokane, Portland, Seattle 
and all of the Pacific northwest. We can also build up a circuit 
from Salt Lake City through Pocatello north to Canadian points, 
which may in turn be connected either to the East or West at 
Salt’ Lake City. 

It is by means of circuits of the type discussed in the paper, 
supplemented by the shorter but none the less important toll 
circuits, that universal telephone service is now being realized 
in the Bell System. 


Carrier-Current Communication on Submarine 
Cables | 


Los Angeles-Catalina Island Telephone Circuits 
BY H. W. HITCHCOCK: 


Associate, A. I. E. E 


Synopsis.—Seven telephone channels and one telegraph channel 
on one single-conductor deep-sea cable have been made possible by 
the employment of carrier current on one of the two submarine cables 
across Catalina Channel. This is the only application of carrier 


telephony to deep-sea cables; the system is the shortest carrier system 


(26 mi.) in commercial operation; it provides more separate carrier 
channels (six) than has been previously attempted; and it differs in 
other important respects from other systems. This paper describes 
this carrier-current system. 

* * a 


N the commercial application of new developments in 
the electrical communication art, there are a few 
plceeas which repeatedly call attention to themselves. 

Notable among these is Catalina Island, for it is prob- 
able that in providing telephone service across the short 
expanse of water which separates Catalina from the 
mainland, more novel improvements have been em- 
ployed than at almost any other point. 

The first commercial telephone communication with 
Catalina Island was established in 1920 when a radio 
system was placed in operation between Avalon and 
the mainland, the circuit being extended by wire to 
Los Angeles. This circuit was in use for several years 
and featured in a number of transcontinental demon- 
strations, including the one which was held at the open- 
ing of the service to Havana over the Key West-Havana 
cables. ai; 

The system is of considerable interest as it represents 
the only instance in which radio has been used, in this 
country at least, to form a portion of a toll telephone 
system for the general use of the public. That it was 
reasonably successful is demonstrated by the fact that 
on some days as many as 183 commercial telephone 
messages and a large number of telegrams were handled 
over it. The system also proved to be one of the first 
popular broadcasting stations and many letters were 
received from radio fans, often several hundred miles 
away, telling of some of the amusing conversations 
which were overheard. 

In 1923 the radio was replaced by two single-con- 
ductor submarine cables. By that time the demands 
for service were too great to be met by a single circuit, 
while the growing interest in radio broadcasting, as well 
as the increasing interference from ship transmitters, 


rendered its continued operation very difficult and un- 


satisfactory. The submarine cables were of the single- 
conductor, deep-sea type, each providing a single-wire 


circuit. They are of interest for a number of reasons, 


chiefly, perhaps, because they represent one of the few 
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instances of deep-sea cable manufacture in this country. 
From the cable hut at San Pedro, the circuit is extended 
to the office by means of a special lead-covered cable 
containing four individually shielded No. 13 B & S gage 
pairs for the telephone circuits and four 19-gage pairs 
for the telegraph circuits and other miscellaneous uses. 
Between the San Pedro office and Los Angeles, the 
circuit was composed of a No. 19 B&S gage cable 
phantom. At San Pedro a through-line repeater was 
inserted in order to secure the desired over-all equivalent 
between Avalon and Los Angeles. A description of 
these cables and their laying was given in a paper 
presented by the writer at the Pacific Coast Convention 
in 1923 and published in Volume XLII of the TRANS- 
ACTIONS. 

Although the two circuits provided by the cables 
represented a great improvement over the previous 
condition as regards the quality of the service rendered 
and the number of messages which could be handled, 
it was realized that they would soon prove inadequate 
to handle the heavy summer business, for which eight 
or ten circuits would be required in a relatively short 
time. To provide for such.a large increase by the 
laying of additional cables was deemed impractical, 
as the cost would be excessive. Furthermore, in water 


of this depth—3000 ft. (914 meters)—it is important 


that cables be laid at least a mile or two apart, so that 
in the event that trouble develops on one, it can be 
repaired without disturbing any of the others. For a 
total distance as short as the width of the Catalina 


channel—23 nautical mi. (6087 ft. or 1856 meters per 


nautical mi.)—such a separation between adjacent 
cables could not be maintained without materially 
increasing the length of the outer ones with a corre- 
sponding increase in their cost and in their transmission 
equivalents. In view of these facts, it was decided to 
secure as many more circuits as possible by operating 
carrier systems over the two cables already in use. 
This project was actively promoted with the result that 
on May 15, 1926, six carrier telephone circuits were 
placed in operation. 

_ The use of carrier in the past few years has increased _ 
so rapidly that the mere addition of a new system is, 
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in itself, of hardly more than passing interest. In 
this instance, however, there are a number of factors 
which render the project of particular interest. It is 
the shortest carrier system—26 mi. (48 km.)—in com- 
mercial operation. It is the only application of carrier 
telephone to deep-sea cables; the system provides more 
separate channels (six) than has ever before been 
attempted, while the particular arrangement employed 
is different in many other important respects from any- 
thing which has been used in the past. 

In order to better appreciate the reasons for adopting 
the system finally agreed upon, it may be of interest to 
review briefly the essential characteristics of carrier 
systems and the different types which are available. 
The general principles of carrier-current telephony are 
described at considerable length in a paper by Messrs. 
Colpitts and Blackwell which was published in Volume 
XL of the JouRNAL of the Institute. 

Carrier systems may be divided into two general 
classes, namely, balanced or grouped, depending upon 
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the manner in which the currents in the two directions 
are prevented from interfering with each other at the 
terminals. In the balanced system this separation is 
accomplished by means of a three-winding transformer 
or hybrid coil together with a balancing artificial line 
such as is used with a voice-frequency repeater. In 
the grouped system, different carrier frequencies are 
used for transmission in the two directions and their 
separation at the terminals is effected by means of 
suitable band-pass filters. These two systems are 
shown diagrammatically in Fig. 1. The balanced 
system has the advantage that for each channel the 
same carrier frequency may be used for transmission in 
both directions so that there may be as many channels 
as there are separate carrier frequencies. On the other 
hand, the wire circuit must be very uniform throughout 
so that the impedance will be very regular over the 
entire carrier-frequency range, and may be simulated 
by an artificial line. The line must also be very sta- 
ble so that the impedance balance, once having been 
secured, will not be disturbed. Furthermore, as trans- 
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mission with the same carrier takes place in the two 
directions, the effect of the cross-talk between systems 
of the same type is very severe, so that it is usually 
impractical to operate two of these over-wires which 
are in close proximity for any considerable distance. 
The grouped system has the advantage that a balancing 
line is not required and hence small circuit irregularities 
are relatively unimportant. Furthermore, the effect of 
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cross-talk is much less severe, so that a number of sys- 
tems may often be operated over adjacent circuits. 
One disadvantage is that two carrier frequencies are 
required for each channel so that fewer circuits can be 
secured with one system. 

Carrier systems may also be divided into two classes 
depending upon the manner in which the carrier current 
is provided at the receiving end. In the carrier trans- 
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mission system, the carrier current is supplied by the 
oscillator at the sending end and is transmitted over the - 
circuit along with one or both of the side bands. In 
the carrier suppression system, the carrier current 
itself is not transmitted but isintroduced into the receiv- 
ing equipment from a local source. This latter system 
is proving to be superior for general carrier purposes 
because of the advantages which accrue from relieving 
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the line and apparatus from the load of the carrier 
current. 

Turning now to the electrical characteristics of the 
‘ables, we find that each one prov-des a circuit having a 
transmission equivalent which increases throughout 
the carrier range but is moderate in magnitude. The 
impedance, as is to be expected with a uniform, non- 
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In view of all the conditions outlined, a balanced 
system of the carrier suppression type was decided upon. 
Such a system provides the maximum number of chan- 
nels per cable, while the usual difficulties of impedance 
balance and inter-system cross-talk are largely absent 
due to the unusual characteristics of the cables. The 
adoption of such a system also made possible the em- 
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loaded cable, is very smooth, and since there is no 
opportunity for any change in the cable constants, the 
impedance has practically no variation. The trans- 
mission equivalent and the impedance of one of the 
cables are shown in Figs. 2 and 3 respectively. The 
cross-talk between the cables is small enough to be en- 
tirely negligible, regardless of the type of carrier sys- 


tems employed. 


ployment of standard units of equipment of the’ most 
recent design. The general nature of the system and 
the arrangement of the component parts is shown 
diagrammatically in Fig. 4. Fig. 5 is a simplified cir- 
cuit diagram showing the filters for separating the 
various circuits at the terminals, together with the 
balancing arrangement. In Fig. 6 are shown the essen- 
tial parts of one channel together with the amplifiers 
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and the hybrid coil which are common to all the chan- 
nels. For convenience, some of the battery and auxil- 
iary circuits have been omitted in the figure. 

At the time the system was under development, it 
was uncertain that balanced operation of all channels 
over a single cable would be practicable, so that an 
alternative arrangement involving substantial four-wire 
operation over the two cables was provided for. With 


TO 
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and six carrier-frequency telephone channels. The 
separation of the various channels is effected by means 
of electrical filters.: Fig: 8 shows the-band of ifre- 
quencies employed for each channel. For the d-e. 
telegraph this separation is effected at the terminals 
of the cable as is shown in Fig. 5.. The telegraph circuit 
requires a continuous d-c. path, whereas the telephone 
channels require the insertion of an inequality ratio 
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this arrangement, which is shown diagrammatically 
in Fig. 7, all transmission in one direction takes place 
over one cable, while transmission in the opposite 
direction is effected over the second cable. No bal- 
ancing equipment or hybrid coils are employed. Such 
an arrangement would increase the system stability, if 
such were required, but would limit the total carrier 
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insulating transformer at the ends of the cable in order 
to properly join the 43-ohm grounded cable circuit 
with the 600-ohm metallic circuit formed by the office 
equipment and intermediate cable. As this trans- 
former must pass both the voice and carrier channels, 
it has been designed so as to have a high efficiency for 
all frequencies between 250 and 30,000 cycles. Separa- 
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capacity of the two cables to six channels. In the event 
of the failure of one cable, operation with such a system 
would be impossible, and it would be necessary, at that 
time, torevert to the two-wire arrangement as described 
above, with a possible reduction in the over-all gain or a 
reduction in the number of operating channels. | 
_ As may be seen from Fig. 4, a carrier-equipped cable 
providesad-c. telegraph circuit, and one voice-frequency, 


‘tion of the voice-frequency circuit from the carrier. 


system is performed by means of the usual high and low 
pass filters which are located at the central offices. 
These filters both have a cut-off frequency of 3000 
cycles, the low pass transmitting all frequencies below 
this value and the high pass transmitting all above it. 
In the carrier system the transmitting and receiving 
currents are separated from each other by a hybrid 
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coil and balancing network. Between the output of 
the six modulators and the common transmitting 
amplifier, individual band-pass filters are located. 
Each one of these filters is designed to transmit one of 
the side bands produced by the modulator associated 
with it and to suppress all other frequencies. The six 
recelving currents are separated in a similar manner. 
Each filter allows current of the proper frequency to 
pass to the corresponding demodulator and excludes all 
others. Each demodulator is also provided with a low 
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pass filter which allows the passage of the resulting 
voice-frequency current but excludes all incidental 
higher frequencies which might be present and render 
the circuit noisy. The input of each modulator and the 
output of the corresponding demodulator are finally 
joined by means of a voice-frequency hybrid coil and 
extended to the circuit terminal as a two-wire circuit. 
At the San Pedro end, each two-wire circuit is extended 
to Los Angeles over a loaded cable circuit. Phantoms 
are employed for this purpose as they have a higher 
cut-off frequency than have the side circuits, with a 
correspondingly better quality. : 


Concerning the carrier system itself , the two ends are 


practically identical while the general equipment 
arrangement for an individual channel is the same in all 
cases except for the frequency of the band-pass filter. 
For this reason, a consideration of one channel is suffi- 
cient. Each channel is composed of a voice-frequency 
hybrid coil, a modulator with its band-pass filter, an 
oscillator, and a demodulator, together with its 
associated filters. In addition, there is, at each end, a 
carrier hybrid coil together with transmitting and 
receiving amplifiers which are common to all channels. 
The arrangement of this equipment is shown schemati- 
cally in Fig. 6, as previously indicated. 

The modulator the input of which is connected to the 
center taps of the hybrid coil line windings consists of 
two vacuum tubes arranged for push-pull operation. 
The carrier current which is supplied by the oscillator 
is applied to the two grids by means of a transformer. 
Such a circuit generates the two side bands but sup- 
presses the carrier. 
be as complete as possible, the small condenser 
associated with the grid of one of the tubes is made vari- 
able and is adjusted until the carrier current in the 
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modulator output is reduced to a minimum. The 
band-pass filter transmits one of the side bands and 
suppresses the other, as well as all miscellaneous resul- 
tant currents of a higher order which are produced by the 
modulator. It also prevents the output currents of the 
other channels from entering the modulator circuit as 
this would cause a reduction in their efficiency and give 
rise to undesirable frequencies. 

The demodulator is very similar to the modulator. 
The tube arrangement is substantially the same and 
carrier current is supplied from the one oscillator. 
In the demodulator a complete suppression of the car- 
rier is unnecessary as this is accomplished by the low 
pass output filter. For this reason, the small balancing 
erid condensers are omitted. In order to adjust the 
over-all gain of the channel, the demodulator is pro- 
vided with an adjustable potentiometer graduated in 
two transmission unit steps, and in addition, fixed pads 
are provided for making further gain adjustments. The 
output of the demodulator is connected to the series 
winding of the voice-frequency hybrid coil. 

The oscillator which supplies the carrier current to 
the modulator and demodulator is of the usual type. 
The tuning condenser includes a small variable unit 
for making small adjustments in frequency. Separate 
oscillators are used at the two ends for each channel, 
and as these are in no way connected together, it is 
occasionally necessary to make slight adjustments in 
order to keep the frequencies at the two ends sub- 
stantially equal. The oscillators are very stable, 
however, and such adjustments are seldom required. 

The individual channel filters are all of the band-pass 
type as previously indicated and have a free trans- 
mission range of approximately 2500 cycles. Outside 
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this free range they have a high impedance so as not to 
act as a shunt for the other channels. They are all of 
substantially the same construction, although the 
constants of the component parts necessarily vary as the 
filters for the different channels transmit different 
frequencies. 

The transmitting and receiving amplifiers, which are 
practically identical, are shown schematically in Fig. 9. 
They consist of two push-pull stages connected in | 
tandem. Each half of the second or output stage con- 
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sists of two parallel tubes of high output capacity. 
In this way a comparatively high gain and a large 
energy output may be secured without overloading. 
This is very important as these amplifiers are common to 
all six channels and any tendency to overload would 
produce objectionable distortion and inter-channel 
modulation. In order to adjust the over-all gain for 
the entire system, each amplifier is provided with an 
input potentiometer. 

As has been previously indicated, the transmitting 
and receiving circuits are joined to the cable by means 
of a hybrid coil. Probably the most difficult problem 
encountered in the installation of this system was the 
securing of an adequate balance. The difficulty of 
doing this may be better appreciated when it is realized 
that this balance must cover all frequencies from 3000 
to 30,000 cycles, and must have a value of from 30 to 
45 T. U., the higher value which represents an impe- 
dance unbalance of approximately one per cent being 
required at the upper frequency. In order to secure 
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such a balance, every part of the line circuit was 
matched by a similar part in the network circuit. All 
filters and transformers on the line side of the hybrid 
coil were duplicated in the network, and on the San 
Pedro side a 18-gage carrier-loaded cable pair was 
included in the network circuit between the office and 
the cable hut, and the inequality ratio transformer and 
basic network simulating the cable were located at the 
latter point. In addition to providing a balance within 
the carrier range, it was necessary at the San Pedro end 
for the network circuit to balance the cable within the 
voice-frequency range as a through-line repeater is 
employed on the voice-frequency circuit. Not only 
was it necessary to duplicate all parts in the line and 
network circuits but in addition they were carefully 
selected and paired so that the two parts associated 
would have, as nearly as possible, the same electrical 
characteristics. All wire pairs within the office which 
appeared in the carrier frequency circuits were indi- 
vidually shielded by means of a grounded metallic 
covering. The 13-gage carrier-loaded pairs in the cable 
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joining the hut and the office were also individually 
shielded by means of a lead foil wrapping. This was 
done in order to preserve the balance and prevent 
cross-talk with another system which may be placed on 
the second cable at some future time. 

Although extreme care was exercised in making the 
refinements described, the balance was still lower than 
was desired so that small variable auxiliary impedances 
were inserted at suitably chosen points in the line and 
network circuits. By the adjustment of these elements, 
it was found that the balance could be raised to any 
desired value for any particular channel, but that in so 
doing, the balance on some of the others would be 
impaired. By careful adjustment, however, it was 
possible to secure a balance for all channels within the 
range previously mentioned. As the transmission 
equivalent of the cable increases with the frequency, 
the over-all channel gains must be increased in the same 
manner in order that all circuits may have the same 
over-all equivalent. The networks were therefore 
arranged so that the higher frequencies would have the 
better balance, as in that way the margin of balance 
over gain could be made substantially the same for all 
channels. Since this margin should not be allowed to 
fall below a fairly definite minimum if the circuit is to 
have the desired stability, it is evident that the balance 
which may be secured determines the over-all gain 
which is possible. In this case the circuit equivalent 
for all channels between Los Angeles and Avalon was 
set at five T.U. As the loaded cable between Los 
Angeles and San Pedro is approximately nine T. U., 
it may be seen that the carrier system actually intro- 
duces a gain and performs the function of a repeater 
besides increasing the number of circuits. Fig. 10 
gives a frequency characteristic of one of the channels 
which is typical of all of them. Balancing equipment 
has been provided for both cables as is shownin Fig. 5. 
With this arrangement, the carrier system may be 
operated over either cable. The transfer from one 
cable to the other is so simple that it can be made with 
practically no traffic interruption. 

Signaling over the carrier channels is effected by 
means of 1000-cycle ringers which are connected to the 
circuits at the two terminals. As the ringing current 
is within the voice range, it is transmitted over the 
regular carrier channel so that no additional signaling 
equipment is necessary. 

In order to insure satisfactory operation, all necessary 
testing facilities are included. Meters and keys are 
provided for measuring the voltages of the plate, grid 
and filament batteries as well as the plate and filament 
currents of all tubes. Individual rheostats are inserted 
in all filament circuits for making any adjustments that 
may be necessary. Alarms are provided to indicate 
any abnormal condition which might develop on any 
tube. Thermocouples and artificial lines have been 
conveniently arranged for checking the efficiency of all 
units such as the modulators and demodulators. 
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Jacks are located at suitable points so that any changes 
which may be necessary can be quickly made. 

The general appearance of the carrier system may be 
seen from Figs. 11 and 12 which show the equipment at 


i 
a 
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Fig. 11 


San Pedro and Avalon respectively. Fig. 18 is an 
interior view of the San Pedro cable hut showing the 


able terminals, together with the insulating trans- 


Fig. 12 


formers, telegraph composite sets, and basis networks. 
Referring to the central office equipment, the first bay 
contains the equipment for two complete channels. 
At the top are the terminal strips for making all con- 
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nections with the equipment below. On the next two 
small panels are mounted the hybrid coils and the other 
miscellaneous apparatus associated with the voice- 
frequency ends of the two channels. Below these are 
the modulator and demodulator band filters which are 
covered with dust proof cases. Next comes the modu- 
lator and demodulator panels for one channel. Below 
the two jack strips is mounted similar equipment for a 
second channel but arranged in reverse order. In the 
upper half of the second bay is located a small panel 
mounting the carrier hybrid coil and associated equip- 
ment. Below this appear the transmitting and re- 
ceiving amplifiers. The lower half of the bay is similar 
to the lower half of the first one. In the third bay is 
mounted all the battery supply and testing apparatus. 
The first two units contain the battery retard coils. 
Below these are the alarm relays and auxiliary re- 
sistances. Next come the meters for measuring the 
tube currents and voltages, and below these are the 
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thermocouples and artificial lines for making high- 
frequency measurements. Below the jack strip are 
the keys for opening and closing the individual filament 
circuits used for measuring the plate and filament 
currents. Alarm lamps are also associated with each 
of the filament circuits. The fourth bay is similar to 
the second except that the upper half is vacant. As 
may be seen from the photographs, the amplifiers appear 
on the second bay at San Pedro and on the fourth at 
Avalon. The fifth bay is. an exact duplicate of the 
first. 

The new system has now been in successful operation 
for the past five months. In the light of its perform- 
ance thus far, we feel assured that when more circuits 
are required a second system of six channels can be 
added to the second cable, thus providing a total of 
fourteen telephones and two telegraph circuits over the 
two single-conductor cables. Such a circuit group, we 
believe, will meet the traffic requirements for quite a 
number of years. 


Controlling Insulation Difficulties in the Vicinity 
of Great Salt Lake 


BY B. F. HOWARD! 


Member, A. I. E. E. 


Synopsis.—The difficulties encountered in maintaining a 
sufficiently high degree of line insulation on long communication 
circuits in the vicinity of Great Salt Lake, Utah, are dealt with in 
this paper and a review of the study and solution of the problem of 
controlling the insulation is made. 

Leading up to this is a description of observations on about 
40 mi. of line over a part of the Great Salt Lake Desert 
known as the mud flats west of the Lake. The description 


also covers observations on other lines north of the Lake. 

The object of these studies was to ascertain the variations in the 
line insulation caused by different weather and temperature con- 
ditions in each of these routes. It was necessary also to determine 
which route would be better for constructing the central transcontinen- 
tal communication circuits which were about to be built at that 
time for extending service to provide telephone connection between 
points on the Atlantic and Pacific coasts. 


N 1913, when it had been decided to construct a 

transcontinental telephone line in order to connect 

Atlantic and Pacific coast points, a warning was 
given by other wire-using companies of difficulties 
which would be encountered in the Great Salt Lake 
Desert, owing to very low insulation of the lines under 
certain weather conditions. These companies were in 
the communication business and possessed lines which 
passed through the section. 

At certain times, they had experienced complete 
failure of telegraph lines‘in that vicinity, due to this 
low insulation, particularly when heavy fogs prevailed. 
It was very important to the success of the trans- 
continental telephone lines that the insulation should be 
controlled and prevented from falling below a certain 
minimum. This was particularly true because.at that 
time the most practical way of giving very long distance 
service was by means of “loaded” circuits. This 
required high insulation at all times, for if it fell 
below a certain limit, the qualities of the line for con- 
veying speech would be even worse than had it not 
been loaded at all. 

For a long time these insulation conditions had ex- 
isted on lines which had been strung over the mud 
flats west of Salt Lake. There was evidence that there 
were stretches of line on the route north of the Lake 
(one of the two routes under consideration) which showed 
insulation conditions similar to those on the lines situ- 
ated upon the mud flats. Thesestretches on thenorth- 
ern route, however, could be avoided by building 
the lines around them, whereas, in the case of the 
southern route, it was impossible to avoid crossing the 
mud flatsand salt beds. 

It may be well to give here a description of the mud 
flats and salt beds which have been known for some time 
as the Great Salt Lake desert. This desert is com- 
prised of an old lake bed probably many hundreds of 
feet deep consisting of a deep valley filled with mud. It 
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the mud with ease. 


is known with certainty to be over 400 ft., for a chem- 
ical company put a drill down at a place where the sur- 


-face is covered by a large bed of salt and passed through 


eight ft. of this, 200 ft. of mud, 30 ft. of solid salt, and 
another 200 ft. of mud. Drilling was stopped at this 
point, and it is not definitely known what is below. 

“The salt-bed surface is about eight mi. wide and 
20 mi. long, and varies from a few inches to eight 
ft. in thickness. The mud flats, as they are called, 
are covered with a salty crust which, in the dry season, is 
capable of carrying the weight of a horse and has even 
carried a tractor; but when a hole is broken through this 
crust, it will rapidly fill with salt water. The mud 
becomes softer with the depth; where the surface was 
wet the author has pushed a broom handle down into 
The melting snow and rains 
from the mountains run into these flats, and the 
surface water, which varies from one inch to several 
inches in depth, is blown for miles by the wind. Fre- 
quently an area that has been covered with water one 
day will be dry the next for miles, owing to the removal 
of the water by the wind to a distance of several miles 
during the night. To say the surface is dry is hardly 
correct, since except at that time of the year when a 
salty crust forms it is impossible to walk upon the sur- 
face without splashing the mud in all directions. 

After storms, salt is sometimes found upon the win- 
dows of houses 15 mi. from the Lake in Salt Lake City, 
where salt-laden moisture has been deposited upon the 
glass. Telephone leads in the vicinity of Salt Lake 
City have had their insulation considerably lowered on 
account of salt and alkali dust being blown upon them. 

The track of the Western Pacific Railroad and the 
lines of two telegraph companies and at the present 
time the transcontinental telephone lines all pass 
across this desert. It is understood that the railroad 
company when building their road laid a floor of planks 
on the mud and put a gravel bed upon this. In some 
places, it is necessary to protect this roadway from the 
action of the drifting water by filling it in with rock. 

Investigations made showed that the salt is blown 


upon the insulators during storms and splashed by the 
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‘tion was launched on an experimental basis. 
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action of rain. This salt forms a crust on the surface, 
and when this takes place on the interior of the 
insulators, the insulation of the lines is materially 
reduced. During fogs which are very prevalent at 
certain seasons of the year this salt becomes 
wet and the insulation resistance falls rapidly to a 
very low value. At such times it has been observed 
to fall to values as low as 0.09 megohms per mi. 

The effect of freezing is interesting. During the 
tests which were made for the purpose of investigating 
this subject, it was observed that at sunrise, after 
sufficient time has elapsed for the insulator coating to 
thaw, the insulation would drop materially; and then, as 
the warmth of the sun evaporated the moisture, the 
insulation would rise again. In one case when the 
insulation fell to 0.5 megohms per mi. between wires and 
ground the wind in one hour dried it so that the in- 
sulation returned to 4600 megohms per mi. 

The southern route known as the Western Pacific 
Route appeared to be the better for these transconti- 
nental telephone lines when all things were considered, 
provided the insulation difficulties could be overcome. 
It had several points of advantage over the northern 
route. For example: 


1. It would shorten the mileage considerably. 

2. Less cable would be introduced. 

3. <A considerably less amount of interference from 
foreign circuits would be felt. 

4. In addition, by shortening the route, there 
would be less cost for construction and maintenance. 


There were favorable climatic conditions on this 
route from a point of construction and maintenance, and 
also it was along a through-line of railway which was 
kept open at all times of the year. The Lincoln High- 
way, which was not built at that time, was under 
consideration and quite likely to be constructed by the 
side of the railroad tracks which passed over the mud 
flats. This highway has since been built as expected. 


The experience-of one of those who had given warning 
of the difficulties which had been encountered in 
maintaining satisfactory insulation of lines had 
extended over thirty to thirty-five years. It was 
therefore decided to make a series of tests in order to 
find out the cause and, if possible, the remedy for the 
falling insulation. It was known that this trouble 
was usually noticed during January, February, and 
March of each year and chiefly during the night 
hours. Consequently in January, 1914, an rea 
The 
lines chosen for this were those already existing north 
of the Lake and others to be specially built over the mud 


flats west of the Lake. The test stations chosen were 


Kelton in the first case and Arinosa in the second. 

The preliminary tests showed how very important it 
was to have all glass insulators well washed and cleaned 
before being put in place on the poles. If this were 
not done, differences of about fifty per cent were 
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observed between the insulations of one line and an- 
other which was of similar character. 

The observations made were carried out during 
January, February, and March of 1914, and a series of 
observations was made and recorded every three hours 
throughout the twenty-four hours of each day. These 
comprised insulation tests between wires and between 
wires and ground, hygrometric, thermometric and baro- 
metric observations; and the dew points were calculated. 

The charts, Figs. 1 and 2, show typical values of in- 
sulation resistance measured between wires and ground 
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INSULATION oF WrirES TO GroUND.  KNoLis-ARINOSA- 
WENDOVER WIRES THAT HAD BEEN STRUNG UPON INSULATORS 
FOR SOME TIME AND THEREFORE H}xPposEep TO WHATHER 


A—Copper circuits—Arinosa to Wendover 
B—Iron circuits—Arinosa to Wendover 
C—Copper circuits—Arinosa to Knolls 
D—Iron circuits—Arinosa to Knolls 


upon various circuits under different conditions of 
temperature and weather. These show clearly the 
value of having the insulators clean. It was ob- 
served that iron-wirelines have a relatively lower insula- 
tion than those of copper under ordinary conditions. 
It is thought that this is due to metallic salts, such as 
chloride of zine and iron, or oxides of the latter, 
being washed onto the arms and the outer surface of the 
insulators by rain and the action of dripping. The 
insides of the insulators probably receive these deposits 
by the action of rain splashing the salts when it strikes 
the arms around the insulators. These salts when 
deposited upon the surfaces of the insulators cause 


leakage which is very marked in damp and foggy 
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weather. As the inside surface of an insulator plays a 
very important part in its proper functioning, this 
seems to teach that these surfaces should be as clean 
as possible at the time of installation. Careless han- 
dling and lack of this precaution will often cause un- 
equal leakage on the two sides of a circuit. 

The result of this study brought out the following: 

That the liability of the insulation of the lines to 
fall to a dangerously low value was about as great on the 
route north of the lake as on the southern route west 
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Fig. 


A—Experimental circuit—No. 8, B. W. G. Copper wires strung upon clean 


insulators 
B—210-lb. Copper wires < 
C—lIron wire, No. 118 Strung upon insulators that had been 
E—TIron wires, No. 19 & No.1 in place for some time 


D—No. 8, B. W. G. Copper wire } 


of the lake, and that the solution of the problem of 
preventing these reductions in insulation was to remove 
the salt from time to time by washing the insulators. 
It was therefore decided that this would have to be 
done in the case of either of the routes under 
consideration. 

-Tt was further decided that, all things being con- 
sidered, the best engineering solution was to build the 
transcontinental telephone line which passes through 
Salt Lake City over a route south of Great Salt Lake. 
This route, after bending in a northwesterly direction, 
proceeds westward over the mud flats to the Nevada 
line and so on towards San Francisco. A portion of 
this line crosses eight mi. of solid salt and 34 mi. 
of mud flats, besides a stretch immediately south of 
the lake which is open to receiving a deposit of salt 
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upon the insulators as it is exposed to storms which 
blow from the lake. 

The transcontinental telephone pole line as con- 
structed on the mud flats consists of 20-ft. by 7-in. Wes- 
tern Cedar poles with 176-ft. spans. The guying on this 
part of the line is done in all four directions every 
mile with side guying both ways half-way between. 
The line crosses the Salt Lake Desert between Clive 
and Wendover. At locations where the loading coils 
were placed on the poles, cross pieces were fitted to 
prevent the poles sinking in the mud owing to the 
extra weight they had to carry. 

It may be interesting to note that it has not been 
found necessary to apply any preservative to the 
wooden poles which are set in the mud _ because of 
impregnation with salt in solution which preserves 
the wood to a remarkable extent. 

The problem of washing the insulators was a some- 
what serious one because, if it were necessary to take 
the insulators down, it would mean interruption to 
service and damage to the conductors by undoing and 
retying the tie wires, and this would be a long and ex- 
pensive process. The author therefore devised a method 
by which the insulators could be successfully washed 
from time to time without climbing the poles or un- 
tying the wires. This method consists in spraying the 
insulators with saturated steam or finely divided hot- 
water spray. Of course the recognized aging action 
of steam on glass surfaces might make it undesirable 
to adopt generally suc a method for cleaning insulators, 
but under the unusual conditions prevailing in this case 
the method described seemed justified. 

The steam is applied through a nozzle at the end of a 
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fishing-rod device which is held under the insulator 
to. be cleaned. The steam is generated in a portable 
boiler which is heated by an oil fire; see Fig. 3. The 
temperature is automatically governed so that the 
steam is kept at about 70- to 90-lb. pressure per sq. in. 
When an insulator is to be washed, after the nozzle 


has been placed in position, a valve is opened and the’ 
steam forces the water out of the boiler through a pipe 


leading to the nozzle, and it passes out in the form of a 


finely divided spray or wet steam. An automatic . 


arrangement of pumps supplies water to the boiler 
to replace that which is used. 


It is advisable to mention that in this location, 
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economy in the use of water is important, as water is 
a large item in expense; therefore, the time necessary 
to wash an insulator has been carefully ascertained 
as 30 sec. All fresh water has to be carried out to 
the machine from a considerable distance. It is brought 
by the railroad, distributed at intervals along the line, 
and then rolled out in barrels across the mud flats. 
During the time when an insulator is being washed, 
no appreciable disturbance has been noticed in the 
service taking place over the lines. The rapidity 
with which salt or alkali dust, both of which are of a 
stubborn nature, is removed by the steam is astonishing. 
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To give an illustration, a broken glass insulator 
encrusted with salt to the thickness of half an inch 
was subjected to the spray and in less than a minute 
after the steam was applied, the glass was completely 
cleaned. 

The steam washing plant is built with wide metal 
tires and is pulled sometimes by horses and at other 
times by a Ford car which is also equipped with wide 
tires. These are fitted on the usual type of demount- 
able rims so that it is easy to change quickly to rubber 
tires when necessary. Many miles of the mud have 
been found so soft that it was necessary to lay planks 
in order to keep the car and the steam-generating plant 
from sinking. These planks were taken up after the 
machines had passed over them and relaid in front. 

It has been found necessary to wash the insulators 
at least once every two years but the frequency, 
of course, is governed by conditions of salt deposit. 
When the insulation resistance is found to drop to a 
predetermined amount, it is time to arrange for a 
washing of the line. While this is in process, the im- 
provement in the insulation of the wires may be observed 
as the washing proceeds. 

The following example of some insulation measure- 
ments made in 1923 between a wire and ground shows 
the effect of washing the insulators. - 


INSULATION IN MEGOHMS PER MILE 
March June August October 


32.3 101.6 637.0 


January 
1.37 


68.2 


When the insulation had fallen to so low a level in 
January, when dry, it was decided to wash the insulators 
as soon as conditions on the mud flats would permit, 
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since in wet weather it would go to about 0.5 meg- 
ohms per mi. Accordingly they were washed after 
August. The table shows how the insulation rose 
from 68.2 megohms per mi. to 6387.0 after the washing. 
Both of these months were comparatively dry months. 

The cost of washing the insulators on the mud 
flats ranges between $500 and $700, according to pre- 
vailing conditions. 

The accompanying illustration, Fig. 4, shows the 
action of the salt upon the poles above the ground line. 
This, at first sight, appears to be rather alarming but 
it has been observed that the rending action of the 
salt, which takes place as it crystallizes, affects the sap- 
wood only. On poles which are formed by splitting 
trees into quarters, only the sapwood which exists 
on one of the three sides seems to be affected in this 
manner. 

Once since the line was built a rather peculiar ex- 
perience was recorded. This was at a time when 
rain had fallen in quantity and was upon the surface 
of the salt solution on the flats. This was followed by 
a heavy frost and ice formed in thick layers. The 
wind broke this into floes, which were forced against 
the poles and did considerable damage by abrasion. 
Fig. 5 shows a pole damaged in this way. 

The telephone line was built at a distance of 1000 
ft. from the railroad. The reason for this was because . 
the engines burn oil as fuel, and a deposit from the 
products of combustion would form upon the insulators 
if the line were close to the railroad. 

The difficulties of constructing this line can be realized 
from the description which has been given. Mud 
boats were used to convey material. The insulators 
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were carefully washed close to the railroad and, before 
they were carried out to be placed in position, each was 
placed in a paper bag in order to prevent it being 
splashed with mud while being carried out to the line 
over the mud flats. 

Those in charge of maintenance of lines carrying 
electric energy, be it either for power or communication 
purposes, may well consider the advisability of cleaning © 
the insulators from time to time in sections in which 
they are exposed to receiving a deposit of such sub- 


- stances as tend to lower the insulating qualities of 


the lines. 
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After an experience extending over more than 
twelve years with these transcontinental lines, it is 
gratifying to find that that portion which passes over 
the mud flats of the Great Salt Lake Desert is perhaps 
more free from disturbance due to weather conditions 
than any other part of this lead which connects the 
Atlantic and Pacific Coasts. If, however, the insula- 
tion of this portion were not kept at a high standard at 
all times by periodically washing off the accumulation 
of salts from the insulators, this would doubtless be the 
worst section from an insulation viewpoint. 


Discussion 


W. C. Lee: Carrier-current systems are, in general, very 
sensitive to insulation conditions on the line, especially at fre- 
quencies above 10 kilocyeles, and the value of washing insulators 
as a means of maintaining a high degree of insulation resistance 
west of Salt Lake City is demonstrated by the fact that our 
earrier telegraph system has operated for five years without a 
single interruption due to failure of the line to transmit sufficient 
current. 

Of course the insulation resistance does drop in wet weather 
and during a recent storm it dropped to 0.4 megohm per mi., 
making necessary a 70-per cent increase in the repeater amplifica- 
tion to maintain a given current level at an average frequency 
of 20 kilocyeles. 

Had not a constant program of insulator washing been. main- 
tained, it is manifest that the carrier-current system could not 
have been operated in wet or foggy weather. 


N.M. Johnson: In Mr. Howard’s paper mention is made of 
the fact that other wire-using companies had experienced com- 
plete failure of telegraph lines in the vicinity of the Great Salt 
Lake Desert, due to very low insulation, particularly when heavy 
fogs prevailed. During my five years in Salt Lake, having to do 
with testing and handling of these lines, I have not found a 
single case where it was impossible to use either the telephone or 
telegraph circuits during the period of low insulation. It is 
true, however, that we have approached the danger point in some 
cases, especially about the time the insulators are due for wash- 
ing. The telegraph duplex sets operating on a normal current of 
60 mils line current have dropped to as low as 15 mils, but due 
to the differential type of duplex set in use at Salt Lake which 
operates on small current margin we have been able at all times 
to continue operation. Some rather severe cross-talk in the 
telephone circuits is associated with the low insulation; but in all 
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cases this condition clears up rapidly as the insulation improves. 
It is, of course, difficult to get any sort of quick test when the 
lines are weather-crossed and distributed over a rather large 
territory. Our first test station in this section is at Wendover, 
about 130 mi. west of Salt Lake. Here we can open the lines and 
determine an approximate location of the trouble. It is my firm 
belief that if the insulators are not washed regularly every two 
years, we Shall, as Mr. Howard states, encounter severe 
difficulties. 

A. S. Peters: The difficulties in, connection with the con- 
struction of the pole line across the flats were quite unusual. 
Owing to the mud of the flats and the constantly shifting water 
on the salt beds during all the year except about two months 
at the end of the summer, it is impracticable to do any extensive 
work except during this dry season. At this time, because of the 
heat and lack of precipitation, the salt beds are quite dry and a 
crust forms on the mud which will often support the workman. 

At first, horses were used in connection with the work, but the 
hoofs would break through the crust, cutting the flesh above 
them, and the salt of the crust in the wounds soon caused such 
pains as to render the horses nearly useless. 

During the summer the heat is intense, especially on the salt 
beds, because of the reflection from the erystalized salt. Work- 
men are compelled to wear colored glasses to protect the eyes. 
The perfectly level floor of salt or drab-colored mud makes a 
most monotonous landseape, broken only by a few hills in the 
distance. The only variations are the frequent mirages. A 
stray box thrown on the salt beds appears at a distance as a 
cabin. 

B. F. Howard: In regard to Mr. Johnson’s comments, 
I understood him to say that there had been no failure of the 
lines due to fallen insulation at any time. This would not have 
been the case had the insulators not been washed, for under 
certain weather conditions the lines would have undoubtedly 
been unusable. 

Regarding Mr. Lee’s remarks about the reason for raising the 
level of the “carrier,” if the insulators had not been washed, I 
have no doubt that the lines could not have been used under the 
conditions which he mentioned. If the insulation falls as low as 
0.4 megohm per mi., I should say that the insulators should be 
washed as soon as possible. 

Since the time when Mr. Lee’s discussion was presented at the 
convention, it has been ascertained that the low value of insula- 
tion alluded to was due to salt having been deposited upon some 
insulators on the line in a portion of the lead which is immediately 
south of Salt Lake and situated east of the mud flats. This 
portion of the lead had not previously been washed. After 
this was done the insulation of the whole lead rose to a satis- 
factory figure. 


Variable- Voltage Equipment for Electric Power 
Shovels 


BY R..W. McNEILL 


Associate, A. I. E. E. 


pAteaioe ae the power shovel was developed and 
brought to a high state of perfection by using 
steam as a motive power, a constantly increasing 
number of power shovels is being supplied for elec- 
trical operation. These electric power shovels are being 
used for all sorts of work although they are in particular 
favor for projects of a permanent nature or for those 
requiring a considerable period for completion. In 
some cases the electric power shovel has been adopted 
when starting these projects, or in other cases it has 
replaced the steam power shovel because of its superior 
operating economies. This process of replacement 
is very active at the present time in connection with 
open-pit copper and open-pit iron mines. Other 

_ extensive uses for electric power shovels are found in 
“‘strip’”’ coal mines, quarries with output used in crushed 
form (such as for blast-furnace purposes), road materials, 
cement manufacturing steel plants for rehandling 
oreand slag, and contract work on dams, canals, tunnels, 

etc. 

This widespread use of the electric power shovel has 
led to a considerable development in connection 
with this type of machine not only in connection with 
the electrical equipment but also with regard to general 
mechanical design. While earlier experiences with 
electric power shovels had indicated that very good 
results were obtainable by taking the steam power shovel 
design and replacing the steam engines and boilers 
with electrical equipment, later experience has shown 
that in order to obtain the full advantage of benefits 
of electrical operation, the shovel must be designed 
with this point especially in view. Mechanical im- 
provements have taken the form of better gearing, 
(double helical gears having been substituted for coarse 
spur gears in many instances), and of better systems of 
lubrication for gears, bearings, etc. 

The latest development in the line of electrical 

‘ equipment for power shovel operation is characterized 
by two outstanding features. First is simplicity of 
control, and second, sturdiness of the entire electrical 
equipment. Simplicity of control is secured by use of 
the variable-voltage system of motor speed control and 
durability by designing all the electrical equipment 
with the same high standards as characterize the sturdy 
reliable d-c. mill-type motors used for operation of the 


shovel. oe 
In the development of this latest type of electrical 
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equipment for operation of power shovels, every ad- 
vantage gained by experience in perfecting the steam 
power shovel has been utiliized and the equipment 
has been designed to duplicate the steam power shovel 
in performance and digging characteristics, for it is a 
well-recognized fact that the power characteristics of 
the steam engine are practically ideal for power-shovel 
operation. The variable-voltage system of motor 
speed control as developed for electric power shovels 
employs an individual motor for drive of each principal 
motion, power being supplied to each motor from an 
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Fic. 1—Comparison or StTEAM-HNGINE AND VARIABLE- 
VoLTaGE-OPERATED Moror CHARACTERISTICS FOR POWER 
SHOVELS 


individual generator of such design that the speed 
torque characteristics of the individual motors closely 
resemble those of the steam engines used on steam power 
shovels, as shown in Fig. 1. 

Electrical equipment using the variable-voltage 


- scheme of motor control is adapted to all sizes of shovels 


from the smallest to the largest, and its principle of 
operation is the same, regardless of the size of shovel. 
Where this system is used, a-c. power is usually supplied 
to the shovel from a central station system. This 
means that the complete electrical equipment for a 
shovel using the variable-voltage system will, of neces- 


1181 


1182 


sity, consist of the following principal items in the order 
of their location with respect to the incoming power line. 

1. Starting equipment for a-c. motor. 

2. Motor-generator set. 

a. A-c. driving motor. 

b. D-c. generators for supplying power to 
individual shovel motors. 

c. D-c. generator for furnishing excitation to 
above d-c. generators, shovel motors and a-c. 
motor, if same is of synchronous type. (This 
exciter may be separate-motor-driven, if physical 
limitations make it impossible to drive same from 
main set.) 

3. Controllers and field resistors. 

4, Shovel-driving motors. 

Auxiliary equipment may consist of air compressors, 
magnet valves, solenoid brakes, etc. 

Due to differences in size of equipment, type of 
driving motor, and voltage used, there will be consider- 
able variation in the type of starting equipment fur- 
nished for the main motor-generator set. For the 
larger outfits using high-voltage synchronous driving 
motors, the usual practise will be to supply a combined 
synchronous motor and exciter panel of steel clad con- 
struction. If reduced-voltage starting is used, this 
panel or switch structure will include auto-transformer, 
double-throw oil switch, field rheostats, necessary cur- 
rent and potential transformers, and meter equipment. 
If full-voltage startingis used, the auto-transformer will 
be omitted, and if desirable, starting may be made 
automatic by using an electrically-operated circuit 
breaker. On the smaller-sized motor-generator sets 
driven by induction motors, the equipment can be 
simplified and motor started at full-line voltage by use 
of an oil circuit breaker in case of high-voltage motors, 
and by means of an across-the-line type magnetic starter 
in case of low-voltage motors. 

While the size of the motor-generator sets will vary 
with the different sizes and models of shovels, the 
general scheme will always be the same and the set 
will consist of an a-c. driving motor of either the syn- 
chronous or induction type, a d-c. generator for the 
hoist motion, a d-c. generator for the swing motion, a 
d-c. generator for the thrust motion, and ad-c. exciter. 
The exciter may or may not be part of the main motor- 
generator set, depending upon whether or not space 
limitations will permit the use of a five-unit motor-gener- 
ator set. Where the exciter is separate-motor driven, 
it is usual to use a low-voltage driving motor, and, if 
power supply is at high voltage, to supply transformers 
for furnishing power to the exciter motor-generator set. 
Driving motors for the larger shovel motor-generator 
sets usually are wound so that by a simple change in 
connections they can be operated on either 2200 or 
4000 volts. Smaller sets are wound for 2200, 550, or 
440 volts. Lower voltages are not recommended on 
account of poor line regulation. Either synchronous 
or induction motors can be designed for full-voltage 


McNEILL: ELECTRIC POWER SHOVELS 


Transactions A. I. E. H. 


starting if desirable. In general, this will be the 
standard method of starting the smaller induction- 
motor-driven sets. 

The individual d-c. generators used for supplying 
variable voltage to the various motions are of the 
differentially-compound-wound type, designed with 
three separate field windings, viz., a separately-excited 
shunt-field winding, a self-excited shunt-field winding, 
and a series winding so connected as respects the arma- 
ture that its effect on total field strength will be sub- 
tractive or differential under-load current on the 
generator. This type of generator will deliver variable- 
voltage power to the shovel motors, the exact voltage 
value at any instant being dependent on two factors: 
first, the value of the separate shunt-field excitation, and 
second, the value of the load current flowing in the 
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Fie. 2—VoutT-AMPERE CHARACTERISTICS OF DIFFERENTIAL 
Compound GENERATOR AS USED SHOWING THE EFFECT OF 
EXCITATION CHANGES 


armature and the differential series field winding. — 


Fig. 2 shows voltage characteristics of a typical differen- 
tial-compound-wound d-c. generator for power-shovel 
service under different conditions of separate-excited 
field strength and load currents. These character- 
istics are practically ideal for power-shovel operation, 
since by supplying power to the shovel motors from such 
generators, we are enabled to obtain motor speed torque 
characteristics closely resembling those of the steam 
engines used for power-shovel service. Actual practise 
in the design of these generators proportions the shunt- 
field windings so as to give the required light-load volt- 
ages and proportions the differential series winding so 
that the total field strength at heavy loads will be only 
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of such value as to force the maximum’ required cur- 
rent through the main circuit consisting of motor and 
generator armatures, series and interpole field windings 
and connecting cables between the machines. 

The motors used for driving the individual motions on 
variable-voltage equipped electric power shovels are 
of the well-known d-c. mill type, used so extensively for 
auxiliary drives in steel mills and on heavy-duty cranes, 
car dumpers, etc. Open or ventilated type motors are 
usually used on hoist and swing motions, and totally 
enclosed motors on the thrust motion. Mill motors 
have massive cast steel frames split horizontally so 
that the top half can be readily swung back or lifted off. 
Widespreading feet, cast integral with the lower half of 
the frame, insure stability and freedom from vibration 
when the motor is bolted to a firm foundation. Elec- 
trically, the design is of the very highest order. Mica 
and asbestos insulation is used throughout; all main and 
commutating field poles are of laminated construction 
and coils are supported and banded in such a manner 
that there can be no loosening in service. 

There is some variation in the type of field windings 
employed on d-c. motors used for shovel operation. 
The swing and thrust motions are always operated 
either by straight shunt-wound, separately-excited, 
d-c. motors or by compound-wound motors having 
separately excited shunt fields. The hoist may be 
operated either by series-wound motors or by sep- 
arately-excited, shunt- or compound-wound motors. 
As compared to the compound-wound or series motor, 
the straight shunt-wound motor, when controlled .by 
the variable-voltage method, possesses the advantage 
of no reversal of main circuit connections being neces- 
sary to secure reversing of direction of rotation of the 
motor. As compared to the series motor it has the 
advantage of positive regenerative braking heing 
easily secured. As compared to the series and com- 
pound wound motors it has the disadvantage of not being 
designed to deliver the same maximum torque for the 
same current value and its speeds are inherently lower 
at light loads. 

On the swing and thrust motions, the necessity of 
regenerative braking for quick stopping practically 
eliminates the series-wound motor, so that choice must 
be made between the straight, shunt-wound motor and 
the compound-wound motor. This also applies to the 
hoist-motion on high-lift shovels which use regenerative 
braking in lowering the dipper. The main objection 
to the use of compound-wound motors is that their 
use complicates the control, as it is necessary to furnish 
means of reversing the series fields for reversed service. 
On the smaller motors this is easily accomplished by 
additional contacts in the small drum controllers used 
for governing the operation of each motion. But on 
the larger motors, it is necessary either to add magnetic 


- contactors for reversing these fields or to provide a 


series exciter, or its equivalent, so that compound 


motor characteristics can be obtained with shunt-field 
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windings in the motor. These schemes do not eliminate 
the reversing processes but do reduce the capacity 
required so that large magnetic contactors are 
unnecessary. The choice between straight-shunt and 
compound-wound motors for swing and crowd motions 
is not very clearly defined; in some cases the extra - 
complications of the compound-wound motor will be 
justified, while in others the simplicity of control 
possible with the straight shunt motor will be the de- 
ciding factor in determining its use. 

On the hoist motion the problem of proper type of 
motor is further complicated by differences in practise 
in operation, particularly on low-lift shovels. Some 
shovel manufacturers prefer to use the motors in 
lowering, using regenerative braking to obtain speed 
control, while other manufacturers prefer to lower the 
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dipper on a foot brake without operation of the hoist — 
motor in the reverse direction. If the latter practise 
is followed, there is little advantage in using the straight 
shunt or the compound-wound type of motor and 
advantage can be taken of the superior operating 
characteristics of the series-wound motor for the hoist 
motion. If, however, regenerative lowering is needed, 
a shunt or compound motor is used, control con- 
nections being so arranged on the compound wound 
motor that in lowering, it operates as a straight shunt- 
wound motor. Comparative speed torque character- 
istics of shunt, compound and series motors are shown 
on Fig. 3. 

The control equipment necessary with electric power 
shovels operated by the variable-voltage system is of 
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the very simplest nature. Actual practise is to use 
small drum controllers and series resistors connected 
into the separately excited shunt fields of the individual 
generators in such a manner that operation of these 
controllers will direct the flow current and current 
strength in these fields. Additional contacts: are 
regularly provided in this controller for weakening 
the self-excited shunt field of the generator in the off 
position for connection of field discharge resistors and 
for operation of brake and clutch circuits. Where 
straight shunt-wound motors are used, these controllers 
provide for the weakening of the motor shunt field in 
the off-position and may provide for insertion of resis- 
tance into the motor field to secure high light-load 
speeds. When compound-wound motors are used, 
it is necessary to furnish not only the field weakening 
point in the off-position for the separately excited 
shunt field, but also to furnish additional contacts 
either for reversing the series field direct through 
‘magnetic contactors or by reversing connections to a 
separate exciter used to secure compound-wound 
motor characteristics. Where series-wound motors 
are used on the hoist, it is not necessary to provide for 
frequent reversals, as the only time that reverse opera- 
‘tion is required is when the hoist motor is used for 
propelling the shovel. This infrequent reversal is 
- usually taken care of by a separate hand-operated re- 
versing switch. Typical diagrams for shunt, com- 
pound-wound and series motors are shown on 
Figs. 1, 2 and 3. 

Controllers used with the variable-voltage equipped 
shovels are all of the same general type and construction 
though they may differ somewhat as to drum develop- 
ment and method of operation. The currents to be 
handled by these controllers are small and the design 
is determined more by the demand for sturdy mechan- 
ical construction and ease of operation than for current- 
earrying capacity. Full revolving shovels are built 
usually for one-man operation and for this reason there 
is some demand for a foot-operated controller to be 
used on one of the motions on these shovels. Standard 
controllers for variable-voltage equipped shovels are 
constructed with vertical operating handle. Thumb- 
operated auxiliary switches for operation of dipper- 
trip mechanisms, magnet valves, etc., are frequently 
added to the handle of standard controllers. 

While the resistors used with the variable-voltage 
equipment are of small size and capacity, even on the 
largest shovels, they are quite an important feature of 
equipment and it is very essential that they be of ample 
capacity and sturdy construction. Experience has 
demonstrated that these resistors should be wound on 
insulated metal supports and that special care should be 
taken to insure against connections loosening due to vibra- 
tion. Practise in method of assembling resistor units 
varies with shovel design. On one type of shovel it 
may work out to advantage to assemble resistors all 
in one unit and provide this assembling with a terminal 
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board which will serve as a distribution center for all 
control wiring. In other cases, space limitations can 
best be met by making up the resistors in unit assembly, 
that is, one unit for hoist generator separate excited 
field, one unit for hoist generator sets excited field, etc. 

Air compressors, when used with shovel equipment, 
are usually of the industrial type with a-c. driving 
motor. Air pressure is maintained at a constant value 
by means of an automatic governor which stops and 
starts the compressor as the air receiver pressure varies. 
Compressed air is used for operation of brakes on the 
swing and thrust motions and for brake and clutch on 
the hoist motion. 

Magnet valves are used to give electrical control of 
the air brakes, clutches, etc. ‘Two types of valves are 
used; these are known as “straight” and inverted valves. 
Both types of valves are of three-way construction and 
the-difference between the two is in the method of 
operation. The straight valve is provided with three 
openings for pipe connections; one from the air supply, 
one to the brake or clutch cylinder, and an exhaust 
opening. With magnet of valve energized, the exhaust 
opening will be closed, the air inlet will be open, and full 
air pressure will be exerted against the brake or clutch 
cylinder. Interruption of magnet circuit closes inlet 
opening, opens exhaust port, and relieves pressure in ° 
brake or clutch cylinder. Operation of “inverted” 
valve is just the reverse of above, as magnet coil is 
energized to exhaust brakes or clutch cylinder and 
circuit broken to apply air pressure. The straight 
valve is always used on brakes which are of the spring- 
or gravity-applied, air-released type. The inverted 
valve is used in connection with air-applied, spring- 
released clutches where it might be dangerous to use a 
straight valve as interruption of magnet circuit might 
be the cause of accident. 

Solenoid brakes are used on electric-shovel equip- 
ments where compressor equipment is not supplied. 
On variable-voltage equipments these brakes are of the 
d-c. type with shunt-wound operating coils designed 
to operate from the exciter circuit. 

While the above has covered only the application of 
the variable-voltage system to power shovels of the 
conventional type, the system is equally adaptable to 


dragline excavators, dipper dredges, and to hoist and 


swinging motions on all types of cranes, dredges, etc. 
It provides a simple automatic method of limiting motor 
torques where serious damage to the mechanical equip- 
ment might result if motor torques were not limited, 
and it also provides a simple automatic method for 
obtaining high motor torques with low kw.-input to 
the motor. This last factor is a valuable one where 
power is purchased on a peak-load basis or where the 
primary source of power is of limited capacity. 


Discussion 


Es S. Stevens: Mr. MeNeill has mentioned the effect of 
electric power on the mechanical design of the shovel, such as 
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better gearing, lubrication, ete. I would like to further point out 
that the variable-voltage control with separately excited motors 
described by Mr. MeNeill is so complete and well suited to shovel 
operation that it has been possible to simplify the mechanical 
design of electric shovels without any sacrifice. For example, 
on two models of medium-sized shovels recently developed, the 
usual band-type air-operated clutch previously required for 
disconnecting the engine or motor from the hoisting drum has 
been omitted. This clutch has been omitted for the same reason 
also on a large 12-yard Diesel-electric dipper dredge recently put 
in operation. The elimination of this clutch and its operating 
mechanism, reduces the care and maintenance of the shovel and 
is made possible by the quick acceleration and quick and smooth 
stopping afforded by the separately excited motor control with 
motor lowering. The motor is actually driven down to a certain 
extent, so that fast lowering speed is obtained and the shovel 
operator can graduate his lowering speed or check it any time 
under perfect control. 

On the swing and thrust motions, the variable-voltage control 
with separately excited motors is so perfect in stopping and 
plugging that swing and thrust brakes having large heat capacity 
and requiring air operation are omitted from the two models of 
shovels mentioned above, being replaced by the usual solenoid- 
operated motor brakes for holding and infrequent stopping. 
Hence the complete compressed-air equipment, including com- 
pressor, governor, tank, piping and all magnet valves, is elimi- 
nated, reducing operating costs and resulting in a more reliable 
shovel unit. 


R. W. McNeill: Since preparing this paper the writer has 
been fortunate enough to secure graphic meter records showing 
the performance of a 41-yard railway shovel, equipped with 
variable-voltage electrical cquipment. This shovel is one of a 
number which are in operation at a mine of a large western 
copper-mining company, which has recently gone through the 
process of converting all of its steam shovels to electric drive. 

Electrical equipment on these 44-yard railway-type shovels 
consists of a main motor-generator set, an exciter motor-genera- 
tor set, two hoist motors, a swing motor, a thrust motor, and a 
motor-driven air compressor. With this equipment is in- 
cluded necessary starting and control equipment for all items. 
The main motor-generator set consists of a 225-h. p., 80-per cent 
power factor, 1200-rey. per min., 5000-volt, 3-phase, 60-cycle 
synchronous motor designed for starting at full line voltage; a 
125-kw., 1200-rev. per min., 250-volt, differential compound- 
wound d-c. generator for operation of the hoist motion of the 
shovel, and two 30-kw., 1200-rev. per min., 250-volt, differential 
compound-wound d-e. generators for operation of the swing and 
thrust motions. The generators are designed to give a maximum 
voltage of 400 at no-load, and a maximum current under stall 
conditions of approximately 1000 amperes in the case of the hoist 
generator and 250 amperes for the swing and thrust generators. 
The exciter set is of 7.5-kw. capacity at 125 volts and is driven by 
a 220-volt, 3-phase, 60-cycle motor. The hoist motors are of 
series type each rated 95 h. p., 230 volts, 440 rev. per min. 
These motors are operated in parallel from the 125-kw. hoist 
generator. The swing and thrust motors are of the separately 
excited shunt-wound type, each rated 50 h. p., 230 volts, 485 rev. 
per min. The air compressor is operated by a 7.5-h. p., 220- 
volt, 3-phase, 60-cyele motor. Transformers are used to step 
down the power for the compressor motor and the motor driving 
the exciter motor-generator set from 500 volts, the line potential, 
to 220 volts for the motors. 

Fig. 1, herewith, shows power input to this 4}4-yard shovel, 
measured on the 5000-volt line feeding the shovel. The upper 
curve is made with high paper speed and shows variations in 
power requirements of the shovel throughout several cycles of 
operation. The lower curve is made with low paper speed and 
shows to some extent the percentage of operating time obtained 
with this shovel equipment. Records kept over a considerable 
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length of time show that the shovels are in operation approxi- 
mately 60 per cent of the time, the other 40 per cent being taken 
up with delays due to causes outside of the control of the shovel 
operator, the principal cause of these delays being waiting for 
empty cars. The power consumption on this property for 
shovel service averages approximately 0.2 kw-hr. per ton of 
material excavated. The amount of material excavated in a 
given time will depend upon a number of factors; however, 
average daily loading on this property is approximately 5000 
tons per shovel per 8-hr. day. This is roughly equivalent to 
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3300 cu. yd. per day or 700 cu. yd. per hour of actual digging 
time. 

Fig. 2 shows volt and ampere input to the hoist motors of the 
shovel over. several cycles of operation. I would lke to eall 
especial attention to the regularity and uniformity of these 
charts. The largest area on the voltage chart represents dig- 
ging areas, while the smaller areas, occurring regularly between 
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the digging areas, represent power requirements for hoisting the 
loaded dipper during the dumping period. 

Similiar areas can be distinguished readily on the ampere 
curve. It will be noted that neither the current nor the voltage 
shown on the chart reverses in direction. This is due to the fact 
that the shovel dipper is lowered by gravity, during which 
period the hoist motors remain stationary, lowering of the dipper 
being accomplished by release of a clutch between the hoist 
drum and the hoisting motors. 

Fig. 3 shows volt and ampere charts taken on the swing 
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motion. The same regularity is apparent on this chart as on 
those taken on the hoist motion with the difference that the 
current and voltage both reverse in direction, as the swing 
motor has to furnish power in both directions of swing. The 
charts as shown on Fig. 3 were made simultaneously and it will 
be noted that the current reverses at times when the voltage 
stays in the same direction. This reversal of the current without 
the voltage reversing gives regenerative braking, which is 
used to stop the swing motion at the end of travel. 
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Fig. 4 shows volt and ampere charts taken on the thrust 
motion. While there is an appearance of considerable regularity 
on these charts it is not so pronounced as in the case of the hoist 
and swing motion as operation of thrust motion does not follow 
nearly so definite a cycle as is the case on the hoist and swing 
motion. The operations, however, are more numerous and a 
snappy thrust motion contributes considerably to the successful 
operation of the shovel. Plugging or regenerative braking con- 
tributes in no small degree to the successful operation of the 
thrust motion. The curves as shown on Fig. 4 were made 
simultaneously and the action of the current in reversing at plug- 
ging can be seen quite clearly. 

Mr. Stevens in his discussion mentions that he has found 
the action of the variable-voltage control with separately excited 
motors to be so perfect in stopping and plugging that swing and 
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thrust brakes having large heat capacity and requiring air opera- 
tion are not necessary and that they can be replaced by the usual 
solenoid-operated brake designed for holding and infrequent 
stopping. Along the same lines T would like to say that the user 
of the 44-yard railway-type shovels, on which the curves pre- 
sented herewith were taken, has found that on his variable- 
voltage equipped shovels he obtained improved operation by not 
using the motor brakes on the swing and thrust motions in 
ordinary operations. His method of operation is to allow these 
brakes to remain released during the greater part of his opera- 
tion. On the swing motion about the only time the brake is 
used is when the shovel is traveling, at which time the brake is 
applied to keep the shovel boom from swinging. On the thrust 
motion the brake is used when it is necessary to thrust the dipper 
out beyond the end of the shovel boom for dumping, and where 
digging conditions are very severe. The shovel operator has the 
option of using the motor brakes if he chooses, as the only 
modification made in the control equipment to allow operation 
with brakes ‘“‘released’’ was the installation of a small switch to 
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short-circuit the controller contacts used for releasing the brake 
magnet coil. When this switch is closed, the brake will stay 
released, and when switch is open the brake will respond to the 
operation of the controller, that is, it will release when power is 
applied to the motor and will apply when the controller is 
brought to the off-position. The advantages of operating with- 
out swing or thrust brakes are readily apparent as with the 
motors free to turn even a small amount, sudden impacts are 
softened and mechanical strains on the shovel parts decreased. 
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Recent Progress in Distribution Practise of the 
Brooklyn Edison Company, Inc. 


BY J. F. FATIRMAN: 


Associate, A. I. E. E. 


Synopsis.—Changes in the transmission and distribution 
system of the Brooklyn Edison Company during the past four years 
are briefly described and mention is made of the effect of these 
changes on the system’s efficiency. : 

In 1927 a low-voltage, a-c. network will be installed and this will be 
extended to care for the load growth until it becomes the principal 
supply system for low-tension energy in Brooklyn. 

The plan of development is described in detail. 
features are: ; 

First, a suitably designed network unit consisting of a three-phase, 
600-kv-a., low-loss transformer with an automatic network circuit 
breaker mounted in the low-tension pothead of the transformer. 

Second, the operation of the high-tension feeders without regulators, 
at 27,000 volts, direct from the generating station. 
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Third, the ultimate plan of interlacing the high-tension feeders to - 
reduce the overload on transformers and to maintain good voltage 
regulation with one feeder out of service, and to pick up overload in 
areas of different load characteristics to obtain the advantage of 
diversity. It is shown that this plan of development insures better 
service to the customer from every point of view, makes for safer 
working conditions on the system, results in general system improve- 
ment and involves less total investment as well asa considerable reduc- 
tion in losses and operating costs. 

The appendixes describe tests made to determine whether arcing 
and short-circuit faults in the network will be self-clearing, the 
permissible voltage fluctuations on incandescent lamps, and the 
dissipation of heat from transformer vaults. 
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system of the Brooklyn Edison Company during 

the past four years, leading up to the proposed 
development of a low-voltage a-c. network, may be 
summarized as follows: 

First, transmission voltages on the 60-cycle system 
have been increased from 6600 and 13,200 volts to 
27,000 volts. This was made necessary by the difficulty 
of obtaining sufficient duct space in the streets in the 
vicinity of the new Hudson Avenué generating station 
to transmit the power away from the station at the 
lower voltages. Further consideration of the problem 
indicated that the higher voltage was also very much 
more economical. 

Second, the primary distribution system from the 
substations has been changed from 2400 volts, two- 
phase to 2400/4150 volts, three-phase, which increased 
by 50 per cent the amount of power that could be 
transmitted over existing distribution feeders and at the 
same time redueed the losses by 25 per cent. In the 
substations themselves it was found that with the same 
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buildings, by taking out certain unnecessary parts of , 


the switching equipment, two-phase stations could be 
converted into three-phase stations of 50 per cent 
greater capacity with the addition of only a fraction of 
the equipment normally needed for this extra capacity. 

Third, the overloaded d-c. system has been made 
comfortable and safe by changing over a sufficient 
amount of load to the a-c. system at points where this 
could be done most economically and with the least 
inconvenience to consumers. This plan of changeover 
was adopted in preference to reinforcing the inefficient 
d-c. system by adding feeders and mains and building 
additional d-c. substations at enormous cost. It 
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was recognized frankly that with the art as then de- 
veloped, short-time interruptions were more likely to 
occur on an a-c. system than on the d-c. system, but 
it was felt that careful attention to detail would give 
results materially as good, and that with the develop- 
ment of a closed low-tension network, an a-c. system 
would be substantially better than anything that can 
be developed with direct current. 

An interesting result of these changes has been the 
increase in the over-all system efficiency from a fairly 
steady value of 78 per cent during the preceding years 
to 82 per cent at the present time, when all of these 
changes have been practically completed. ‘This in- 
crease in efficiency is illustrated in Fig. 1. The or- 
dinates are computed each month by taking the ratio 
between the kilowatt-hours sold and the kilowatt-hours 
generated. This will continue to increase as a greater 
proportion of the total load is taken on the a-c. system, 
especially as the network system is extended. 

The problem of an a-c. low-voltage network has been 
studied for the past three years and the first part of 
this system will be in operation early in the summer 
of 1927. The network will be extended to take all the 
increase in load during successive years and will grad- 
ually supplant both the present radial a-c. system and 
the d-c. system. 

The network will be entirely underground and will 
consist of single-conductor mains, solidly connected 
without fuses at all street intersections. These mains 
will generally be placed on one side of the street and 
will consist of three 500,000-cir. mil cables and one 
250,000-cir. mil, bare copper neutral conductor. 
In the case of new construction or extensive revamping 
of old construction in densely loaded areas, the mains 
may be run on both sides of the street and the copper 
section will be 350,000 cir. mils. ; 

Faults developing on these mains will burn clear, 
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Experience on d-c. networks, extensive tests conducted 
by associates of the authors and similar tests conducted 
by others have definitely proven that failures on a 
system having 120 volts to ground will always burn 
clear with the size of cable andthe capacity of trans- 
formers that will be used. These tests are described 
briefly in Appendix A. 

The network will be three-phase, four-wire with 120 
volts between phase wires and neutral and 208 volts 
between phase wires. ‘These voltages were selected 
because the company’s present standard voltage for 
lighting is 120 volts. 

The matter of motor performance on voltages less 
than 220 volts has been discussed very extensively and 
the objections which were raised at first have largely 
disappeared for the following reasons: 

First, all manufacturers guarantee their motors to 
operate satisfactorily at 10 per cent over or under the 
rated voltage. 
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Second, the large majority of motors are not designed 
within 10 per cent or sometimes even 20 per cent of 
_ their nameplate rating. 

Third, on a network system the voltage regulation is 
much better, inherently, than on any other system, 
and consequently the voltage delivered to the motor 

‘terminals will be more nearly constant at the nominal 
value. 

Fourth, in the majority of applications motors are 
normally under-loaded, in which case the efficiency 
and power factor are both better at the lower voltage 
and any reduction in speed is practically negligible. 

Fifth, so far as starting torque is concerned, any 
desired value may be had, since all the common sizes 
of motors may be started by throwing them directly 
on to the line without producing an excessive voltage 
disturbance on such a network system. Indeed, in 
special cases it would be permissible to use an inverted 
compensator to apply greater than rated voltage to the 

motor terminals for ‘starting. 

Perhaps the strongest proof that these objections 
have been removed is that two of the leading manu- 
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facturers have recently instructed their salesmen in 
the Brooklyn district to quote standard 220-volt motors 
for use on this 208-volt system and to base performance 
data on 220 volts when it is requested. 

Due to its better inherent regulation, the network 
systein will eliminate the necessity for the rather com- 
plex service rules in common use. The principal reason 
for the adoption of rules restricting motor starting 
currents and the size of single-phase, low-voltage de- 
vices is to prevent excessive voltage fluctuations on 
combined light and power circuits. In order to deter- 
mine the proper basis for such rules, in connection with 
the network system, the tests described in Appendix B 
were made and the results checked very closely with 
those obtained by other investigators. From these 
data, and the constants of the proposed system, it 
has been calculated that three-phase motors up to 
50 h. p. and single-phase loads up to 10 kv-a., at 120 
volts may be connected directly to the line at any point 
on the network without causing excessive voltage 
fluctuations. 

It follows then that service rules can be simplified 
and reduced to a minimum and this will result in a 
greater commercial flexibility and improved relations 
with the consumers. 

An objection to the three-phase, four-wire system 
has been raised in the matter of metering three-wire 
lighting services. Small three-wire services will be 
changed to two-wire services whenever the wiring on the 
customer’s premises will permit, and large three-wire 
services will be changed to four-wire services by splitting 
up the three-wire circu ts on the three sides of the Y. 
Such few three-wire services as necessarily remain can 
be metered by means of a standard two-element meter. . 
No new services will be made three-wire. 

Power will be supplied to the network from trans- 
formers located in vaults near street intersections. 
The transformers will be three-phase, 500-kv-a. and 
will have a full load loss less than 5 kw. ‘These trans- 
formers have been specially designed for this low loss 
in order that the heat generated by the losses can be 
dissipated by conduction into the soil and by natural 
ventilation without exceeding an ambient of 40 deg. 
cent. in the vault. Experience has indicated that the 
losses of two 100-kv-a. standard distribution trans- 
formers were about all that could be taken care of in 
the present vault. Itwas impracticable to increase 
materially the size of the present vault and it was 
considered undesirable to use forced ventilation or 
water cooling. Extensive tests were made to determine 
accurately the amount of heat which could be dis- 
sipated from the standard vaults. These tests are 
described in Appendix C. The results lead to the 
conclusion that losses up to 5 kw. could be handled 
by the present standard vaults. 

The connections to the transformer will be made in 
two potheads, one on either end of the transformer, 
which will be sealed from the main tank by oil-tight - 
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insulating bushings, through which the leads pass. 
This is for the purpose of making connection in the field 
without the necessity of opening the transformers. 
The transformers will be equipped with filter-press 
connections and oil gages and will be filled with oil and 
sealed at the factory. 

The twelve 500,000-cir. mil cables forming the net- 
work mains which proceed in four directions, will be 
brought out from the bottom and will be connected to 


three busses inside the pothead. The neutral lead will © 


also be brought out through and. solidly grounded to 
the bottom of the low-tension pothead. 

The low-tension pothead will also contain an auto- 
matic network circuit breaker which will connect the 
low-tension transformer leads at the top of the pothead 
to the three busses at the bottom. The breaker and its 
auxiliaries will be mounted on a panel which can be 
readily removed from the pothead. This is for the 
purpose of permitting quick and easy replacement of a 
faulty unit and for making repairs and major adjust- 
ments inthe shop. The circuit breaker will trip out on 
reversal of power of the order of magnitude of the 
magnetizing power of the transformer and over a wide 
range of power factor from the lagging current of the 
transformer alone to the leading charging current of the 
cable. It will automatically reclose when the voltage 
at the low-tension side of the transformer is such as to 
feed power into the network. The relays are designed 
to prevent “pumping” ofthe breakers due to con- 
ditions which arise when one breaker fails to open. 
Heavy fuses on the network side of the breaker 
form a secondary line of defense to open the circuit 
in case of a failure in switch operation. 

The breaker and the transformer will be furnished 
as a unit by the manufacturer. The transformer, with 
potheads. attached, will be approximately 10 ft. long, 
31% ft. wide and 714 ft. high. A special truck is being 
designed to transport the transformer and to lower it 
into the vault or to raise it out of the vault.in case of 
necessary replacement. The roof of the vault consists 
of two removable center sections and two fixed end 
sections. The center sections of the roof are reinforced 
concrete slabs. ‘hese may be lifted out after the 
asphalt paving surface has been removed. In each of 
the fixed end sections there is a 35-in. round manhole. 
These manholes will be covered with heavy gratings 
instead of cast. iron covers, which will permit a con- 
siderable circulation of air. A cross-section sketch 
showing the transformer in position in the vault -is 
shown in Fig. 2. 

The high-tension pothead of the transformer is to be 
filled with oil and will contain a grounding and short- 
circuiting switch. Provision will be made for attaching 
two conductors to each of the high-tension transformer 
leads in the potheads and for bringing out two three- 
conductor or six single-conductor cables through the 
bottom of the pothead. Thus a number of transformers 
"will be connected to a feeder by looping the feeder into 
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and out of the potheads of successive transformers, 
thereby eliminating 7’ joints on the high-tension cable. 

The high-tension cable will have a 350,000-cir. mil 
copper section and will be either single-conductor or 
three-conductor with the individual insulated conduc- 
tors covered with a thin metallic ribbon. In either case, 
the only high potential test required will be a conductor 
to ground test. It will not be necessary to disconnect 
the transformers from the cable while applying this 
test since the high-tension windings will be delta- 
connected and will be specially insulated for the high 
potential test. Faults will be located by means of a 
tracer current method. When it is necessary for work 
to be done on a feeder or transformer, adequate protec- 
tion to the workmen is assured by grounding at a trans- 
former on either side of the point at which work is 
being done, as well as at the station end of the feeder. 
Further protection from. the possibility of back feed 
from the network may be obtained by manually 
locking out the low-tension circuit breaker. 

Each cable joint will be equipped with a weighted 
expansion reservoir and the joint and the reservoir 
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Fig. 2—Nrtrwork TRANSFORMER IN VAULT 


will be filled with oil. Extensive experiments have 
shown this to be a most satisfactory method of pre- 
venting failures due to voids which may develop either - 
in the cable or in the joint subsequent to installation. 
A typical installation is shown in Fig. 3. 

On a radial system of distribution it is necessary to do 
a great deal of work on live cables in order to reduce 
the number and duration of outages. This, in the past, 
has limited the primary distribution voltage to 
around 2400 volts to ground, but even so it cannot be 
said that a safe working condition is obtained. Ona 
properly designed network system, a primary feeder 
and its connected transformers may be taken out of 


-gervice for an indefinite period without interrupting the | 


service of any consumer. Consequently, since all work 
can be done on feeders or transformers while out of 
service, there is no limit to the permissible operating 
voltage from this viewpoint. Economic considera- 
tions then make it desirable to feed into such a network 
system directly from the generating station. 

The high-tension feeders will be supplied from the 
27,000-volt bus of the generating station. No feeder 
regulators will be used. Studies have shown that such a 
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network without regulated feeders will have better volt- 
age regulation than can be obtained on a radial system 
withregulated feeders. The bus voltageat the generating 
station will be varied in two steps during the day as is 
being done at the present time to reduce the range re- 
quired on the feeder regulators in existing substations. 
Under normal conditions the voltage on the network 
will be within the present range on the radial system 
of plus or minus 3 per cent from 120 volts. In the 
emergency condition of one feeder out of service, the 
lowest voltage on the network will be around 110 volts 
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to neutral with the corresponding value of 192 volts 
between phase wires. These values are based on full 
load at the time of the annual system peak so that 
ordinarily, with one feeder out, the voltage conditions 
will be considerably better. These figures are also 
based on the initial layout of transformers and will be 
improved as the transformer spacing decreases with a 
greater load density. te 

The continuity of service to the consumer on the 
network system will be greater than that which can be 
assured on a radial system since a complete interruption 
to an individual consumer can be caused only by 
burning off his service or by burning off the network 
mains in two places, one on either side of his service tap. 
On the present radial system, interruptions due to 
secondary troubles constitute only seven per cent of the 
total interruptions and these would be materially 
reduced on a network system. Careful attention to 
detail has made possible the development of a very 
reliable radial a-c. system. However, there is always a 
possibility of trouble with transformers, primary fuses 
and cut-outs, sectionalizing and tie switches, and cable, 
which will cause a total interruption to one or more 
consumers until the trouble can be isolated or repaired. 
The high-tension side of a network system is inherently 
simpler and hence less subject to trouble, and if a 
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failure does occur, it will not result in an interruption of 
service to the consumer. If a complete shutdown of 
the generating station occurs, the network will auto- 
matically pick up its load as soon as the power supply is 
restored. 

This system will be started ‘n an area a section of 
which is shown in Fig. 4. This area happens to havea 
very simple rectangular street layout and permits a 
correspondingly ideal layout of secondary mains, 
transformers, and high-tension feeders. The area will 
be supplied originally by three feeders and the trans- 
formers will be located as indicated in the figure. As 
the load density increases, additional transformers will 
be located midway between the first transformers, and 
three additional feeders wil be brought into the area. 
With further load increases, the same plan will be 
followed so that ultimately there might be four feeders 
down-each avenue with the successive transformers on 
different feeders. Under these conditions the outage 
of one feeder will place an additional load of approxi- 
mately 25 per cent on the immediately adjacent 
transformers. Hence the loss of one feeder. will not bea 
serious matter and ample time may be allowed for 
working on it, or the connected transformers, before 
putting it back into service. 

As the network is extended to cover all of the under- 
ground area of the city, the feeders coming through a 


‘particular area will have come by different routes and 


through areas having different kinds of load and will go 
on by divergent routes to areas of still- other load 
characteristics. In other words, a group of feeders will 
not pick up their entire load in one area but will pick up 
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load whenever possible in three areas of different 
characteristics, such as industrial load, office building 
and department store load, and residential load. By 
this extensive interlacing of the high-tension feeders, 
the advantages of diversity between areas of different 
load characteristics and of the reduction of extra feeder 
capacity required to carry the load during the outage 
of a feeder will be realized. The feeders will have a 
nominal capacity of 15,000 kv-a. each and as many as 
40 transformers may be connected to each feeder in the 
ultimate development of the network. 
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Preparations are being made for the ultimate de- 
velopment by installing secondary mains of the proper 
size in all additions to the present radial underground 
distribution system and by building the new trans- 
former vault wherever additional vaults are necessary. 
Whenever it is necessary to open the street for exten- 
sions or additional duct space, the duct layout for the 
ultimate network development in that area is installed. 
This work is justified in the present underground area 
on account of the relatively short time until the net- 
work system will cover the entire area. 


In the case of vaults installed on customers’ premises 
and served from the present radial system, the trans- 
formers are connected to give 120 /208-volt, three- 
phase, four-wire service. When the network is in- 
troduced into the area in which such large customers are 
located, it will serve as the emergency supply to these 
customers by being tied in with the secondaries of the 
existing transformer installations and a network circuit 
breaker will be connected between the service and these 
transformers. Thus, part of the present substation 
capacity will be used as the normal supply to such large 
customers, part will be used to feed transformers in the 
street tied in with the network, part will be used to 
supply high-tension customers, and the remainder will 
take care of the fringes outside of the underground 
development where the load density is light and where 
there is no justification for extending the network. 


The reasons for adopting this plan of development are 
as follows: 


First, and most important, is the fact that this 
system insures even better service to the consumer. 
Better service means improved continuity of service, 
improved voltage regulation, a shorter interval of time 
between the application for service and the actual 
connection, and minimizing the number of rules and 
restrictions imposed upon the consumer. 

Second, and hardly less important, is the matter of 
greater safety to workmen on the system. The high- 
tension cables and transformers will be worked on only 
when they are out of service and adequately grounded. 

Third, since the network system is essentially an 
underground system wherever the load densities are 
great enough to justify its development, it becomes 
possible to improve the appearance of the system by the 
removal of overhead lines. 


Fourth, the savings in investment and operating costs 
and the increased system efficiency obtained by eliminat- 
_ing the necessity for substations economically justify 
this development. By 1935, when this system will have 
been well established, the total investment required will 
be approximately 10 per cent less than would be re- 
quired for the present plan of radial development with 
substations, and the saving in maintenance, operation 
and losses on the distribution system will be around 
35 per cent. 
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Appendix A 
ARCING AND SHORT-CIRCUIT TESTS ON LEAD-COVERED 
CABLE 
The objects of these tests were: 


1. To determine whether faults on a 120/208-volt 
system of the order of magnitude calculated for 


the proposed alternating-current network will clear 
themselves. 


2. a. To determine whether faults on a 2400/4150- 
volt system are equivalent in current values in all cases 
and for practical purposes, to a dead short circuit. 

b. To determine whether there is a critical value 
of current at this voltage above which arcs once estab- 
lished will persist and below which arcs will clear 
themselves. 


Throughout the scope of these tests the physical and 
magnetic conditions encountered in service were re- 
produced as closely as possible. Three cables were 
placed in a 4-in. fiber duct, 16 ft. long, buried 10 in. 
below the ground, the ends of the duct being plugged 
with waste to prevent free circulation of air. Voltage 
was applied to all three cables, the fault being made on 
one cable only. This was for the purpose of deter- 
mining whether the fault would injure the remaining 
cables sufficiently to cause them to fail as well as to keep 
physical conditions as nearly as possible to those en- 
countered in service. 

Power was supplied through a 10,000-kv-a. feeder 
and transformer direct from the main generating 
station. Oscillograph records of current and voltage 
were made for all tests. 

Tests on Cables at 120/208 Volts. Tests were made 
on standard 350,000-cir. mil, 800-volt, 6/64-in. rubber, 
l-in. lead cable. The fault was placed in the center of 
the cable by embedding a No. 8 brass screw in the 
copper and soldering the head to the lead sheath. 
One leg of a 100-kv-a. transformer was connected to the 
two ends of the loop and the other leg to the lead sheath. 
This test was repeated first with three and then with six 
transformers in parallel; the resultant currents into 
the fault being 7500 amperes, 13,000 amperes and 19,000 
amperes, respectively. In all three tests the fault 
cleared itself by melting the brass screw without 
establishing an arc. Similar tests were repeated in an 
effort to make a lower resistance fault by various 
methods until a solid lead knob was wiped between the 
bare conductor and the sheath. The results in all cases 
were the same; 7. e., the fault cleared itself by melting 
away the lead without establishing an are. 

Copper-to-copper short-circuit tests were also made 
to determine whether faults of this nature would clear 
themselves. A  copper-to-copper short circuit was 
made through a 32-ft. loop with a joint in the center of 
the loop. Tests were made for the maximum (17,000- 
ampere) and minimum (3000-ampere) current values 
calculated for the network. In all cases the paraffin 
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in the joint melted but the conductor burned apart, 
clearing the fault before the joint failed. 

Tests on Cables at 2400/4150 Volts. ‘These tests were 
made on 4/0-, 11/64-in. rubber, 1%-in. lead, 5000-volt 
eable. Three cables were placed in one duct and a 
fault placed on one cable as in the low-voltage tests, 
all three cables being energized. ' It was found during 
the first tests that very soon after the are was formed 
the fault spread to all three phases. Since reactors to 
limit the current in all three phases were not available, 
subsequent tests were made with only one phase 
energized. 

Tests were made over a range of from 360 amperes to 
1750 amperes with the results that in every case the 
are continued to burn until it reached the end of the 
ducts, making it necessary to clear the fault by opening 
the breaker. 


As the result of these tests the following conclusions 
have been reached: 


1. All 120/208-volt faults will clear themselves 
without damage to other cables in case of ground 
faults. 

2. 2400/150-volt faults, once an arc is established, 
will continue until the voltage is interrupted at its 
source. 

3, All other cables in a duct on a 2400/4150-volt 
system where an arcing fault exists will break down, 
causing a phase-to-phase short circuit. 

Results of similar tests which confirm the above are 
described in Self-Protecting A-C. Networks by A. H. 
Kehoe, TRANS. A. I. E. E., Vol. XLITI, p. 850. 


Appendix B 


PERMISSIBLE VOLTAGE FLUCTUATIONS ON LIGHTING 
CIRCUITS 


The principal reason for the adoption of rules re- 
stricting motor starting currents and the size of single- 
phase, low-voltage devices is to prevent excessive 
fluctuations in voltage on combined light and power 
circuits and consequent annoyance to lighting cus- 
tomers. In order to determine a proper basis for such 
rules in connection with the network system, a number 
of tests was made to obtain answers to the following 
questions: 


1. What change in voltage occurring instanta- 
neously will produce a noticeable change in illumination 
uf standard lamps? 

2. What is the relation between the magnitude and 
frequency of a periodic voltage change that will produce 
a noticeable change in illumination? 

3. What rate of change will be noticeable? 

4, What changes will be objectionable? 

5. How are the above affected by different types, 
ratings and arrangements of lamps? 


The conditions under which the tests were made were 
as follows: 
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A room was equipped with six suspended outlets so 
arranged as to allow varying the distance from the lamp 
to the working plane. Each socket was equipped with 
an opaque cone shade. The observers were screened 
from one another and each one indicated independently 
when he observed a fluctuation and when in his judg- 
ment the fluctuation became objectionable. A motor- 
generator set was used to supply a steady voltage for 
the lamp circuit. In series with one lead a variable 
slide wire resistance was inserted, so arranged that it 
could be switched in and out of the circuit by means of 
a snap switch or a motor driven commutator. <A low 
reading voltmeter was placed in parallel with this 
resistor so that the actual voltage drop could be 
measured. 

The first test consisted of switching in and out the 
resistor at 5-sec. intervals and gradually increasing 
the drop until all observers reported that they had 
noticed the fluctuation, then continuing to increase’ 
the drop until they had all reported that the fluctuation 
was objectionable. Twenty-five and 50-watt Mazda B 
lamps and 75- and 100-watt Mazda C lamps were used. 
Successive tests were made with the lamps at 18 in. 
and 72 in. above the observer’s reading plane. 

The lowest fluctuation observed was a one-volt drop 
with the 25-watt lamp 72 in. above the reading plane, 
which gave the lowest illumination intensity. In 
general, very few of the observers could detect a change 
smaller than 114 volts under any of the conditions 
imposed and some observers had difficulty in detecting 
a fluctuation smaller than 214 volts. It was found 
that the higher the illumination intensity the greater 
was the fluctuation in voltage necessary to produce a 
noticeable change in illumination. The averages 
of the results for all observers varied from 1.33 volts 
for the 25-watt lamp at 72 in. to 1.66 volts for the 
100-watt lamp at 18 in., which gives an average for 
all observers under all conditions of 114 volts. 

All observers agreed that the fluctuations became 
decidedly objectionable when the voltage was varied from 
four to five volts. As mentioned before, the interval be- 
tween changes was five sec. and undoubtedly a longer 
interval would lead to different conclusions as to what 
fluctuation was objectionable. 

The second test consisted of increasing and decreasing 
the voltage gradually by moving the slide on a resistor 
by hand at as nearly uniform a rate as possible. It 
was found that the change could be noticed when the 
rate of change exceeded 214 volts per sec. This was 
checked several times with very uniform results. 
One lamp only was used in this experiment and one 
distance from the working plane. The results of the 
first experiment led us to believe that no great difference 
would be found by using different sizes of lamps at 
different distances. 

The third test consisted of cutting the resistor in and. 


out by means of a motor-driven commutator, setting 


the resistor for a certain drop and increasing the speed 
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of the commutator until the flicker disappeared; 
then decreasing the speed until it reappeared and 
averaging the results. It was found that no flicker 
at any frequency could be observed for drops smaller 
than one volt; also the flicker entirely disappeared for 
all voltage drops at frequencies above 45 cycles per sec. 
The results of this test are shown on the curve in Fig. 5. 

Before making the above tests, a search was made of 
the literature and inquiries were made of various 
individuals and organizations from which sources it was 
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hoped to obtain information on this subject. It seems 
that a great deal of information is available on the 
relations between the magnitude and frequency of 
periodic voltage fluctuations which produce visible 
flickering of incandescent lamps, but that relatively 
little work has been done on the problem of determining 
when non-periodic and infrequent voltage changes 
become objectionable. The earliest study of this 
problem which was found was made by Mr. William 
Kunerth, of Iowa State College, and was published in 
- the August 1915 number of the Lighting Journal. 
C. A. Williams, of the Philadelphia Electric Company, 
in January 1924 presented a paper on “Voltage Fluc- 
tuations and Its Effect Upon Lighting’’ before the 
Pennsylvania Electric Association. In the June 1924 
number of the A. I. E. E. JOURNAL there appeared an 
article by A. H. Kehoe, of the United Electric Light & 
Power Company, on “Underground A-C. Networks.” 
Under Appendix A of this article he describes some tests 
on the effect of voltage variations on incandescent 
lamps. 

The information obtained from the tests and from the 
other sources mentioned seems to indicate: 

1. That a sudden change of voltage of less than two 
volts does not produce a noticeable change in illumina- 
tion, unless 1c 1s periodic. 

2.’ That a sudden change of voltage of more than six 
volts will probably be objectionable if it occurs more 
- frequently than once or twice an hour. 

3. That any noticeable periodic fluctuation or 
flicker is objectionable. 
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In connection with the above, two things should be 
borne in mind: 

First, that the values were obtained when the ob- 
servers were expecting to notice changes; hence they 
are lower than would have been noticed under ordinary 
conditions. Second, that al] investigators are in much 
closer agreement as to what changes are. noticeable 
than as to what changes are objectionable. So many 
factors, psychological and physiological as well as 
electrical, are involved in the problem of objectionable 
voltage variations that a more extended study would 
seem to be warranted. In his article, Mr. Williams 
emphasizes that we have made only a step toward 
standardizing the limits of voltage fluctuation for 
satisfactory service to lighting customers. 


Appendix C 


HEAT DISSIPATION FROM TRANSFORMER VAULTS 


The transformer vaults in use in the streets of Brook- 
lyn were designed to accommodate two 100-kv-a. 
transformers. These vaults are 414 ft. wide, 14 ft. 
long, and 8 ft. deep Access is obtained through a 
35-in. manhole located in the center of the roof. The 
vau'ts are ventilated by natural circulation of air 
through banks of three 4-in. fiber ducts at either end 
and through the openings in the manhole cover. 
Experience has indicated that this ventilation together 
with the absorption of heat into the surrounding soil 
will take care of the losses of two 100-kv-a. transformers 
under ordinary load conditions the year round without 
exceeding an ambient temperature of 40 deg. cent. in the 
vault. Sucha vault is shown in section in Fig. 6. 

Before deciding upon the type and size of trans- 
formers to be used for the network, it was desirable to 
determine accurately how much heat could be con- 
ducted through the walls of the vault into the surrounding 
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Fig. 6—Sranparp 200-Kv-a. TRANSFORMER VAULT 


soil and how much could be carried away by the cir- 
culation of air through the vault using various types of 
ducts and manhole covers or gratings. 

Tests to determine the conduction of heat through 
the walls of the vault were made in a standard vault 
with the ventilating ducts closed. Bayonet heaters 
were placed in two 100-kv-a. transformer tanks filled. 
with oil. These heaters were arranged to give the 
equivalent losses of different sizes of transformers under 
various load conditions. Thermocouples were im- 
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bedded in the walls of the vault and at distances up to 
eight feet away from the vault in the earth at various 
depths. They were used also to measure the tempera- 
tures of the oil and air in the vault. Starting with the 
vault and transformers cold, a constant amount of 
power was supplied and the temperatures taken at 
regular intervals until all temperatures became con- 
stant. The vents were then opened and temperature 
readings taken until they again became constant. 
This was repeated several times with different amounts 
of power, both for constant loads and for various 
load cycles. These tests occupied a five-month period, 
from February to June, so that some data were obtained 
on the seasonal effect on soil temperatures. From the 
data obtained during these tests Formulas 1 and 2 
were derived. 

Further tests to determine the effect of various types 
and arrangements of ventilating ducts and cover 
gratings were made using a box built to the dimensions 
of the vault. The same heating arrangement was 
used, and air temperatures at various points were 
measured by means of thermocouples. Air velocities 
in the inlet ducts were measured as a check on other 
data. Various constant amounts of power were 
supplied and readings taken when temperatures be- 
came steady. The process was repeated for different 
sizes of inlet and outlet ducts, both with and without 
cover gratings. The data thus obtained were used 
to check Formula 2. 

The constants in the following formulas apply to the 
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size of vault and the ventilating arrangement finally 
decided upon, which is shown in Fig. 2. A removable 
canvas tube extending down from one manhole to a 
point 18 in. above the floor of the vault will lead air into 
the vault, whence it will flow around the transformer 
and out of the other manhole. 

Formula 1. For dissipation of heat by conduction 
through the walls of the vault: 

Wr= 058 (TroT)) 0.6325 

where 

W, = watts dissipated through vault walls, 

a 

T, = soil temperature. 


average air temperature in vault, 


Formula 2. For dissipation of heat by natural 
ventilation: 


W. = 30.74 A®® (T,— T3)*® 
where 

W.. = watts dissipated by ventilation, 

A =gross ventilator duct area in square feet, 
where net area is 65 per cent of the gross 
area, 

T, = average air temperature in vault, 

T;, = outside air temperature. 


Discussion 


For discussion of this paper see p. 1220. 


Evolution of the Automatic Network Relay 


BY JOHN 8S. PARSONS: 


Non-member 


Synopsis.—Low-voltage a-c. networks are coming into use as a 
means of providing a source of power having the dependability of the 
Edison d-c. network, and at the same time having the efficiency which 
can be obtained by supplying power from high voltage feeders with 
transformers located near the point of utilization. - As in the case of 
d-c. networks, it is assumed that all trouble on the network itself will 
be burned clear without seriously interfering with any of the service. 
In case of trouble on a primary feeder or in one of tts transformers, 
however, it is necessary to disconnect the feeder from the system. 
The a-c. network unit has been developed to connect these trans- 
formers to the network, and the ‘‘brains” of this unit, which is the 
automatic network relay, is described in this paper. This relay not 
only opens the network breaker whenever there is trouble in any of the 
high-tension equipment or when the power feeds back into the high- 
tension feeder but also recloses the breaker when conditions are 
restored to normal and the feeder is in condition to supply power to 


HE advantages of some form of a-c. secondary 

network distribution system, the chief of which 

are continuity of service and the ability to use 
higher voltage primary feeders, have long been recog- 
nized. It is only within the last few years, however, 
that the necessary control and protective apparatus 
for such a system has been developed. This apparatus, 
known as the a-c. automatic network unit, consists 
of an electrically operated carbon circuit breaker 
controlled by one or more induction type relays. The 
operating requirements of such a relay are discussed 
in detail in a companion paper? to this one. 

It is proposed to give here the history of the develop- 
ment of one type of automatic network relay and to 
explain how the present network relays meet the various 
operating requirements. 

While one or two installations have been made 
using reverse power or directional relays, such as are 
used for transmission line protection, for tripping net- 
work breakers when a fault occurs on a primary feeder 
or in a transformer, they cannot be considered auto- 
matic network relay installations. These, however, 
are of interest in that they have demonstrated that 
relays of the induction type, which are ordinarily in- 
stalled in substations where they can be easily and 
frequently inspected, will operate satisfactorily in 
man-holes without any change in design. The auto- 
matic network relay not only controls the opening but 
also the closing operation of the network breaker. 
It is this fact that has made the design of the relay a 
much more difficult problem than that of most relays. 
The reverse current opening and automatic synchro- 
nized reclosing features which have been embodied 
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the network. The difficulties which were encountered and the relay 
characteristics necessary to overcome them are explained briefly. 

The first installation of network units was made in April 1922 on 
single-phase, three-wire and two-phase, three-wire networks fed by 
three-phase, 2750-volt primary feeders. Since that time numerous 
umprovements have been made and new designs created to extend the 
field of application, but the same general scheme of operation has 
been retained. 

The automatic network relay is now past the experimental stage, 
approximately 1000 of them having been in service for some time. 
The probable future development of the network relay based upon 
operating experience to date is pointed out. Attention is called to 
the close relation existing between the operating characteristics of the 
automatic network relay and the characteristics of the system on 
which tt is to be installed. 

* * * * * 


in the network relay make the network circuit breaker 
a reverse power tripped breaker which can be remotely 
controlled from the station, without the use of pilot 
wires, merely by opening and closing the primary 
feeder breaker. 

The first network relays were designed and placed 
in service on single-phase, three-wire lighting and two- 
phase, three-wire power networks in April 1922. These 
networks were fed by three-phase, 2750-volt primary 
feeders from the substation. Since the general scheme 
employed in these first automatic network units has 
been followed in future developments, the evolution 
of the network relay can be more easily followed and 
understood if a description of it is given at this point. 


Fig. 1 shows a schematic diagram of connections 
for the first single-phase, three-wire network unit. 
The relay was an induction relay of the double contact 
type. The single-pole double throw contacts acted 
through the mechanism relay to control the operation 
of the breaker. The moving contact was held against 
the contact marked C by a spring when the relay 
became de-energized. This was essential in order to 
be able to start up a dead network. With the moving 
contact in this position a circuit was established from 
the left side of the line through the mechanism relay 
coils, the moving contact, and the stationary contact C 
to the other side of the line. This caused the core of 
the mechanism relay to pick up when the transformer 
was energized and to close the auxiliary switch A. 
The closing of this switch energized the closing coil, 
thus closing the breaker. The closing coil circuit 
was opened by'the pallet switch B as soon as the breaker 
latched in a closed position so that this coil was energized 


_ only during the instant the breaker was being closed. In 


order to open the breaker, the moving contact of the 
relay had to move from position C to position O. The 
breaking of the contact at C place iesistor R in series 
with the mechanism relay coils. The value of this 
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resistance was such that with it in circuit the mechanism 
relay core would not pick up, but once picked up it 
would remain in that position. When the moving 
contact was made with stationary contact O due to a 
flow of reverse energy, the mechanism relay coils were 
shunted, leaving the resistor R connected across the 
line. The shunting of its coils caused the core of the 
mechanism relay to drop and to trip the latch that held 
the breaker closed. 

The operating forces in the relay were obtained by 
means of three sets of coils. The flux produced by the 
potential coil, shown connected across the secondary 
of the distribution transformer on the network side of 
the breaker, combined with the flux of the phasing 
coils to produce a closing torque in the relay and with 
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Puase THrEen-Wire Network UNITS 


theJfluxfof the current coils to produce an opening 
torque in'the relay. It was necessary therefore for the 
potential coil to be energized at all times in order to 
secure an electrical torque in the relay. This con- 
stituted an important reason for connecting the poten- 
tial coil on the network side of the switch. When a 
primary feeder was de-energized at the substation the 
network breakers on this feeder were opened by their 
relays due to the flow of reverse energy. Once the 
breaker was open, the phasing coils, in conjunction 
with the potential coil, gave a very strong opening 
torque to keep the moving contact of the relay in 
‘position O. If, however, the potential coil had been 
connected on the transformer side of the breaker, it 
would have received practically no voltage, since it 
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would have been shunted by the distribution trans- 
former, the impedance of which was very low compared 
to that of the potentialcoil. Under this condition, there 
would have been no torque to keep the moving contact 
of the relay in position O, and therefore since it would 
have moved to position C by spring action the synchro- 
nized reclosing feature of the relay would have been 
destroyed. This means that when the primary feeder 
was next energized the network breaker would have 
reclosed immediately irrespective of the voltage across 
ite 

The design of the phasing coils, one of which was 
connected across each pole of the network breaker, had 
to be such that the relay would operate to close the 
breaker with approximately one volt of the proper phase 
relation existing across the contacts of the breaker. 
When the network was energized, however, and the 
feeder breaker at the substation was open there was 
full line to ground potential across the open contacts 
of the network breaker and consequently across each 
phasing coil of the relay. With the possibility of the 
transformer voltage being reversed due to an error in 
making connections, twice normal voltage across each 
phasing coil may occur. In order to prevent burning 
out of the phasing coils at these high voltages, a small 
tungsten filament lamp commonly called the phasing 
lamp was placed in series with each coil. Since 
tungsten has a large positive temperature coefficient of 
resistance, the lamp automatically inserted resistance 
in the circuit as the voltage across the circuit increased. 

When a primary feeder breaker is opened at the sub- 
station the transformer connected to that feeder 
becomes magnetized from the network. This flow of 
exciting current from the network to the transformer 
should be sufficient to cause the relay to operate to open 
the network breaker. The fact that the current coils, 
acting in conjunction with the potential coil, should 
produce sufficient. torque to operate the relay on this 
relatively small value of current and must also be 
capable of being subjected to the full load current of the 
transformer continuously without overheating, made it 
necessary to connect them across reactive shunts 
placed in the secondary leads of the distribution 
transformer. At very small currents the reactance of 
the shunts was. comparatively high and consequently 
a large part of the line current passed through the 
current coils of the relay. Due to the saturation of the 
magnetic circuits of the shunts, as the line current 
increased the reactance of the shunts decreased. 
The percentage of the line current passing through the 
relay therefore decreased rapidly and in this way the 
current in the current coils of the relay at full load was 
limited to a value which would not cause excessive 
heating. 

It is not only essential that the magnitudes of the 
currents and voltages on which the network relay must 
operate be considered but their phase positions must 
also be taken into account in order to secure satis- 
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factory performance. Fig. 2 shows the operating 
characteristics of the relay for various magnitudes and 
phase positions of voltage and current. The network 
voltage, which is the voltage on the network side of the 
breaker, is used as a reference voltage in plotting these 
curves since it is the. voltage impressed across the 
potential coil of the relay. The closing Curve No. 1-4 
shows the closing characteristics of the first network 
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Fig. 2—Curves SHOWING THE OPERATING CHARACTERISTICS 
OF THE First Network Reways 


relay over the range of phasing voltages on which it 
ordinarily operated. Lines drawn from the origin 
to this curve represent in magnitude and phase position 
voltages across the open network breaker and conse- 
quently across the phasing coils of the relay which 
produced a balanced condition in this relay. Any 
phasing voltage of such magnitude and phase position 
that it crossed the closing curve into the zone marked 
“close” produced a torque in the relay which caused it 
to operate to close the network breaker. If the phasing 
voltage did not cross the closing curve, however, the 
phasing coils produced a torque which caused the 
moving contact of the relay to move to position O 
and thus prevented the breaker from closing. Lines 
drawn from the ends of the phasing voltages to the 
ground potential point of the network voltage vector 
E,, which could not be shown in Fig. 2 because of the 
scale used, represent the voltages of the unloaded 
transformer. 

The opening characteristics of the relay are shown 


by Curve No. 2, Fig. 2. Lines drawn from the origin 


to this curve represent in magnitude and phase position, 
with respect to the network voltage Z, the line currents 
that were necessary to produce a balanced condition in 
the relay. If the line current was increased slightly so 
that it just crossed the opening curve into the zone 
marked “open,” the relay operated to open the net- 
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work breaker. Line currents that did not cross the 
opening curve produced a torque in the relay in the 
closing direction which held the moving contact against 
the stationary contact C. 

The current which flows after the network breaker 
closes lags the phasing voltage,—that is, the voltage - 
across the breaker before it closed,—by an angle approxi- 
mately equal to the impedance angle of the system. 
By impedance angle of the system is meant the angle 
between the resistance and impedance vectors of the 
loop consisting of the feeder being connected to the 
network, together with its regulator and particular 
transformer being considered, in series. with the low 
tension mains and all parallel transformers, primary 
feeders, and regulators connected from the same bus to 
the network. This angle remains almost constant on 
systems having high impedance transformers and 
large secondary mains if the spacing of the trans- 
formers is not too great. 

The relays having operating characteristics as shown 
in Fig. 2 were installed on a system using two single- 
phase induction regulators per feeder with their rotors 
mechanically connected and standard distribution 
transformers with reactors in the secondary leads which 
are equivalent to high impedance transformers. With 
the system impedance angle of approximately 80 deg. 
the relays operated satisfactorily. The reason for 
this can be seen by referring again to Fig. 2. The 
phasing voltage, E’;, which could readily be obtained by 
having the regulators on the incoming feeder in the 
buck position, caused the relay to close the network 
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breaker. As soon as the breaker closed, a current, J, 
lagging behind voltage E; by about 80 deg., flowed 
through it. Since this current did not cross the 
opening curve. but fell in the area marked “close,” 
the current coils of the relay produced a closing torque 
and maintained the breaker in the closed position. 
Any phasing voltage leading the network voltage which 
caused the relay to close the breaker caused a current 
to flow after it closed which produced a closing torque 
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in the relay, because the angle between the opening 
and closing curves was less than the impedance angle 
of the system. 

On the two-phase, three-wire network previously 
referred to, a polyphase network relay was used. This 
relay consisted of two electrically independent elements 
mechanically connected so as to control one set of single- 
pole, double throw contacts. The coils of one element 
were connected to one of the two phases and those of 
the other were connected to the other phase. Since 
in this case the normal voltage to ground was 220 volts, 
two phasing lamps were used in series with each 
phasing circuit instead of one. Aside from these differ- 
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Fig. 4-—Connections ror THE HoupING AND POTENTIAL 
Coms or THE Network RELAYS USED ON THE First THREE- 
Pass, Four-Wire Network Units 


ences the general scheme and operating characteristics 
were essentially the same as those described above for 
the single-phase relay. 

The next step in the network relay development was 
the designing of a relay, Fig.-3, which could be used on a 
three-phase, four-wire network as well as on a single- 
phase, three-wire network. Because it-was found that 
the time required for the double contact relay to open 
the network breaker was considerably longer than is 
desirable in case of a primary cable fault, it was decided 
to abandon the double contact feature. The use of a 
single set of contacts made it necessary to place an 


additional set of coils in the relay on the same poles of 
the electromagnet as the phasing and current coils. 
These coils, known as the holding coils, were connected 
in series with the contacts of the relay and in conjunc- 
tion with the potential coil, acted to produce a positive 
torque to hold the contacts closed once they were made. 
In order to open the contacts of the relay the current 
coils had to produce sufficient torque to overcome this 
holding torque. In this way the relay was prevented 
from tripping the breaker when no current was flowing 
and the value of reverse current required to open the 
relay contacts could be adjusted by adjusting the 
amount of this holding torque. The holding coils, 
of course, had no effect on the operation of the relay 
except when the contacts were closed. 


The holding coils of the three relays of this type 
required on a three-phase, four-wire network all had 
to be connected across one line voltage, as shown in 
Fig. 44, since only one set of contacts per relay was 
used. This figure for simplicity shows. a schematic 
diagram of only the holding and potential circuits 
of the relays. It may be noted that both relays No. 1 
and No. 3 had fixed resistors in series with their holding 
coils and adjustable resistors in parallel with them. 
Practically all of the impedance of the holding circuits 
was-in these fixed resistors. Changing the adjustable 
resistors to adjust the amount of holding torque had 
practically no effect on the amount of current that 
flowed in the circuit but merely changed the relative 
amounts of current in the two parallel paths. Relays 
No. 1 and No. 3 were identical in every respect except 
for the polarities of the holding circuits. The polarities 
of the two had to be different in order to secure the 
proper direction of torque in the two relays. This can 
readily be seen by referring to Fig. 4B, wherein it is 
shown that the three potential coil voltages with which 
the holding coils had to act to produce a torque were 
120 deg. out of phase. If the holding circuit of relay 
No. 2 had been similar to that of either relay No. 1 or 
relay No. 3, the current in the holding circuit would 
have been either in position J, or position Is, 
either of which would have been approximately 90 deg. 
out of phase with the potential coil voltage, and no 
torque would have been produced by the holding coil. 


From this description it can be seen that all three of 


the relays were different.and had to be mounted in 
their proper positions on the network unit in order to 
function correctly. 


The other differences between this single contact 
relay and the double contact relay can best be seen by 


referring to Fig. 5. The scheme was essentially the 


same as the one using the double contact relay except 
for the points already mentioned. There was, however, 
one other point of sufficient importance to mention here. 
The single contact relay had its two phasing coils con- 
nected in series and in series with the phasing lamp 
across one pole of the breaker instead of having one 
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phasing coil and lamp across one of the contacts of the 
breaker as in the previous scheme. The impedance 
of the phasing circuit of this relay was therefore con- 
siderably more than that of the double contact relay. 
Since the distribution transformer is connected to the 
network through the phasing circuit when the breaker 
1s open, the impedance of this circuit should be as large 
as possible so as to keep down the voltage induced in 
the primary of the transformer, when the feeder is de- 
energized to a very small value. 

By using only the two outer poles of the unit shown 
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5—DIAGRAM OF CONNECTIONS FOR THE First THREE- 
Puase, Four-Wire Network Unit 


Fig. 


in Fig. 5 and blocking the contacts of the No. 2 relay 
closed or removing the relay altogether and tying to- 
gether the connections which go to its contacts, the 
- unit can be used on a single-phase, three-wire network. 

Quite a large number of these units is now operating 
on such a network. * 


Since this single contact relay was designed for 
operation on the system on which the double contact 
relays were installed, its operating characteristics were 
made similar to those shown in Fig. 2. Soon after these 
relays were installed a change was made in the network 
on which they were placed which decreased the im- 
pedance angle of the system. Since the characteristics 
of the relays were no longer correct for the system on 
which they were applied, trouble was encountered due 
to some of them pumping; that is, alternately opening 
and closing their contacts. This action can best be 
understood by referring again to Fig. 2. Suppose that 
for some reason the regulators on one feeder buck the 
voltage down below that of the other feeders, thus 

causing a leading current,such as I2, to flow in the 
feeder. This would cause the network breaker to open. 
A voltage E; of the proper magnitude and phase posi- 
tion to cause the relays to close their contacts would 
then exist across the breaker and it would immediately 
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reclose. This action would continue until the unit 
failed or until conditions on the circuit changed. The 
same action would result were the primary feeder 
breaker closed and the phasing voltage HL; produced 
across the open network breaker by the feeder regula- 
tors and the load on the other feeders. This pumping 
condition was overcome by changing the operating 
characteristics of the relays. The opening curve was 
rotated approximately 30 deg. in the counter-clockwise 
direction which again made the angle between the 
opening and closing curves less than the impedance 
angle of the system. A large number of these relays 
are now in service and are giving almost perfect 
performance. 

The number of relays required on a fair sized three- 
phase network is large compared to the number of 
substat’on relays required to protect the network. 
For instance, a six-feeder network having fifteen 
transformer banks per feeder would require 270 net- 
work relays as compared with 24 overcurrent relays in 
the substation, assuming that both line and ground 
relays are used. It can be seen from this that the 
maintenance of the network relays on a system pre- 
sents a problem which cannot be ignored. It was 
largely because of this that it was decided to abandon 
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Fig. 6—GENERAL ARRANGEMENT OF THE INTERNAL AND EX- 
TERNAL CONNECTIONS OF THE PRESENT Network RELAY 


the use of the sin le-phase, watthour meter case, 
change the holding circuit so as to make all relays for 
use either on single-phase, three-wire or three-phase, 
four-wire systems exactly alike, and make a number 
of more or less minor changes mostly of a mechanical 
nature. The relay was completely redesigned and 
everything possible was done to reduce the amount of - 
maintenance required to an absolute minimum and to 
facilitate the necessary maintenance. The new net- 
work relay is mounted in a very shallow rectangular 
case with a glass cover. This makes all parts of the 
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relay easily accessible for inspection. There is much 
more room in this rectangular case although it does not 
require any more space for mounting on the panel of the 
network unit. This has made it possible to mount the 
phasing lamp, which is really a part of the relay, inside 
of the relay case where it is less likely to be broken. 
In all previous designs the phasing lamp or lamps were 
mounted as separate units on the panel of the breaker. 


Fre. 7—Curves SHOWING THE OPERATING CHARACTERISTICS 
or A Network RELAY FOR USE ON SYSTEMS WHERE THE Ex- 
cITING CURRENT OF THE TRANSFORMERS PREDOMINATES OVER 
THE CHARGING CURRENT OF THE FEEDER 


In order to design the holding circuit so as to make 
the network relay a strictly single-phase unit it was 
necessary that the contacts of the relay be double-pole 
single-throw with the additional requirement that the 
contact which makes first must also break first. Since 
no reliable way could be found to accomplish this 
mechanically, the same result was obtained by connect- 
ing the operating coil of a small auxiliary contactor in 
series with the contacts of the relay, the holding coil, 
and the series resistor. The holding circuit of the 
relay is now connected from line to ground on the 
transformer side of the network breaker. The con- 
tacts of the auxiliary contactors which are independent 
of all other circuits in the relay are used to control the 
operation of the mechanism relay which in turn con- 
trols the operation of the breaker. It has been found 
possible to arrange the circuits in the relay so as to 
reduce the number of terminals from eight to six. 
The arrangement of the circuits in the relay and the 
way in which they are connected to the network 
breaker are shown in Fig. 6. This figure shows only 
one relay and one pole of the network breaker. The 


other relays, however, are connected to the other poles © 


in exactly the same way. The contacts of the auxiliary 
contactors in all relays are connected in series with the 
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mechanism relay coil across one of the line voltages. 
It is necessary that the relay contacts be connected in 
series both to insure opening the breaker in case of a 
fault and to prevent pumping because of unbalanced 
voltage conditions. It will be noted that it is necessary 
for only one relay to open its contacts to open the 
breaker but the contacts of all relays must be closed 
before the breaker will close. 

The operating characteristics of the relay, which 
are very similar to those of the first single contact relay 
after it was modified, are shown in Fig. 7. These relays 
are operating satisfactorily on systems having 2750- 
and 4000-volt feeders and using single-phase induction 
feeder regulators. Relays having operating character- 
istics such as those shown in Fig. 7, however, when 
installed on systems having high-voltage primary 
feeders, such as 18,200 volts or higher, may not open 
when the feeder to which they are connected is. de- 
energized at the station. This is because the relays 
must function to open the breaker on a reverse current 
which is the vector sum of the feeder charging current 
and the exciting current of the transformers connected 
to the feeder. The charging current may predominate 
and cause the resultant current to take some such 
position as I,, Fig. 7, and since it does not cross the 
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Fig. 8—Curves SHOWING THE OPERATING CHARACTERISTICS 
or A Network RELAY FOR USE ON SYSTEMS WHERE THE CHaARG- 
ING CURRENT OF THE FEEDER PREDOMINATES Over THE Ex- 
CITING CURRENT OF THE TRANSFORMERS 


opening curve, the current coils of the relays produce a 
pos tive closing torque to hold the network breakers 
closed. On the first network system having 13,200- 
volt primary feeders the current on which the network 
relays had to open was almost a 90-deg. leading reversal, 
and n order to make them function properly it was 
ne:essary to change their operating characteristics by 
rotating both the opening and closing curves in the 
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counter-clockwise direction to the position shown \in 
Fig. 8. Current J; on which they had to operate now 
crosses the opening curve into the zone marked ‘‘open’”’ 
and the relays function as they should. In order 
to have one relay which could be used on systems having 
either high- or low-voltage feeders or both, the network 


Fig. 9—Tue Present Automatic Network RELAY 
relay was modified so that either the characteristics 
shown in Fig. 7 or those shown in Fig. 8 could be 
obtained merely by shifting the position of a link on a 
connector block in the relay. 

The'present automatic network relay shown in Fig. 9 


Fig. 10-—Curves SHowiNne THE OPppRATING CHARACTER- 
ISTICS OF THE PRESENT Network Reiay WuIcH 1s APPLICABLE 
ro Systems Havine Erruer Hicu- or Low-Voutace Primary 
FEEDERS. 


is almost identical with the first rectangular case relay 
previously described except for its operating character- 
istics. 'The operating: characteristics of the relay are 
shown in Fig. 10. Two opening curves are provided, 
instead of using the one curve marked 10, so as to secure 
maximum sensitivity in the relay and thus insure its 
opening on small values of reverse current either leading 
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or lagging. When the relay is installed on systems 
where the transformer magnetizing current predomi- 
nates over the cable charging current to produce a 
lagging reversal, opening curve No. 6 should be used. 
This characteristic is obtained by placing the two- 
current tap screws in the No. 6 holes of the connector 
block in the relay. Should the charging current of the 
primary cable predominate to give a leading reversal, 
the No. 10 opening curve should be used. Since the 
angle between the closing and opening curve, regardless 
of which opening curve is being used, is small, the relay 
will operate on any system where the phasing voltage 
leads the network voltage. This is, of course, assuming 
that the impedance angle of the system is greater than 
the angle between the opening and closing curves of 
the relay which will be true in practically all cases. 
Since, on systems using polyphase regulators or two 
single-phase regulators connected open-delta, the phas- 
ing voltage may lag the network voltage, the relay may 


Fig. 11—Retay ror ContTroLtiting Nerwork UNIT FOR 
UsE oN T'wo-PuHassz, Five-Wrre or Srnate-PHase, THREE- 
Wire NEtTWwoRKS. : 


pump unless steps are taken to limit the angle of lag. 
The angle by which the phasing voltage may lag the 
network voltage in any given case without causing 
pumping will be determined by the impedance angle 
of the system. It will be noted that in the present 
relay the opening curve is rotated without affecting the 
closing curve. This is desirable as it allows the closing 
curve to be placed in such a position that the relay will 
not close its contacts if, when making repairs, the phases 
on the circuit to which it is connected have been acci- 
dentally crossed. 

In addition to the adjustment for the opening charac- 
teristics, the relay is provided with an over-voltage 
closing and a reverse current opening adjustment. 
These adjustments, especially the over-voltage adjust- 
ment, should be set as high as can possibly be done and 
still secure satisfactory operation, because this will 
increase the stability of the operation of the relay. 
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The reverse current adjustment is primarily for the 
purpose of insuring that all relays function alike when 
opening on small values of reverse current. 

A relay was recently developed for use on a two- 
phase, five-wire network. Two two-pole network 
breakers will be used with each bank of transformers, 
one being connected in each phase. The relay just 
discussed could have been used for this application, 
but since two relays would have been required to con- 
trol each breaker and as space was an important item, 
it was decided to design a relay so that only one would 
be required to control each breaker. This relay, 
Fig. 11, commonly referred to as a two-phase re'ay, 
is really a single-phase device and is very similar in 
construction and operating characteristics to the 
present standard network relay. It differs from the 
standard, however, in that it has two phasing and two 
current circuits similar to the first double contact 
network relay. One phasing and one current circuit 
are connected across each pole of the network breaker. 

Experience with the design and operation of network 
relays all points toward the desirability of having a 
relay which has operating characteristics that make it 
applicable to any type of network system. Enough 
work has been done along this line to show that it is 
possible to produce such a universal network relay 
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having adjustable operating characteristics. Such a 
relay would have to be adjusted to fit the characteristics 
of the system on which it was to be installed. These 
adjustments, instead of simplifying the relay, will add 
somewhat to its complication. Because of this, the 
ideal network relay would be one having fixed character- 
istics of such a nature as to make it universally appli- 
cable to network systems. Such characteristics are 
theoretically possible and considerable work has already 
been done which indicates that such a relay is entirely 
practical. 

The automatic network relay is now past the experi- 
mental stage, and there are at the present time approx- 
imately 1000 network relays, such as have been 
described in this paper, installed and operating satisfac- 
torily on a number of network systems. From the 
above discussion it can be seen that the operating 
characteristics of the automatic network relay and the 
characteristics of the system on which it is to be in- 
stalled are very closely related. This relation must 
be fully understood and appreciated both by the 
designers of low-voltage, a-c. network systems and the 
designers of network relays in order to secure the most 
satisfactory operation of the system as a whole. 


Discussion 
For discussion of this paper see p. 1220. 


Operating Requirements of the Automatic 
Network Relay 


BY W. R. BULLARD: 


Member, A. I. E. E. 


Synopsis.—This paper describes, in an elementary manner, the 
various relations between distribution system characteristics and the 
design characteristics of the relays which are used to provide auto- 
matic control. for the so-called automatic, low-voltage, a-c. network 
distribution system. 

In the first part of the paper the general principles of operation of 
the relays and the limits of magnitude of the various actuating 
forces are discussed; in the latter part, the relations between 


distribution system characteristics and the phase angles involved 
in the operation of the relays are described. 

It is shown that relays having simple watthour-meter character- 
istics are not fully applicable to all network systems of the automatic 
type, but are generally applicable to those having certain limited 
characteristics. Relay characteristics which would have practically 
universal application are described and « brief discussion as to the 
future trend of development is included. 


|) hae the past two or three years several new 
types of distribution systems classed under the 

general designation “‘a-c., low-voltage networks’’ 
have been placed in service. Closely connected with 
the development of the most widely used one of these 
new types of systems has been the development of a 
new type of protective apparatus. An individual unit 
of this apparatus consists essentially of an electrically 
operated circuit breaker, controlled by one or more 
relays of a special type, called, for convenience, “‘net- 
work relays.’’ Descriptions of this apparatus and of 
its application to a-c., low-voltage network distribution 
are available in the technical literature’. 


The special type of protective apparatus to which 
reference is made here is automatic in both the opening 
and the closing operations of the circuit breaker, and 
the network relay is called upon to supply the control 
impulses for both operations. The currents and volt- 
ages which are used to actuate the relay are related to 
each other in a somewhat complicated manner and the 
interrelations of these quantities are dependent upon 
various physical characteristics of individual a-c. net- 
work distribution systems. The design of the relay 
must therefore be fitted to the physical characteristics 
of the distribution system in which it is to operate, and, 
conversely, the design of the distribution system must 
take into account the limitations of design of the relay. 
The distribution engineer must be cognizant of the 
principles involved in the operation of the apparatus 
and must be thoroughly prepared to cooperate with the 
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manufacturer in fitting together the characteristics of 
the distribution system and of the network relay, at 
least until such time as the design of one or both may 
have become reasonably standardized. 


_ The purpose of this paper is to make available in 
elementary and condensed form, from the standpoint 
of the distribution engineer, information concerning the 
various relations between system characteristics and 
network relay design, which theoretical considerations 
and recent operating experience have shown to be 
important in the successful operation of the system as a 
whole. 

Although the operating requirements of the relay 
are rather complex, its actual construction and operat- 
ing adjustments may be quite simple. Details of the 
construction and operating characteristics of a partic- 
ular design of network relay have been described in 
an article by J. S. Parsons’. Additional data from the 
standpoint of the designing engineer will be presented 
in two companion papers to this one. In this paper, 
therefore, reference to design details will be avoided 
so far as possible. 


GENERAL PRINCIPLES OF NETWORK RELAY OPERATION 


Referring to Fig. 1, the two principal functions of a 
network relay are to supply the opening impulse of the 
circuit breaker when conditions are such as to require 
opening, and to supply the closing impulse when con- 
ditions are correct for closing. 

The condition which ordinarily requires opening of 
the breaker is that the flow of energy shall be in the 
direction from the low-voltage network toward the 
transformer. Such a condition may be caused by the 
opening of a feeder circuit breaker at the source of 
supply or by a short circuit in a transformer or high- 
voltage circuit. In the first case the reverse flow of 
energy is caused by the magnetizing losses of the dis- 
tribution transformers being supplied from the network 
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instead of directly from the source of supply as under 
normal conditions. 

The condition which ordinarily requires the closing of 
the breaker is that the relation between the voltage of 
the network and that of the transformer banks which are 
to be connected shall be such as to cause a flow of energy 
from the transformer toward the network after the 
closing operation is completed. This flow of energy 


Substation or Generating Station Bus 


Feeder 

EI Circuit Breakers 
Inductions 
Regulators 


; Prima (Gite. 
. -Cir. No.4 


4 Mains |-— No.3 
So \ 


Distribution 
Transformers 
Automatic 
Network 
Units 


Low, Voltage 
a-c Network 


Primary Feeder 


Automatic 
Network 
Units 
’ Distribution 
Transformers 


Primary Mains 


Hig. 1—Diacram SHowING THE PrRincipAL HLEMENTS 
or an Automatic, Low-Voutacr, A-C., Network DIstRIBU- 
TION SYSTEM 


must not be accompanied, of course, by undesirable 
cross currents such as would be the case if the phases of 
the circuit to be connected were twisted (by incorrect 
connections of the supply conductors) with respect to 
those of the network. 

In order to meet the above conditions, the actuating 
forces of the relay are ordinarily obtained from three 
local circuits (see Fig. 2); namely, the potential circuit 
which is connected in shunt to the line conductors on 
the network side of the circuit breaker and therefore 
represents network voltage; the current circuit, which 
obtains current from the line conductors when the 
circuit breaker is closed and therefore represents line 
current; and the phasing circuit which is connected 
from one to the other contact of a single pole of the 


circuit breaker and therefore represents the voltage - 


difference between network and transformer. The 
opening operation is controlled by the interaction of the 
potential and current circuits, while the closing opera- 
tion is dependent upon the interaction of the potential 
and phasing circuits. In some designs of network 
relay, the phasing and current circuits are intercon- 
nected so as to utilize a single winding in the relay for 
the two circuits. 
Under one condition,—namely, when the network 
is dead and is to be made alive by the energizing of one 
of the primary circuits,—one of the actuating forces, 


BULLARD: AUTOMATIC NETWORK RELAY 


Transactions A. I. E. E. 


(voltage for the potential circuit) is missing and an 
independent mechanical force must be supplied to 
insure the relay contacts being in a position to cause 
the closing of: the circuit breaker. This is usually 
accomplished by the use of a spring which holds the 
contacts in the closing position when the electrical 
circuits of the relay are entirely dead. Since, under 
normal conditions, a delicate balance must be main- 
tained between opening and closing torques, the 
force of the spring is neutralized by the action of a 
local shading circuit when the network is made alive. 

Both magnitude and phase relations of the actuating 
currents and voltages are involved in the operation of 
the relay. For simplicity, the magnitudes of the 
forces involved will be discussed separately from the 
subject of phase relations. 

MAGNITUDE OF ACTUATING FORCES 

In the opening operation there are two extreme limits 
of current magnitude which may exist in the main 
line conductors. The lower limit, fixed by the magnet- 
izing current of the transformers together with the 
charging current of the high-voltage conductors, is 
involved when it is desired to disconnect a circuit by 
opening the primary switch at the source of supply. 
With primary voltages on the order of 2300 or 4000 
volts, the reactive component of the transformer mag- 
netizing current, under usual system characteristics, 
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will predominate over that of the line charging current. 
With primary voltages on the order of 13,200 and above, 
the reactive component of line charging current will 
sometimes predominate over that of transformer 
magnetizing current. Obviously, therefore, there will 
sometimes exist conditions in which the reactive 
components of these two currents will neutralize each 
other, leaving only the energy components of both 


‘currents. To make the operation absolutely certain, — 
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therefore, the torque produced by the energy com- 
ponents of transformer magnetizing current and line 
charging current in combination with network potential 
should be sufficient to actuate the relay. The value of 
the sum of the two former components is usually less 
than one per cent of normal full load current. 

On the other hand, the short-circuit current produced 
by a failure of transformer or primary line insulation 
must produce the same action in the relay without 
damaging it mechanically or electrically. Primary line 

‘short-circuit currents are limited by the short-circuit 
impedance of the distribution transformers, but trans- 
former short circuits may involve very high values of 
current, the worst case being a dead short circuit at the 
low-voltage terminals of the transformer or at the 
conductors leading from the transformer to the network 
protective unit. In this case a large proportion of the 
full amount of current which the network is capable of 
supplying from the circuits which are not in trouble 
may flow through the line conductors of a network unit. 
The value of this current may be 20 or 30 times normal 
full-load current, or even more in certain cases. The 
network relay, therefore, together with its line current 
transforming device (line shunt or current transformer), 
is called upon to function properly throughout an 
enormous range of current in the opening operation. 
The duty on the relay itself is ordinarily reduced by 
magnetic saturating characteristics of the line shunt 
or current transformer. 

In the closing operation the relay obtains its torque 
from the voltage difference between the network and 
the transformer, in combination with network potential. 
This voltage difference may be produced by different 
positions of the primary feeder regulators, if such exist; 
or may be due to the voltage drop from the source of 
supply to the network due to the load on the latter; 
or may be due to a combination of both causes. In the 
second case the voltage difference is limited by the load 
and the system impedance, and the value at which the 
relay must function is therefore dependent upon the 
system characteristics and upon the percentage of load 
at which it is desired to connect a feeder to the system. 
In case feeder regulators are used, any value of voltage 
difference may be obtained up to the limit imposed by 
the range of regulation. In any case, however, the 
voltage difference necessary to operate the relays 
should be small in order to avoid cross currents and 
fluctuations of the network voltage immediately after 
the closing operation. A fair minimum voltage differ- 
ence necessary to operate the relay, for average systems, 
is probably one per cent of normal network voltage in 
phase with the latter. 


When the primary circuit is dead and the network 


alive, practically full line voltage in the opening direc- 
tion is impressed across the phasing circuit of the relay ; 
or if the primary circuit should be made alive, with its 
phases twisted with respect to those of the network, 
more than full line voltage may be impressed across 
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the relay phasing circuit. Thus, in connection with the 
control of the closing operation, the relay and its phas- 
ing circuit must be designed to operate properly under 
an enormous range of voltage variation. ‘The duty on 
the relay is ordinarily reduced by the insertion of a 
small tungsten lamp in the phasing circuit.. This 
lamp limits the range of current in the phasing circuit 
by virtue of the rapidly increasing resistance of the 
filament with increasing temperature. 

Under normal conditions it is not permissible, either 
in the closing or the opening operation, for the relay to 
operate at zero values of voltage in the phasing circuit 
or current in the current circuit, since this is on the 
borderline of incorrect operation and provides no factor 
of safety against “pumping,” 2. e., opening and closing 
periodically for an indefinite length of time. There 
must therefore be a certain amount of torque difference, 
produced either electrically or mechanically, between 
the opening and the closing positions of the relay disk. 
With a double contact relay, one contact for opening 
and one for closing, this effect can be obtained by the 
difference in spring tension between the two positions 
where contact is made. With a single contact relay, 


an auxiliary circuit is ordinarily used to provide a slight 


change in torque when the contact is made or broken. 
This torque difference must be definite and the adjust- 
ments should be such that some torque in the opening 
direction produced by the current circuit is necessary 
to cause opening action and some torque in the closing 
direction, produced by the phasing circuit, is necessary 
to cause closing action. 

As mentioned above, since the relay contacts must 
be in the closing position when the network is dead, a 
spring is ordinarily used to provide the necessary 
torque. When the network is alive the force of this 
spring is neutralized by a local shading circuit arrange- 
ment which acts in magnetic combination with the 
potential circuit. The adjustments are of course or- 
dinarily made to just balance the force of the spring at 
normal voltage on the network. Since network voltage 
is not necessarily exactly normal at all times, it is 
obviously necessary that the value of the torque pro- 
duced by the shading circuit be such that the operating 
characteristics of the relay are not materially changed 


-by ordinary variations of network voltage; 7. e., it is 


necessary to insure that enough closing torque at low 
network voltage will not be produced to cause incorrect 
closing and that enough opening torque will not be pro- 
duced by high network voltage to cause incorrect open- 
ing. Nevertheless the strength of the spring must be 
such as to cause positive closing with a dead network. 


This is a matter of properly proportioning the forces in 


the design of the relay. In order to provide the proper 
factor of safety under normal operation, however, a 
range of probably 20 per cent voltage variation above 
or below normal (considering average systems) should 
not cause the relay to operate with the phasing and 
current circuits de-energized. 
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PHASE RELATIONS 


Relations Between Phasing Voltage and Line Current. 
In the greater part of the following discussion only 
one phase of a polyphase system will be considered, 
since with the use of single-phase relays, the action with 
respect:to each of the phases of the system is, in general, 
the same as the action would be in an isolated single- 
phase system. 

Consider the conditions shown in Fig. 1.which is a 
diagrammatical representation of a network system 
having four primary circuits. Circuits Nos. 1, 2, and 3 
are in service and carrying load, both high-voltage 
circuit breakers and low-voltage network circuit 
breakers being closed as indicated by the X’s in the 
circuit breaker symbols. Circuit No. 4 has been made 
alive at the supply station by the closing of the primary 
circuit breaker, but the network circuit breakers, D D; 
have not yet closed. Assume for the present that the 
impedance of high-voltage and low-voltage cables. is 
negligible in comparison with the impedance of dis- 
tribution transformers. This assumption is not strictly 
justified except in cases of high reactance transformers 
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of reasonably close spacing, connected by low-voltage 
mains of large cross-section. The error introduced by 
this assumption, however, can be compensated for by 
adjustments of the relay, and this will be discussed 
later. 

Under the above conditions a voltage difference will 
exist between the two sides of the network units, D D. 
This voltage, which, for convenience will be called the 
phasing voltage, controls the closing operation of the 
network units and may be produced either by the 
voltage drop through the transformers of circuits Nos. 
1, 2, and 8, or by a difference of settings of regulators 
on circuits Nos. 1, 2, and 3 as compared with circuit 
No. 4, or by both voltage drop and regulator settings. 
Now if this phasing voltage is of such magnitude and 
phase relation as to cause sufficient closing torque in 
the network relays, network units DD will close. 
After the closing operation, a current will be set up 
in circuit No. 4 due to the phasing voltage which 
existed before the closing. This current will take the 
form of a circulating current between circuit No. 4 
on the one hand and circuits Nos. 1, 2, and 3 in parallel 
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on the other hand, a complete circuit being formed by 
this combination from the supply bus through circuit 
No. 4 to the network and back to the supply bus through 
circuits Nos. 1, 2, and 3 in parallel. The magnitude 
and phase relations of this current, aside from a possible 
slight shift in the phase position of network voltage 
which is ordinarily used as the base of reference, will be 
determined exactly by the phasing voltage before 
closing divided by the total impedance around the 
above mentioned circuit. This relation holds regard- 
less of just what the phasing voltage may be or how it is 
produced. Ifitis produced purely by the load current, 
the circulating current will be subtractive with respect 
to the load currents existing in circuits Nos. 1, 2, and 
3—i. e., will reduce the load currents in these circuits. 

If the transformers all have the same impedance 
phase angle and if, as assumed above, the line conductor 
impedance is negligible in comparison with the trans- 
former impedance, the line current which flows in each 
network unit after closing will lag behind the phasing 
voltage which existed before closing by-an angle almost 
exactly equal to the impedance angle of the transformers 

Next, consider Fig. 3 (a) which represents phase- 
angle conditions for a simple watthour-meter type of 
relay with controlling currents and voltages impressed 
either directly upon the relay circuits or through trans- 
forming devices which do not change the phase angles. 
For simplicity, in this diagram relay adjustments for a 
definite amount of voltage required for closing and a 
definite amount of current required for opening have 
been neglected. The network voltage EH N is the base 
line of reference. The semicircle to the right of the 
vertical line represents the range of phase angles of 
voltage impressed on the phasing circuit of current 
flowing in the current circuit, throughout which range 
closing torque will be produced in the relay. The semi- 
circle to the left of the vertical line represents a similar 
range of phase angles throughout which opening torque 
will be produced. If voltage drop produced by load 
current alone is responsible for the voltage impressed 
upon the phasing circuit before closing, the phase angle 
of this voltage will ordinarily be somewhat as repre- 
sented by the vector EF P in Fig. 3 (a), and if we neglect 
line conductor impedance, the current after closing will 
have a position as indicated by the vector I, lagging 
behind the voltage HE P by an angle equal to the impe- 
dance phase angle of the distribution transformers. 
Both of these vectors give closing torque with the result 
that the circuit breaker will close and will stay closed, 
causing the transformer bank to which it is connected to 
take up its proper share of the system load. 

The voltage difference before closing, however, may 
not be produced entirely by load current. If, for 
instance, it should be determined mainly by regulator 
positions, there are possible conditions under which it 
might take the position indicated by the vector E P 
in Fig. 8 (b). In this case the current after closing 
would take the position shown by the vector J, lagging 
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behind the voltage E P by the same angle as before. 
But in this case the current would fall in the semicircle 
of opening torque and the result would be that the 
circuit breaker would close and immediately open 
again, repeating this operation indefinitely as long as the 
system conditions remained unchanged. This action, 
which is called “pumping,” would be undesirable not 
only due to the fact that it might cause objectionable 
fluctuations of network voltage but also because of the 
wear and tear on the apparatus itself. In fact, in some 
designs of network apparatus, this action would cause 
the burning out of the closing coil of the circuit breaker. 


Feeder Voltage EF, 


xX 


Fic. 4—Vzuctor Diacram sHOWING PosstBLE PuHase Re- 
LATIONS OF VOLTAGE DIFFERENCE BETWEEN PRIMARY FEEDERS 
Propucepd By Dirrerent Positions or Inpivipuat PonyPHasE 
InDucTION FEEDER 


Bus Voltage eae 


Phase Position of Phasing Voltage. Fig. 4 represents 
phase conditions produced by polyphase regulators in 
individual hetwork feeders. The series regulator 
voltage is represented by the vector E’ R which revolves 
with O as an axis and which may take any position 
along the semicircle as indicated, for instance, by the 
points 1, 2, 3, 4, 5, 6, 7, and 8. The feeder voltage 
represented by H F may take the positions X-1, X-2, 
. X-3, ete., depending upon the position of the series 
regulator voltage E R. The network relay phasing 
voltage, neglecting voltage drop produced by load cur- 
rent, is the difference between the feeder voltage of the 
feeders which are in service and that of the feeder that 
is being connected to the network. This voltage differ- 
ence may therefore take the positions 1-2, 2-3, 3-4, 
4-5, 5-6, etc., depending upon the settings of. the 
regulators in different feeders. In systems. having 
individual feeder regulators of the polyphase type, not 
mechanically interlocked, therefore, it is possible under 
conditions of zero load for the phasing voltage to take 
almost any phase position in the 360-deg. circle of Fig. 
3. The position 6-7, for example, is approximately 
the same as the position of the phasing voltage in Fig. 
3 (b), which position would cause pumping in the case 
of relays with simple watthour-meter characteristics. 

The action of single-phase regulators is different from 
that of polyphase regulators since in the former the 
phase position of the series voltage is fixed and regu- 
lation is accomplished by changes in its magnitude. 
When each phase of an individual feeder is controlled 
by a single-phase regulator, therefore, the network 
relay phasing voltage as determined by regulator 
positions has a fixed phase relation with respect to the 
_ bus voltage. In the case of systems using two single- 
phase regulators connected open delta, however, the 
voltage of one of the three phases of a feeder may shift 


BULLARD: AUTOMATIC NETWORK RELAY 


1207 


in position if the two regulators do not at all times 
maintain the same respective amounts of bucking or 
boosting voltage. Referring to Fig. 5 (a), the triangle 
A B C represents the station bus voltage of a three- 
phase system. The vectors H R represent series regu- 
lator voltage. These vectors maintain the same phase 
positions but may vary in magnitude. The feeder 
voltage of the phase B C may take any position with a 
point in the line X Y as one terminus and a point in the 
line M N as the other terminus. These conditions are 
represented in a somewhat different manner in Fig. 5 
(b). The station bus voltage is represented by the 
line O X and the feeder voltage may take any position 
from point O to any point within the area bounded by 
the parallelogram. As in the case of polyphase regu- 
lators, this system of regulation may, under conditions 
of zero load, produce a relay phasing voltage of any 
phase position. As an example, the two positions of 
feeder voltage shown in Fig. 5 (a) will produce a'phasing 
voltage in approximately the same position as that 
indicated in Fig. 3 (b). Figs. 1 and 2 represent the 
position of this phasing voltage in both (a) and (b) 
of Fig. 5. 

Since some load current is nearly always present in a 
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network system, the regulators will hardly ever be the 
sole determining factor of the phasing voltage. If the 
voltage difference produced by the regulators, however, 
is greater in magnitude than that produced by load 
current, and if the former voltage difference can take 
any phase position in the 360-deg. range, the vector sum 
of the two voltage differences can also take any position 
within the complete circle. During heavy load periods 
it is unlikely that the voltage difference produced by 
regulators will be greater than that produced by load 
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current, unless, due to some failure of the control 
equipment, the regulators should assume considerably 
different positions. During very light load periods, 
however, the regulator voltage difference may possibly 
predominate. Assuming, for instance, that the control 
equipment of each regulator is set to hold the voltage 
within a range of two per cent above or below normal, 
there might easily occur a condition in which the volt- 
age of all but one feeder would be nearly two per cent 
low and that of the remaining feeder would be nearly 
two per cent high. This voltage difference of nearly 
four per cent would be practically equivalent to that 
produced by between 20 per cent and 40 per cent normal 
full load in a system having 10 per cent reactance trans- 
formers and cables of comparatively small impedance. 
It sometimes may be difficult to constantly maintain 
the settings of automatic regulator control equipment 
within as close limits as two per cent, high or low, and 
any increase in this value due to wear and tear on the 
control contacts or other causes will of course cause a 
proportionate increase in the voltage difference which 
may be produced by the regulators. Thus in cases 
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where polyphase regulators or open-delta-connected, 
single-phase regulators are used and where these regu- 
lators are not mechanically interconnected or other 
special provisions made, pumping may occur during 
light load periods if the relays have simple watthour- 
meter characteristics. 

In cases where a single-phase regulator controls each 
separate phase of a polyphase system, although the 
voltage difference produced by the regulators has a 
practically fixed phase relation, this voltage in combina- 
tion with the voltage drop produced by system load may 
produce a phasing voltage of varying phase positions. 
Fig. 6 illustrates a somewhat theoretical case which 
would cause pumping in a relay of simple watthour- 
meter characteristics. The voltage drop EH L is that 
produced by a load of extremely low power factor 
lagging. The voltage difference ER D is produced by a 
lower regulator setting of the feeder which is being 
connected than that of the feeders which are in service. 
The resultant of these two voltages is a phasing voltage 
E P in approximately the same position as indicated in 
Fig. 3 (b). This is a possible condition although it is 
not likely to occur in practise. A load current which 
would be sufficiently lagging to produce the conditions 
illustrated would in all probability be a local concen- 
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trated load and not the general load of the system. 
Its effect would, therefore, be confined to a very few 
relays. = 

So far as regulators are concerned, the phase position 
of the phasing voltage for any system of regulation 
can be held in a fixed position merely by mechanically 
interlocking the rotors of regulators in the same phase 
of different feeders, or, in the case of open-delta con- 
nection, by interlocking the rotors of the two regulators 
of each feeder. Bus or group regulation might also be 
used, but some engineers do not consider this permis- 
sible because of the question of reliability of service 
which is involved. A regulator short circuit in this 
latter case would have a much more serious effect upon 
service continuity than if individual feeder regulators 
were used. Even in the case of mechanical interlocking 
or bus regulation, however, there are certain conditions 
which may produce a phasing voltage of such phase 
relations as to cause pumping in relays of simple charac- 
teristics. Consider a system having primary voltage 
sufficiently high to produce a cable charging current 
correspondingly higher than the transformer magnet- 
izing current. In this case when a station circuit 
breaker is opened in order to disconnect a, network 
circuit from the system a reverse line current of leading 
phase position will flow. Thus current will have a 
phase position somewhat as shown by the vector I 
in Fig. 3 (b). Now suppose that one or more of the 
network units is faster in opening than the others. 
As soon as these units open, their relays will obtain a 
phasing voltage in the position E P of Fig. 3 (b), caus- 
ing closing torque, and the units will tend to close again. 
In the meantime the other units may have reached the 
point of opening, but if they open after the first 
mentioned units have closed, they will then obtain 
closing torque in the same manner as the first units, 
and there may be set up an action similar to that of a 
see-saw, depending upon the time characteristics of the 
different units. Conditions of pumping may also be 
produced in a system of this kind in case one or more 
of the units should, due to some defect, entirely fail 
to open when the station breaker is opened. 

Relay Phase-Angle Characteristics. In view of the 
above considerations, it appears that network relays of 
simple watthour-meter phase-angle characteristics im- 
pose certain limitations of design upon the remaining 
portions of the network system if pumping is to be 
positively avoided. Before this point is discussed 
further, however, it may be well to consider briefly 
what the characteristics of a network relay should be in 
order to make it universally applicable to network sys- 
tems of varying characteristics. 

Consider first the opening operation. Since the unit 
may be required to open in case of a small reverse line 
current either leading or lagging, depending upon 
whether cable charging current or transformer magnet- 
izing current predominates, and since it may be 
required to open at very large values of reverse short- 
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circuit current lagging, it 1s desirable that opening 
torque be produced by all phase angles of line current 
within a semicircle extending 90 deg. on each side of the 
reverse position of network voltage. See Fig. 7 (a). 

Next consider the closing operation. ‘In view of the 
above described relation between phasing voltage and 
line current, it is desirable that closing torque be pro- 
duced by all phase angles of phasing voltage within a 
semicircle generally opposite to the opening sector but 
shifted in a leading direction with respect to the vertical 
line which defines the latter by an angle ¢ equal to the 
impedance angle of the distribution transformer banks. 
If an angle greater than this is used, troubles from 
pumping may be encountered due to too great an over- 
lapping of the characteristics in the upper part of the 
diagram. See Fig. 7a. 

In the discussion of the relation between phasing 
voltage and line current, it was assumed that line con- 
ductor impedance is negligible in comparison with trans- 
former impedance. This is only approximately correct 
for high load density underground systems in which the 
transformer installations have high reactance,—say 
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10 per cent. It is not even approximately correct in 
many systems having transformers of standard impe- 
dance. In the latter systems, therefore, unless the line 
impedance angle is equal to the transformer impedance 
angle, the phase angle ¢ between phasing voltage and 
line current is not a fixed quantity but will vary with 
varying system load, different numbers of feeders in 
service, etc. In addition to the other advantages of 
high impedance in the transformer installations, there- 
fore, there is the possible advantage of increased stabil- 
ity of operation of network relays due to the approxi- 
mately fixed relation between phasing voltage and line 
current. 
In a relay of this kind, reasonably small variations in 
- the system impedance angle and also small differences 
between the relay phase angle and the basic phase angle 
of the system are rendered harmless by shifting both 
the straight line representing closing torque and that 
representing opening torque away from the zero point 
of the polar diagram as shown in Fig. 7 (b). This shift 
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corresponds to the relay settings for a definite amount 
of phasing voltage necessary to close, and a definite 
amount of line current necessary to open, the diagram, 
Fig. 7 (a) being for settings representing zero values of 
these quantities. 

So far the requirements for locking the unit open in 
case of twisted phase relations of line conductors have 
not been considered. The characteristics shown in 
Fig. 7 (b) do not entirely conform to the requirements 
for preventing a closure under twisted phase conditions. 
For example, if the transformer which is to be connected 
to the network should have its connections twisted so 
as to obtain a voltage leading the network voltage by 
60 deg., the resultant phasing voltage would fall within 
the closing sector and if the other relays of the network 
unit should obtain torque in the same direction the 
result would be the equivalent of a system short circuit. 
This possibility would be very remote especially in 
systems where it is the usual practise to phase out the 
line conductors before making a connection. Trouble 
from this source could be entirely prevented, however, 
by the use of relays having characteristics similar to 
those shown in Fig. 7 (ec). The closing characteristic, 
instead of being represented by a straight line, is 
bounded by a curved line which bends back on itself 
and forms a complete circuit. Phasing voltages of 
such angles and magnitudes that the terminals of the 
vectors representing them would fall within the area 
bounded by this curved line would cause closing action. 
Voltages the vectors of which would fall outside of, or 
completely cross, this area would not cause closing 
action; that is, phasing voltages of large magnitude, 
no matter what their phase angles might be, would 
lock the unit open. A relay of these characteristics 
would have several advantages: With the character- 
istics shown in Fig. 7 (b) a certain range of phase-angle 
adjustment would be necessary to conform to distri- 
bution systems of different phase angles. With the 
characteristic shown in Fig. 7 (c) a very wide range of 
system phase angles could be allowed without the 
necessity of changing the relay phase angle. 

There would also be the advantage that if at some 
time in the future the development of a-c. networks 
should require the feeding of a system from separate 
generating sources and if it should be found practicable 
to synchronize the generating sources through the net- 
work, the synchronizing might be accomplished auto- 
matically by relays of this type, assuming that the 
proper time characteristics could be developed. A 
design which would produce the characteristics shown 
in Fig. 7 (c) is theoretically possible with relatively 
simple construction and somewhat similar character- 
istics have been produced experimentally. 


FUTURE DEVELOPMENT 


In the preceding discussion, as well as that which 
follows, it is of course understood that by “relay charac- 


teristics” is meant the combined characteristics of the 
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relay and its associated circuits and transforming 
devices, since the control of some of the characteristics 
can be accomplished by altering the constants of the 
circuits external to the relay. 

Relays of the ideal characteristics described above 
have not yet been given the test of actual service. 
The design of such a relay, while it need not be unduly 
complicated, would, of course, partake more of a special 
nature than that of a simple watthour-meter type of 
relay or than that of the modified watthour-meter 
types which are now in commercial production. It is 
apparent from the above discussion that. if relays of 
simple characteristics are used, certain limitations are 
placed upon the design of the remainder of the distri- 
bution system and provisions must be made in the latter 
to insure successful operation. For instance, a system 
having mechanically interlocked regulators, or possibly 
having single-phase regulators in each phase without 
mechanical interlocking, and having a primary voltage 
sufficiently low to insure that the transformer magnet- 
izing current would predominate over the primary 
cable charging current, could ordinarily be expected to 
operate without pumping, with relays of simple watt- 
hour-meter characteristics. The provision concerning 
primary voltage might not be considered necessary 
by. some engineers, particularly if the relays were 
designed so as to require considerably less time for the 
opening operation than that required for the closing 
operation. This design characteristic would tend to 
prevent the see-saw action described above, but would 
not prevent pumping in case of the failure of one or 
more units to open when the station breaker is opened. 
The latter action might not be serious if precautions 
were taken in the operation of the system to insure that 
the station breaker would not be left open for any 
appreciable length of time in case of a “feed back.’ 
There are also, of course, other expedients which could 
be used to minimize the effects of high cable charging 
current, such, for instance, as the use of reactive loading 
coils to add lagging current to the primary feeders. 

The simple type of relay has the advantage of a prob- 
able lower cost, due to the fact that most of the parts 
used in its construction may be standard for other 
similar apparatus. It also has the advantage of less 
complications in the electrical circuits. Neither of these 
advantages should be given undue importance since 
~ the design of the ideal type of relay need not necessarily 
be excessively complicated. The simple type of relay 
has the disadvantage that special provisions possibly 
involving additional cost and operating disadvantages 
may be required in the design of the remaining portions 
of the distribution system. 

In the future development of this apparatus, there- 
fore, there is a choice to be made between simplicity 
of relay characteristics involving possible additional 
cost and operating disadvantages in the remainder of 
the system, and comparative complexity of relay 
characteristics involving possible additional cost and 
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complications as regards the relays and associated 
devices, a compromise solution being the use of simple 
relays in combination with relays of twisted phase 
angles or other special characteristics. 

It seems reasonable to suppose that the ultimate 
trend of development will be toward standardization 
upon either a simple type of relay or upon one of ideal 
characteristics of universal application. What the 
trend of this development will be is not apparent from 
the present state of the art. It will be determined to a 
large extent by future operating experience, with 
existing types of relays and network systems, and upon 
the future development of the latter, such, for instance, 
as the possible interconnection of separate generating 
sources through network distribution systems. In the 
meantime, close cooperation between the relay designing 
engineer and the distribution engineer is necessary in 
order to insure that the characteristics of the present 
types of relays will fit those of the distribution system 
and vice versa. 

In conclusion, the writer gratefully acknowledges the 
assistance of Messrs. A..H. Kehoe, C. W. Franklin, 
G. R. Milne, D. K. Blake, and J. S. Parsons, in examin- 
ing and criticizing the first draft of this paper. The 
writer also wishes to call attention to the fact that 
engineers of the United Electric Light & Power Co. of 
New York, the Palmer Electric Mfg. Co., The West- 
inghouse Electric & Mfg. Co., and more recently, the 
General Electric Co., have been largely responsible for 
the development of automatic network protective . 
apparatus to date, the writer having had the good for- 
tune to be associated at times directly, and at other times 
indirectly, with several of these engineers in this 
development. 


CONCLUSIONS 


1. Due to the combination of a number of different 
control requirements in one piece of apparatus, the 
interrelations between the various actuating forces of 
automatic network relays are somewhat complicated, 
although the construction and adjustments of the re- 
lays themselves may be quite simple. 


2. Important factors in the operating requirements 
as to relay characteristics are the impedance phase 
angle of the distribution transformers; the phase angle 
and magnitude of the impedance of primary and second- 
ary line conductors; the relation between the magni- 
tude of line charging current and that of transformer 
magnetizing current; and the particular type of voltage 
regulation which is used for the primary feeders. 

3. Relays of present commercial design are not 
universally applicable to all the different physical 
characteristics of network systems which might be used 
in practise. ‘There must be close cooperation, therefore, 
between the distribution engineer and the relay design- 
ing engineer in order to insure the correct functioning 
of the individual distribution system as a whole. 
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4. A network relay of such characteristics as to be 

- universally applicable to all distribution system char- 
_ acteristics which might ordinarily be encountered 
would involve somewhat greater complications in 

- design and possibly somewhat greater cost than a relay 
of simple watthour-meter characteristics. In the future 
development of network relays, therefore, there is a 

_ choice to be made between simple relay characteristics 
z with the corresponding limitations on distribution 
| system design, on the one hand, and universally appli- 
cable relay characteristics with the corresponding 
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complications in relay design, on the other hand, a 
compromise solution being the use of simple relays in 
combination with relays of special characteristics. 
The future trend of development will probably be 
toward one or the other of the first two mentioned 
solutions. This trend will be determined, to a large 
extent, by future operating experience with existing 
types of relays and by the trend of development of 
network distribution as a whole. ; 


Discussion 
For discussion of this paper see p. 1220. 
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A-C. Network Relay Characteristics 
BY D. K. BLAKE: 


Associate, A. I. E. E. 


Synopsis.—This paper discusses the required characteristics of 
relays for use with a low-voltage automatic network circuit breaker. 
The relay performs the two functions of tripping and reclosing the 
circuit breaker. The characteristic required for each function Us 
discussed. : 

The major part of the -paper ws given to a discussion of the re- 
closing function because of the danger of “pumping” caused by 


cable charging currents and various combinations of induction 
regulators and transformer connections. 

Emphasis is placed on the suitability of relays consisting of 
watthour-meter characteristics, construction and adjustments, in- 
volving only a different current coil and the replacement of the 
recording mechanism by standard relay contacts. 
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INTRODUCTION 


BOUT eleven large central station companies 
Nae. recently installed, or are now installing, low- 

voltage a-c. networks in areas of high load-densities. 
With the exception of three companies, all of the net- 
works utilize a low-voltage automatic circuit breaker 
connected in the transformer secondaries. The major 
elements of these systems are shown schematically in 
Fig. 1. It is the purpose of this paper to discuss the 
functions and required characteristics of the relays for 
controlling the operation of the breakers. 


FUNCTIONS OF THE NETWORK RELAY 


Broadly, the relay performs the two functions of 
tripping on reversals of energy and reclosing when the 
incoming circuit is energized. 

Tripping function. The relay must trip the breaker 
on short-circuit currents in the reverse direction. It 
must also trip on the transformer exciting current in 
the reverse direction in order to permit the disconnect- 
ing of a feeder and its transformers from the network 
by opening the feeder breaker at the substation. The 
characteristic of the relay must be such that the 
addition of any amount of cable charging current to the 
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exciting current will not prevent tripping in the reverse 
direction. : 

The vector diagram in Fig. 2 indicates a suitable 
characteristic for the tripping function. The short- 
circuit current will probably lag at a maximum angle 
when a short circuit occurs at the high-voltage terminals 
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of the transformer. This angle is 84.3 deg. with a 
transformer having a one per cent resistance and 10 per 
cent reactance drop. If the parallel lines 7'T are 
perpendicular or slant in the leading direction as shown, 
it is obvious that if the relay will operate on the trans- 
former exciting current it will also operate on any 
amount of charging current which may be added. 
The watthour-meter has a similar characteristic. 

The tripping function then requires no new untried 


_ Reverse, 
Sh. Cireuit 
Current 


Transformer 


Fig. 2—Vercror DraGraM or TRIPPING CHARACTERISTICS 


devices since it is possible to utilize watthour-meter 
parts and construction to form a simple induction type 
reverse power relay. The connection shown in Fig. 3 
is suitable, being similar to the connection for measur- 
ing power. The current transformer and current coil 
of the relay are designed together to operate over the 
entire range of reverse current. This range may be 
from 1.5 amperes to 15,000 amperes. The current 
transformer has a relatively small number of turns to 
give sufficient secondary current for relay operation on 
exciting current and a small amount of iron to limit, 
by saturation, the secondary current to a safe value for 
the relay current coil. The time-current characteris- 
tics should be such as to require, under short-circuit 
conditions, not longer than 1% sec. A much shorter 
time, such as \ sec., is preferable. 

Reclosing function. The network breaker should 
reclose only when the incoming transformer voltage is 
of the proper value and phase relation to cause the | 
transformer to take its share of the network load. 
This requirement’ does not permit connecting the 
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closing circuit direct to the transformer secondary 
because after opening the circuit breaker at the sub- 
station it would be possible for some network breakers 
of the particular feeder to open and reclose again before 
all the breakers opened. The result would probably be 
a “‘see-saw’’ operation of opening and closing. In- 
duction regulators may also cause low voltage on a 
feeder by being in the buck position when the feeder is 
energized. Other factors will be discussed later that 
may cause improper voltage relations. It is obvious, 
therefore, that the relay should measure the voltage 
across the open breaker contacts and complete the 
closing circuit only when the voltage difference is of a 
certain value in the proper direction. 

The voltage difference may be measured by a separate 
relay, by an extra winding on the reverse power relay, 
or by the current coil of the reverse power relay. This 
paper will treat of the latter arrangement (Fig. 4) and 
the use of a separate phasing relay where the connection 
shown in Fig. 4 would not be suitable.? 

The circuit of Fig. 4 is similar to Fig. 3 with the ad- 
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Fic. 3—ReEtay ConnecTION DiaGRaAmM For TRIPPING 
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dition of an extra relay contact for the closing circuit 
and the connection of the current coil across the circuit 
breaker contacts. When the circuit breaker is closed 
the relay acts as dan ordinary reverse power relay and 
when the circuit breaker is open the relay acts as a 
voltage direction relay. The tungsten lamp has an 
approximate resistance of 140 ohms cold and 1400 ohms 
hot. It therefore prevents short-circuiting the relay 
coil when the breaker is closed and protects the relay 
coil when the voltage across the open breaker is high, 
such as 115 to 230 volts. 

The current through the relay coil does not increase 
directly with the voltage because the resistance of the 
lamp also increases with the voltage. The high value 
of the lamp resistance limits the total possible current 
through the relay coil to a value appreciably below 
the value of the secondary current corresponding to 
transformer exciting current. It is obvious, therefore, 
that the time required for operation is appreciably 


longer. The impedance of the current transformer. 


2. See companion papers by Bullard and Parsons for treat- 
ment of relay using an extra phasing winding in the relay. 
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at current values passed through the lamp is much 
greater than the impedance of the relay coil. Thus 
its connection in parallel does not interfere with the 
relay operation. 

The potential coil is connected on the network side 
to keep the relay energized when the transformer is 
de-energized. This arrangement permits a strong 
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torque in the tripping direction with the breaker open 
insuring against the breaker reclosing as soon as the 
transformer is energized. The relay must close the 
closing circuit by a spring when the network, and con- 
sequently the potential coil of the relay, is energized. 
It is also desirable, but not necessary, to have the relay 
protect against reclosing when phases are crossed or 
reversed by workmen during installation or repair work. 
Obviously, such protection would not be obtained if 
the potential coil is on the transformer side, because it is 
reversed with the transformer voltage. 

The current coil of the relay has an impedance of 
less than two ohms. The resistance of the tungsten 
lamp cold or hot determines that the current through 
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Fig. 5—Vector Diagram For Botu TripPING AND RECLOSING 
Function 


the relay coil is practically in phase with the voltage 
across the breaker, enabling the relay to operate 
according to the direction of this voltage.as it does 
according to the direction of the line current. The 
lines RR similar to the lines-T T in Fig. 2, therefore, may 
be drawn through the end of vector Vn as indicated in 
Fig. 5. The direction and magnitude of the voltage 
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across the switch arerepresented by a vector drawn from 
V nas its origin to V tas its terminus. Therefore V t 
must go beyond RF in order to reclose the breaker. 
This characteristic obviously protects against reclosing 
on cross or reverse phases since the voltages would lead 
or lag the network voltage 120 deg. or 180 deg. 

Reclosing where no feeder regulators are used. “Where 
no feeder regulators are used, the difference in voltage 
that usually exists across the network breaker is that 
caused by the impedance drop from the substation to 
the network. The direction of this voltage depends on 
the impedance angle and the power factor. At unity 
power factor it leads the network voltage at an angle 
equal to the impedance angle. For power factor less 
than unity, this impedance voltage lags its unity power- 
factor position by the same angle that the current lags 
the network voltage. Therefore, for lagging power 
factors, it is always on the right hand side of the lines 
RR of Fig. 5. This impedance voltage will always 
cause the incoming transformer to carry its share of 
the load. 

It is necessary to design the relay with a reclosing 


RR 


Remain Open | |-~ Reclose 
100 Per cent 
LP. Fy 0.95 P. F. 


SOLE 
KE 0.95 P. F. 
80 Per cent ee oy 
eee Ee) ‘er cen’ 
: 1 Volt 


Fic. 6—Vecror Diacram SHOWING TRANSFORMER IMPEDANCE 
Vouraces Usep For Tue Recrosine Funcrion 


characteristic so that it will be-certain to close in on 
the impedance voltage which does not exceed the im- 
pedance voltage corresponding to full load current. 
It is desirable to have the breaker reclose at an im- 
pedance voltage corresponding to a value considerably 
below full load current. Otherwise, it would not be 
possible to switch in a new transformer or circuit at 
times other than full load. 

The total impedance voltage across the breaker is 
‘the resultant of the primary feeder, transformer, and 
secondary main impedance voltages. It is advisable 
to use only the transformer impedance voltage in the 
relay design because it is possible for one breaker to 
reclose ahead of another, leaving only the transformer 
impedance voltage for the remaining breaker in cases 
where two or more transformers are located at the same 
point or close together. In Fig. 6 is shown the impe- 
dance voltage of transformers radiating from the end of 
Vn. The long vector corresponds to full-load impe- 
dance voltage of a high reactance (10 per cent) trans- 
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former and the short vector a low reactance trans- 
former. The resistance component of each vector is 
the same. ‘Two positions are indicated for each vector 
corresponding to unity power factor and 0.95 power 
factor. 

If the relay is designed with the line R R perpendicu- 
lar and adjusted to close on a component of one volt 
in phase with the network voltage, it is obvious: that 
approximately full load current at unity power factor 
is required on the adjacent transformer, either high or 
low reactance, to give this one volt. If the power 
factor lags to 0.95, the conditions are considerably 
improved, the high-reactance transformer closing in on 
20 per cent load and the low reactance on 37 per cent 
load. If the relay is adjusted for 44 volt instead of 
one volt, these values are reduced to 1 for either the 
unity or 0.95 power-factor position. Now suppose 
the line R R is advanced about three deg. to the position 
R’ R'. Then the unity power-factor condition is 
considerably improved, being reduced from 100 per cent 
load to 60 per cent for the high-reactance transformer 
and to 80 per cent for the low-reactance transformer. 
The low power-factor condition is not changed very 
much. Notice that the high-reactance transformer is 
much better for this operation than the low reactance. 
The line R R should be much further advanced if closing 
in on leading currents is required. 

It is probable that an adjustment of about one volt 
will be satisfactory because most network transformers 
have high reactance and the power factor is not likely 
to be higher than 0.95. It seems, therefore, that 
the relay should have a range of adjustment from )4 to 
two volts in phase with the network voltage. This may 
be accomplished by using a device similar to the usual 
light load adjustment supplied with standard watthour- 
meters. This adjusting device gives a torque that 
opposes the closing torque exerted by a spring. 

It has been previously explained that the relay will 
operate on cable charging current in the reverse di- 
rection. This charging current does not usually become 
appreciable until high voltage such as 18,200 volts is 
used for the primary feeder. Suppose a 13,200-volt 
feeder has only two transformers feeding the network 
and that the substation feeder breaker is opened. 
Then the two relays go to the tripping position. No. 2 
breaker of Fig. 7 trips all right but for some reason 
No. 1 breaker does not trip. The cable may have a 
charging current of one ampere per phase per mi. 
and may be five mi. long, giving a total charging current 
I, of five amperes or 5 X 13.2 X 1.73 = 96.8 kv-a., 
which is approximately 14 load on a bank of 300 kv-a. 
This charging current flowing through the transformer 
causes a voltage to appear across the open breaker 
No.2. This voltage V n-V ¢ leads the charging current 
by an angle equal to the impedance angle of the trans- 
former and is about 84.3 deg. for a 10-per cent reactance 
transformer. Obviously, breaker No. 2 will reclose but 
will trip again because of the reverse current. It will 
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periodically reclose and trip (called “pumping”’) as 
long as breaker No. 1 remains closed or until something 
happens to breaker No. 2. If the closing circuit of 
the breaker does not require very much current, voltage 
fluctuations are not likely to be noticed by the con- 
sumers. If the relays are designed so that it takes a 
much longer time for reclosing than for tripping, it is 
not possible for a “see-saw” action to take place by 
some breakers opening before the others. 

Trouble from this pumping may be avoided in’several 
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CHARGING CuRRENT May Cause ‘‘Pumping’”’ 


ways. Thesubstation operator could stop the pumping 
by simply reclosing the feeder circuit breaker, for a 
voltmeter would indicate back feed which means that 
one or more switches failed to open. Two or three 
operations of the substation breaker might clear the 
breaker which stuck. If not, an inspection would be 
necessary to locate the faulty breaker. The exciting 
current of the other transformers on the feeder will 
greatly reduce the charging current flowing through 
transformer No. 1. Suppose the total transformer 
capacity on the feeder is 5000 kv-a.; then the exciting 
current may be approximately two per cent, or 100 kv-a. 
more than enough to overcome the charging current. If 
the transformer exciting current is lower than the charg- 
ing current, it could be increased by connecting areactor 
to the feeder at the substation. 

The relay characteristics may be modified by chang- 
ing the design of the relay itself or by adding a separate 
relay to prevent reclosing on voltages that lag the net- 
work voltage more than three deg. to five deg. All the 
phases of a three-phase system are affected approxi- 
mately the same by the charging current; therefore it 
is feasible to employ only one extra relay to prevent 
reclosing on voltages in the lagging direction. The 
relay would be identical in construction to the usual 
relay except that the tripping contact is omitted and a 
different set of coils designed so as to give the character- 
istic shown at R’R’ in Fig. 7. The phasing coil 
is connected across the contacts of one pole of the 
breaker and closes its contacts on any voltage vector in 
sectors 1 and 2, Fig. 7. The contact of this relay is 
connected in series with the closing circuit of the 
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standard relay which closes its closing contacts when 
voltages occur in the sectors 1 and 4. The closing 
circuit, therefore, is energized only when voltage vectors 
occur in sector No. 1. The connections of the two 
relays across one pole of the breaker and the resulting 
characteristics are shown in Fig. 8. 

Case of three single-phase regulators. When the feeder 
voltage is regulated by individual induction regulators 
the voltage existing across the contacts of the breakers 
of the incoming feeder may not be that due to the 
impedance voltage but may be modified in direction 
and magnitude by the position of the regulators. The 
simplest case involving regulators is the three-phase, 
four-wire feeder regulated by three Y-connected, single- 
phase regulators and supplying Y-Y connected trans- 
formers. In this case the regulators always boost or 
buck the voltage in phase with the substation voltage. 
Therefore, with this combination, the incoming trans- 
former voltage is always in phase with the substation 
voltage. The cable charging current has a negligible 
effect on the receiving voltage because of the low resis- 
tance and reactance of the cable. The substation 
voltage can lag the network voltage only when the load 
power-factor angle at the network is greater than the 
resulting impedance angle of the primary feeder, trans- 
formers and network mains. Suppose this resulting 
impedance angle is 60 deg.; then the power factor must 
be lower than 50 per cent in order that the substation 
voltage may lag the network voltage. If the impedance 
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angle is 80 deg. the power factor must be lower than 
86.6 per cent. As long, therefore, as the combination of 
impedance angle and load power factor is such as to 
keep the substation bus voltage in the leading: position 
as shown in Fig. 5, the regulators cannot set up a con- 
dition that will cause pumping. If the regulator bucks 
the voltage Vt, Fig. 5, the breaker cannot reclose. 
If they boost the voltage Vt, the voltage difference 
across the breaker cannot cause pumping because the 
lag of the current set up cannot be over 90 deg. and will 
be on the closing side of the lines T T. 

If the phase angle and power factor are low enough 
to cause the substation voltage to pass to the lagging — 
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position, it is possible for the regulator to buck the 
voltage Vt shown in Fig. 9 to V' t which will cause 
pumping by setting up a circulating current. In Fig. 
9, I, is the load current the feeder would take if the 
regulators were not present, I, the circulating current 
set up by the regulator running towards the buck 
position, and J, the resultant current through the relay 
whic h trips the breaker. V’ tis just at the point where 
it will close the breaker, thereby causing pumping. 
While this condition is theoretically possible, it is 
believed that practical systems will have an impedance 
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angle and power factor sufficiently high to avoid sub- 
station voltages being in the lagging direction. Where 
this is not true it will be necessary to advance the line 
RR, Fig. 9, at an angle from the vertical equal to the 
resulting impedance angle of the loop circuit formed by 
the incoming feeder, the network and one or more 
feeders already supplying the network. This charac- 
teristic prevents the breaker from reclosing on voltage 
differences that have an angular position such as to set 
up a circulating current that will appear on the tripping 
side of the line TT. It is not certain, however, that 
the impedance angle of the loop will remain constant 
with a varying number of feeders in service and as the 
system continues to grow. These facts would require 
that the relay have an adjustable feature to advance or 
retard the line R R, Fig. 9, which is not an easy thing to 
accomplish without seriously complicating the relay. 

As previously explained, the normal operation of the 
regulators would cause no trouble. It is only in the 
- rare condition where a regulator runs to full buck by 
some means that trouble is caused. An inspection of 
Fig. 9 will show that the usual difference in regulator 
positions due to contact-making voltmeter adjustments 
will cause no trouble because the small circulating cur- 
rent set up by the regulators would not be sufficient to 
subtract from the load current. 

Use of polyphase regulators. If the polyphase regula- 
tors are used, it is possible for the regulators to cause a 
voltage difference across the open breaker of the in- 
coming feeder that will lag the network voltage and 
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cause pumping with the relay characteristic shown in 
Fig. 5. An inspection of Fig. 10 will show how this is 
possible. It is more convenient in this case to draw the 
substation voltage V, as the reference vector. The 
polyphase regulator voltage is a constant value and 
changes the feeder voltage by moving from % to y 
along a circular path. The diagram indicates that one 
regulator is at the neutral position V, and the other is 
appreciably advanced to the boost position V; The 
voltage across the open breaker is Vn—V ¢ and sets up 
the circulating current I c. This would cause pumping 
at no load or at light loads. 

The minimum circulating current required to cause 
pumping at a given load is determined by the power 
factor of the load current. At unity power factor 
the minimum is approximately equal to the load cur- 
rent; at 80 per cent power factor the minimum is 
approximately 80 per cent of the load current. This 
minimum value must have a phase relation opposite 
the network voltage. As it varies from this position 
its numerical value is increased in inverse proportion to 
the cosine of the angle. These statements are made 
assuming that the line T T in the diagram is perpendicu- 
lar but since it is advanced about three deg. the values 
are not exact. If the total impedance of the loop is 20 
per cent it willrequirea voltage difference of about four 
per cent to equal the load current at 20 per cent load. 
It is probable that pumping would occur at such loads 
since with polyphase regulators it is possible for the 
contact-making voltmeter to cause a phase displace- 
ment of four percent within the limits of its adjustment. 
As the impedance of the loop increases or the load in- 
creases, this danger is eliminated. It would then 
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require some fault in the regulator automatic control 
equipment to cause pumping. 

Hand control of the regulators would be likely to give 
trouble from pumping. The mechanical interconnec- 
tion of the regulators would eliminate pumping caused 
by regulator displacement. The relay characteristic 
may be modified so that the switch cannot reclose on 
voltage differences that will set up a circulating current 
on the tripping side of the line T Tin Fig. 5. The relay 
characteristic shown in Fig. 8 is suitable. Only one ~ 
phasing relay is necessary because the regulator affects 
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all phases alike. The breaker cannot close in on a 
voltage difference that is lagging the network voltage 
more than three deg. The current lagging this voltage 
will not exceed 84 deg. on modern systems. Therefore, 
no phase-angle adjustment is necessary. 

Use of two single-phase regulators. When two single- 
phase regulators are used in open-delta connection it is 
possible for one of the phase voltages to be displaced by 
the regulators to either the lag or lead position. A 
reference to Fig. 11 will explain how this takes place. 
The equilateral triangle A B C represents the bus volt- 
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age and also the line voltage when the regulators are in 
the neutral position. The normal operation of the 
regulators increases or decreases the voltage triangle 
symmetrically. No phase displacement occurs. The 
voltage range of the regulator in C phase is shown as 
' ¢’ —x-c’” and in B phase as b’- y-— 0’. Therefore, 
phases B and C cannot be displaced by the regulators. 
The only phase affected is A phase. 

Suppose the line voltage is impressed on a transformer 
bank with the high voltage connected delta and the 
secondary connected Y with the neutral grounded; then 
the secondary voltages a, b, c correspond in phase with 
the primary voltages A, B,C. Phases B and C are not 
displaced by the regulators. Suppose regulator C is in 
the neutral position and regulator B is run to the full 
buck position at 6’’; then voltage A or a is shifted to the 
lagging direction. Now when regulator C is operated 
from buck to boost (c’ to c’’) the end of vector a travels 
from e to n. When regulator B jis in the neutral posi- 
tion and regulator c is varied from c’ to c’’, the voltage 
vector moves from g toh. The same thing is true with 
B regulator in the buck position where a varies from 7 
to 7. Obviously, the regulators can be made to cause 
the secondary voltage a to occur at any point in the 
diamond shaped area e, t, 7,7. The normal operation of 
the regulators bucks or boosts the secondary voltage in 
phase with it along the path i —y —f. 

A three-pole circuit breaker is equipped with three 
single-pole relays having their tripping contacts con- 
nected in parallel and the closing contacts connected in 
series. If the voltage is low on one phase the breaker 
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cannot reclose. The circuit breaker, therefore, can be 
reclosed by the regulators only in the diamond-shaped 
area y—b'’—f—h. This is because all the other small 
areas require one of the regulators to be in the buck 
position. The foregoing discussion refers to the no- 
load condition. The impedance voltage is added 
vectorially to the regulated voltage. 

The normal operation of these regulators with the 
usual possible two per cent difference is not likely to 
give enough circulating current to cause pumping. 
In this case a change in position of theregulators causes 
a more direct change on the voltage applied to the con- 
tact-making voltmeter than does. the polyphase regula- 
tor which depends on the rotation of a voltage vector to 
produce an effect on the voltmeter. If one regulator is 
one per cent high and the other one per cent low, the result 
is a 1.78 per cent voltage to produce a circulating 
current which cannot cause any trouble unless the load 
is around 10 per cent and at a very low power factor. 
Therefore some trouble must develop in the regulator 
control circuit to cause positions that will produce 
pumping. The regulators being in the same circuit 
makes it very convenient to interconnect them mechani- 
cally so that they cannot cause a phase displacement. 
This causes all three phases to be regulated together 
but the loads of modern network systems are so well 
balanced that separate phase regulation is not essential. 

The characteristics indicated in Fig. 8 may also be 
used to prevent reclosing on transformer voltages that 
are in the lagging direction. This characteristic is 
necessary only on the one phase affected by the regula- 
tors. The other two phases can use the characteristic 
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indicated in Fig. 5. It is also possible to utilize a 
directional voltage relay with a winding on each side of 
the regulators that will close an alarm circuit when the 
regulators cause a voltage displacement in the lagging 
direction. The operator could readjust the regulators 
by hand control until the alarm circuit is opened. 
The pumping which might occur in the meantime would 
do no particular harm. . 
One large eastern company is installing a network 
utilizing two single-phase, 13,200-volt regulators in 


-open-delta and Scott-connected transformers supplying 


a two-phase, five-wire network. Both of the phases 
may be displaced by the regulators. They intend to 
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2 Phasing Vib 33 A-A Phase A | 1 Standard 1-Circuit 
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mechanically interconnect the regulators to avoid 
any possibility of phase displacement. The initial 
installation consists of a double-pole circuit breaker 
for each transformer. A single relay with two current 
circuits is used with each circuit breaker. The con- 
nections are shown in Fig. 12. 

Other combinations of regulators and_ transformer 
connections. There are other combinations of regu- 


lators and transformer connections possible. The fore- 
going discussion covers the cases that are now operating 
or being installed. Appendix A covers an analysis 
made of combinations likely to be considered. The 
results are in tabular form because a treatment of each 
case would require too much space. Enough is included 
to enable anyone interested in a particular combination 
to check the factors affecting the relay characteristics. 


TABLE I 
ANALYSIS OF NETWORK RELAY PERFORMANCE 


This table shows the performance of the relays for the cases illustrated in Figs. Ia to VIIc, inclusive. 


The left-hand column in the table shows 


the various conditions which may call for relay action. The columns headed Ia to VIIIc show the performance of the relays. The term ‘‘o. k."’ indi- 


cates satisfactory performance. The numerals 1, 2, 3, etc., 
numeral in the Explanatory Note at the foot of the table. 


indicate abnormal performance which is explained for each case under the corresponding 


CASE 


IId | Ie | 11f | Ua] Iva] Va | Via | Vib | vitalvitalvo1b|Vvitte 


Ta |oesae) ta Initia | 1161 Ie 
Short circuit 's 
3 ¢—Normal (or2 ¢)...... o.k. | o.K. | 0.k. | ok. |-Ok. 13 14 
3 ¢—Reverse (or2 ¢)...... OS Oks) Ou. oul. Io.lc. || Ole.) o.lc: 
S) Gls hog se rr ee 1 af co ee |) Le Oskoe |p Oks 
z (or y w) 1 1 10 1 1 1 15 
ee Se at 1 1 0.k 1 16 16 
S ¢—Reverse Co | (> eee ee 2 2 o.k. | o.k 2 o.&, |) Ok 
z (or y w) 2 2a Onc 6 2 2 | o.k 
CNC ER a aa 2 2 5 o.k. 2 16 16 
Eane to erounad £5 325 na cre. 1-2-7) o.k 8 8 | 1-2-7 7 8 
ies ne Pe a 1-2 8 o0.k 7 th 8 
Ta Aira PRE IE o.k «| ok 8 | o.k. | 0.K-] 0.k 
Reverse exc. cur. trip. ........ CeO. POA, |) ON. | .0.K. HO.kK: |O.K 
Reverse chg. cur. trip.......... ON WOK | Onl) OKs, 0K, || OK. 17, 
Reverse chg. cur. reclose....... Oks 1 Oke | Ok. O.k. |) O-k. |p 0.k:. | 0.k. 
Regulator displacement....... 3 4”) 0.364) 0. |AL jro:k..|0.k. 
Phasing-in on impedance volt- 
RS See, Mors es ostiics) oie, Vou, i aata ais o.k. | o.k. 9 9 o.k. 12 0.k. 
Cross- and reverse-phase pro- 
BER DOU weiss Sel aust sas areas gsa ae Ol. 103k, tok, 10k. | 0-1. |) 0.1. |) 0.1. 


13 19 zal Ok. |Potks | 0.ks |iodkoks |0.eal) one 13 13 
Ok. | ok. | o.ke4)) ol. | oul. | ods i 0.ks ||) 0k, |) ok, | vk. | ole lok 


o.k. | 0.k. | o.k. 1 il L eyo ke: 1 I Oven | morlce 
LW OvKy monks 1H @ylis 1 1 10 1 1 1 1 

16 1 19 1 ok 1 1 1 1 1 16 16 

o.k. | o.k. | o.k. | 0.k 2 2 | o.k 2 2 | o.k. | o.k 
2 NO. Ky | Oke) Oven OK 2 2 | ok 2 2 2 || OK 


Ole) | OLA SOskea|) OF lsh Oskey | O.enlsOukcen| Otlce | Osks., jOnkee | Ova |lmoukes 


O.k; || 0K; || o.k. | 0.K. +) 0K. | o.k. | ork, 90 oO. ke Oo. 12 o.k. 


18 Oks otk. |! Oske VO IO kK Imouk. (mosey Olen Osea Olle 18 


EXPLANATORY NOTE 


1. The lagging relay trips on currents lagging greater than 60 deg. 

2. The lagging relay will not trip on currents lagging greater than 60 
deg. 

3. All three phases are affected by the regulators. A phasing relay 
is required at z. The phasing relay cannot be added at x because the regu- 
lators normally add the voltage in the lagging direction, making it im- 
possible to reclose at light loads. Omitting the phasing relay at x makes 
pumping of the network switches very probable because the voltage is 
added in the lagging direction. This combination is not acceptable. 

4. The voltages at y and z can be added only in one direction by the 
regulators because of the ground being on B phase. At y the voltage is 
added in the lagging direction, preventing Ses! or causing pumping 
as explained in paragraph 3. 

5. The relay at z will not trip on short-circuit currents lagging more 
than 60 deg. It is probable that the x element of the two-circuit relay 
will have a greater tripping torque than the y element has closing torque 
which is produced by the load current. 

6. Same as paragraph 5 except a different phase is involved. 

7. There is a possibility of tripping when faults occur on the network 
near a transformer because of the auto-transformer action between the 
two halves of the secondary causing a reversal in the unaffected half of the 

8. It is not likely that the two-element relay will trip when faults 
occur on the network because of the greater torque of the affected element. 
The saturation of the current transformers renders the operation somewhat 
uncertain. . 

9. When the voltage difference on the lagging elements leads more 
than 60 deg. an opening torque is produced in the disk. This is, however, 
more than neutralized by the greater closing torque produced by the lead- 
ing element up to 90 deg. lead at which point the torques are neutralized. 

10. The leading element of the two-circuit relay gives a tripping torque 
for currents lagging more than 30 deg. As long as there is sufficient load 


wr. 
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to saturate the current transformer of the lagging element there is little 
danger of tripping. 

11. The normal operation of the regulators adds the voltage in the 
lagging direction at x and z. The phasing relay at z prevents reclosure by 
boosting the voltage. If the phasing relay at z is omitted then the normal 
operation of the regulators may cause pumping because of the lagging 
voltage at x and z. 

12. The relay at x will prevent reclosure on voltage differences leading 
more than 30 deg. if it is connected for phasing. If it is not so connected 
then the relay at z will prevent reclosure at voltages leading more than 
60 deg. 

13. The x relay will trip on leading currents greater than 30 deg. 

14. The lagging element of the two-circuit relay gives a tripping torque 
for leading currents greater than 30 deg. but the leading element gives a 
greater closing torque until 60 deg. at which time the z relay will trip. 

15. The same as paragraph 10 except the angle is 60 deg. 

16. It is probable that all single-phase loads and shorts will lag enough 
to function properly. 

17. Will not trip on reverse charging currents leading more than 60 deg. 

18. The phasing connection across z might hold open for a cross from 
atoz. Anextra phasing relay is necessary at x for holding out on a reverse 
connection. 

19. The vrelay will trip on currents leading more than 60 deg. 

20. The relay at x will prevent reclosure at voltage differences leading 
more than 60 deg. if it is connected for phasing. It does not seem neces- 
sary to connect this relay for phasing. 

21. Same as paragraph 14 except the ground and two-circuit relay are 
on B phase. 

22. The regulators add the voltage in the lagging direction at x. The 
phasing relay prevents reclosure under normal conditions. Omitting the 
phasing rclay at x may cause pumping under normal conditions. 

23, Same as paragraph 22 except that z also ts affected. 
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Such combinations as two single-phase regulators and 
Y-Y transformers are not included because it is not 
expected that Y-Y connection would be used on three- 
wire circuits and on four-wire circuits, the phase 
without a regulator being unregulated. 


CONCLUSIONS 


‘The simple watthour-meter type relay having char- 
acteristics similar to Fig. 5 is suitable for the tripping 
function and for the reclosing function when the in- 
coming transformer voltage leads the network voltage. 
Under normal operating conditions, the incoming 
transformer voltage always leads the network voltage 
with the probable exception of the cases of the polyphase 
and two single-phase regulators at very light loads. 
A voltage may be caused in the lagging direction by the 
failure of regulator control or by reverse charging current 
when a breaker fails to trip. Failures of breakers and 
regulator control can be minimized by proper inspec- 
tion and maintenance. Mechanical interconnection 
prevents trouble from regulators. 

The relay characteristic shown in Fig. 8 prevents re- 
closing on incoming transformer voltages that lag the 
network voltage and is, therefore, entirely suitable for 
the reclosing function and may be used in cases where it 
is believed that characteristic in Fig. 5 will not be 
suitable. The network breakers being located at 
many points in subway vaults makes it desirable that 
the breaker with the relay equipment be kept at its 
utmost simplicity. The relay should not be designed to 
avoid trouble from the regulators, but the regulators 
should be mechanically interconnected or provided with 
an alarm device to prevent improper operation of the 
relays. The induction type relay constructed of watt- 
hour-meter parts is the most simple and reliable device 
known for directional characteristics. When it is 
realized that such a characteristic as that indicated in 
Fig. 5 can be obtained with standard watthour-meter 
construction and adjustments, involving only a different 
current coil and the replacement of the recording 
mechanism by standard relay contacts, every 
reasonable effort should be made to utilize it. 
Maintenance, testing, and adjustments are simplified. 
The characteristic of Fig. 8 has the objection of requir- 
ing an extra relay which, however, is just as simple in 
construction and adjustment as the other relays. To 
incorporate both features in one relay requires an 
entirely new development without the assurance of 
obtaining characteristics that are as definite as those of 
Fig. 8. 

The author acknowledges valuable suggestions and 
criticisms from Messrs. W. R. Bullard and L. F. Ken- 
nedy who reviewed the first draft of this paper. 


APPENDIX A 


Diagrams Ia to VIIIc show the effect of regulator 
displacement on secondary voltages of the transformers. 
- The diamond or rectangular shaped areas refer to the 
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paths taken by the regulator voltages when they are 
varied from the neutral to the full boost position. It is 
not necessarily true, however, that the breaker cannot 
be reclosed by the regulator voltages being outside the 
area, because this depends on the relay characteristics 
and equipment. It simplifies the diagram to omit 
the other paths. The lines T T for tripping and RR 
for reclosing coincide in most cases. It will be observed 
that the ground on the midpoint of one phase of the 
delta secondary seriously changes the direction of the 
normal voltage added by the regulators as far as the 
reclosing function is concerned. A study of Table I 
will reveal that the delta-connected secondary is not as 
simple a proposition for the automatic type of network 
switch as is the Y-connected secondaries. Single- 
phase networks must also be given particular attention 
when the transformer primary is Y-connected. A 
special phase-angle for reclosing is necessary. The 
data under the figures apply to the regulator, 
transformer and relay equipment for the different 
combinations. In cases Id,-IIc, Hf, IVa, and VIb, 
two element relays similar to Fig. 12 are used on some 
of the phases. 


Discussion 
PAPERS ON A-C. DISTRIBUTION NETWORKS 


(FAIRMAN AND RIFENBURG, Parsons, BULLARD, 
BLAKE) 


New York, N. Y., NovempBnr 11, 1926 


J. C. Parker: I am quite sure from the remarks of. Mr. 
Fairman that he would not want anyone to generalize from his 
description of what has been the engineering program of the 
Brooklyn Edison Company into a conclusion that the same medi- 
cine is good in all cases. 

Some four years ago it was perfectly apparent that pressure of 
population was forcing and would continue to force an extra- 
ordinary growth of the portion of Brooklyn at that time served 
through converter substations. The sequel has proved fully 
that predictions made at that time were fully justified. One who 
gained his impressions of the central portion of Brooklyn in the 
years 1920-1922 would scarcely recognize the place today. 

That meant that an already fairly dense territory which did 
lend itself to network development was bound to become very, 
very much more dense in the near future; buildings would be 
torn down, taking out their equipment, their wiring, and calling 
for extraordinary increases in the street supply lines to them. 
Then one had there a unique condition with reference to continu- 
ing the expansion of the then system of 25-cycle generation 
conversion and d-e. distribution, a condition which assuredly 
could scarcely be expected to find a duplicate in the Loop Dis- 
trict of Chicago, in downtown Boston, or in the lower part of 
Manhattan Island. 

That was one thing. For another, the company whose 
processes Mr. Fairman describes had a relatively small amount 
of 25-cycle generating equipment, that equipment not of the 
most efficient type. It was in process of developing a highly 
efficient 60-cycle generating station to take care of the equally 
rapidly increasing development in the peripheral sections of 
Brooklyn. Now, a process of curtailing the d-c. load, of actually 
diminishing it, would have been almost if not quite unthinkable 
had it involved the virtual scrapping of a large and highly 
efficient 25-cycle generating station. Such was not the ease in 
the Brooklyn territory. Easily enough other uses could be found 
for the 25-cycle generating equipment. 
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One fact which may be mentioned here is that that equipment— 
not Xo) good for energy production as the newer station being 
built—was just as good as anything else could have been for 
peak capacity through the use of a relatively small amount of 
frequeney-converting apparatus. 

Again, a system which had a large or preponderant 25-cycle 
generating capacity, could not anywhere nearly have adapted 
itself to the program Mr. Fairman has indicated. 

Mr. Fairman’s and Mr. Rifenburg’s paper is not based entirely 
on prediction, but on a statement of fact accomplished as well. 

The experience of the four years with a radial a-c. system has 
demonstrated an excellent standard of service resultant from the 
exquisite attention to detail which is absolutely necessary, of 
course, with any system that is to provide continuity of service 
for the customers. 

The capital savings which should have resulted from the 
changes indicated in the paper are matters of past experience 
and of accounting record. The economy in operation indicated 
in the paper is also up to and inclusive of the year 1926, as a 
matter of fact. 

Again to avoid the danger of generalization, I suggest that 
one do not extrapolate indefinitely in looking at the efficiency 
curvein the paper under discussion. I think it would be in the 
minds of the authors that that curve should flatten out rather 
speedily in the neighborhood of the year 1930 unless, indeed, they 
have in mind further and marked improvements in their distribu- 
tion design which will raise the efficiency ultimately to some- 
thing in the neighborhood of the upper nineties; that, I believe, 
they do not expect. 

Speaking of the future, may I suggest that discussions of 
a-c. network problems at the present time seem to concern 
themselves primarily with what is to be recognized as a sine qua 
non of service; namely, continuity; and that the network develop- 
ment seems to be regarded as something we must have to bolster 
up our a-c. systems. In so far as the developers of networks 
stop there, I think they make a mistake and miss at least a half 
of what these networks will offer in the future. 

My own thought, and indeed I believe the plan in the minds of 
the authors of this paper, is that ultimately the network will 
accomplish very much more than described here. 

Probably the tripping out of a network switch on the rela- 
tively smal! currents involved in the magnetization of trans- 
formers will be thrown overboard for things of considerably 
greater value. Those things, it seems to me, will express them- 
selves in a system which again will become a radial system, 
but inverted from present practise. If you please, we may con- 
sider the network as-the center of the system and working back- 
ward over the transmission feeders, reach generators which will 
not be connected together within the power house. 

In the attempt to limit switching requirements in our gen- 
erating stations we have indulgedinasemi-isolation of generators. 
We have got to the point where the rupturing capacity of 
circuit breakers seems nearly to have come to its limit, and where 
the further aggregation of generating capacity on one bus seems 
not sane if indeed it be physically practical. 

Now, the development of the network offers a way out. In 
the extreme, one may consider an individual generator of 160,000- 
or 200,000-kv-a. capacity with fifteen to twenty feeders of the 
size described by the authors of the paper, these feeders going 
directly to the distribution system and tying these larger genera- 
tors to the distribution network without any use of a generating 
station bus. : . 

With some necessary details to be worked out and with the rou- 
tine tripping of feeders from the network by the deliberate imposi- 
tion on them of regulated short circuits at the generating station, 


- [think such a program as that offers a solution of one the most 


vexing and perplexing problems of generating station design today. 
I venture the prediction that within another decade we shall 


find that the development of these a-c. networks, initiated for the 
purpose of procuring the utmost continuity of service to the 
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customers, will have proved itself more valuable in its concomi- 
tant effects than in the principal object for which it has been 
undertaken. 

A.H. Kehoe Nearly every presentation on a-c. networks up 
to the present has set up some extensive area which is to be 
entirely networked. Since a reasonably dense loading is 
required before transformers can be connected economically to 
a single set of mains, the districts where this is practicable 
seem at first sight to be limited to a few of the larger cities. 
I do not believe, however, that networks will be restricted to 
zones of this character. Economical considerations arising 
from savings possible in other parts of the system are forcing 
the use of this arrangement in the smaller communities where 
the increased reliability would otherwise be ignored. In districts 
using 2300- or 4000-volt distribution from substations that are 
themselves supplied by lines of 27 kv. or less, it is possible to 
avoid any additions to the existing substation capacity by supply- 
ing new distribution transformer requirements directly at the 
voltage in use to feed the substations. To do this, a few distribu- 
tion transformers in several of the small but more densely 
loaded sections of the community have their secondary lines 
joined into a network which makes it possible to replace part of 
the existing capacity with transformers supplied at the higher 
voltage. All new capacity required can be added in this manner, 
and the part of the low-voltage (2300/4000) capacity which is 
released can be used when required in the less densely loaded 
sections. The economies indicated in the Fairman-Rifenburg 
paper can be realized in the smaller cities by adopting this so- 
ealled ‘“‘high-voltage infiltration’? method even where the supply 
is overhead. The arrangement results in lower costs than any 
which are being obtained with the standard radial distribution, 
and gives greater reliability of service to the more densely loaded 
districts. 

I want to express my belief in what Mr. Parker has described 
as the ultimate arrangement of the supply systems which will 
feed our larger distribution networks; but at the same time a 
word of caution is required, as this method of operation has never 
been completely demonstrated, to my knowledge, either by cal- 
culation or by operation. Those of us who have been studying 
its possibilities for the past two years are positively hopeful of 
obtaining as successful results in the supply system as have been 
indicated here for the distribution system. It is important in 
selecting network switches and relays to realize the extreme 
probability of their future use on systems having sources tied 
only at the load. It is hoped that this subject, which is being 
considered in one of the committees of a companion organization 
at present, will have been more fully investigated before another 
year has passed. 

I do not agree with the opinion expressed that the sensitive 
reverse-energy feature is the point of attack in looking for 
improved relaying of network switches. The phasing or synehro- 
nizing characteristic required up to the present (and these re-— 
quirements seem to be growing stricter) makes it necessary to 
have a very delicate relay. So long as this cannot be avoided, I 
believe it preferable to use a low value of reverse energy. 

With the publication of the Fairman-Rifenburg tests, I believe 
ample data have been presented to be certain of the factors 
involved in lamp flicker or the elimination of faults on low- 
voltage, a-c. cables. In making their tests, however, I regret 
that the authors did not investigate the situation which may 
oceur at induction motors during the time when a single-con- 
ductor main is clearing a fault near the motor service. This 
phase-converting action was discussed at the 1925 Saratoga 
meeting of the Institute and is emphasized here in order that 
anyone attempting the expensive procedure of obtaining secon- 
dary cable fault behavior will obtain and publish information 
on the effects of line-to-neutral secondary faults upon loaded 
polyphase induction motors operating adjacent to the fault. _ 

Mr. Parsons: I should like to ask Mr. Fairman what propor- 
tion of the Brooklyn Edison Company has been converted into 
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the new system and what proportion probably will eventually 
be changed over. 


Henry Richter: The last four papers in this session deal 
mainly with that part of the a-c. network system from the 
station to the network unit. They apply particularly to two 
important problems; namely, primary system design (in which I 
include the distribution transformers) and the automatic net- 
work protective device. The third element of every a-c. network 
is the secondary system, and operating engineers have found it 
necessary to give this third problem at least as much study as 
has been required for either of the other two. 


There is a decided interrelation between these three subjects. 
When the relay and network unit developed for one type of 
network system are considered for other installations where 
differing arrangements of the secondaries are contemplated, the 
construction of both relay and unit must often be considerably 
changed to meet the requirements. 

In determining which type of secondary system should be 
adopted for the network, many cities are choosing that scheme 
of connection and voltage which fits in best with local conditions 
at the present time. This is only natural with the network art 
sonew. But it isintroducing a complexity in apparatus require- 
ments that threatens to parallel the chaotic lamp and frequency 
situations of some years ago. 

The secondary systems thus far adopted include two-phase and 
three-phase, combined light and power mains and also separate 
light and power mains, star- and delta-connected combinations 
for three-phase, and even differing voltages for the three-phase, 
four-wire, star-connected, combined light and power scheme. 

Should these various secondary systems be adopted extensively 
and the groups of cities employing each scheme come to require 
guarantees on satisfactory operation of network and utilization 
apparatus, three major disadvantages will result. 

First, there will be the numerous differing requirements 
in master relay and network-unit design already mentioned. 
Second, there will be a great increase in the complexity of manu- 
facturing and applying all the devices connected to the secondary 
system, affecting not only the consumers but also the operating 
companies. Third, there will be lost the pregress that usually 
attends concentration of efforts towards improving the best type 
of system and equipment available. 

A number of the operating company engineers intimately 
interested in a-c. networks are coming to recognize the advis- 
ability of standardizing on one secondary scheme of connection 
and voltage. But each claims his own system is the best and 
should be the one chosen as the standard. That also is natural. 

As a result of numerous requests for information bearing 
on this problem, an analysis of the situation as it affects the 
utilization devices and distribution apparatus connected to 
the secondary mains was started 214 years ago. It was soon 
found that the effect of the various schemes on general-purpose 
motors monopolized the attention of many of: the operating 
engineers who were also working on the problem. On the con- 
trary, there are several other types of equipment each of which is 
affected just as much as are general-purpose motors. 


It was also discovered that the apparatus situation in the 
future is at least as important as the possibility of having present 
standards suffice should a given scheme be applied to all existing 
distribution systems. And, finally, in the effort to make an 
impartial and complete analysis of the effect of all factors on the 
electrical industry as a whole, it appeared impossible to dis- 
regard the commercial aspects. 

This study is scheduled for presentation at the 1927 Winter 
Convention of the Institute. The object of the paper is to pro- 
mote widespread discussion of the subject. This, it is hoped, 
should result in a clarification and should assist those operating 
engineers who have come to recognize the great benefits that 
would attend standardization for network secondary systems. 

Mr. Bullard suggests standardizing on one type of network 
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relay. ~Similarly, and without wishing to detract from the 
specific discussion of the subjects of these papers, T recommend 
that the same problem as regards secondary systems be given 
the attention of the Institute along with network relays and 
network units. 

H. R. Searing: The experiences of the United Electric 
Light & Power Company, of New York City, with network 
switch and relay operation covering a period from April 1922 to 
the present time are as follows: 

We have 21,209-kv-a. transformer capacity in network opera- 
tion, 350 switches installed, 253 of which are in automatic 
operation, with an estimated peak load of 17,000 kv-a. 


These feeders serve several different kinds of networks,—some 
three-phrase, some two-phase, and some single-phase. They are 
served not only by 2750-volt primary cireuits but also by 
13,200-volt circuits. We now have a transformer capacity of 
2950 Kv-a. and a total of 25 switches in service on 13,200-volt 
feeders. On the three-phase, four-wire system,—that is, the part of 
the system converted to combined light and power,—there are ten 
circuits with a transformer capacity of 11,121 kv-a. 

The first 13,200-volt bank was cut in April 1, 1926, and the 
13,200-volt feeders parallel the 2750-volt network. In this con- 
nection, before I go into the operation of relays, I might say that 
in operating 2750- and 13,200-volt cireuits-in parallel, we have 
had no trouble, the 13,200-volt transformers with 10 per cent 
reactance paralleling the three per cent distribution transformers 
on the secondary network. 

On switch operations from January 1 to September 30, 1926, 
there was a total of 40,360 switch operations which were ob- 
tained by 4838 circuit operations. Ordinarily this is accom- 
plished by dropping circuits over the midnight watch every 
night, so if there are ten switches on a circuit, there will be ten 
operations every night. Some circuits cannot be dropped. 
There may be two-phase power and other lighting load not net- 
worked, on the circuit. During the 40,360 operations, there was 
a total percentage failure to open of 0.263 of one per cent; a per- 
centage failure to close of 0.149 of one per cent, which you will 
see is a pretty good operating record. The percentage of failure 
to open is not significant, because, if a switch fails to open, it is 
backed up by fuses which will blow and clear. The switch which 
fails to close is a hazard. 

In the period from 1922 to date, we have had twenty-four 
primary faults; that is, faults where a circuit tripped out, which, 
under the radial system, would have caused an outage to a cus- 
tomer, and of these faults, twenty-one cleared without blowing 
any network switch fuses. With three faults, one fuse on one 
switch was blown. 

We have had eleven secondary faults. Nine cleared them- 
selves and two cleared and blew the fuses on the switches nearest 
the fault. We have had one equipment failure and it cleared 
itself without outage. We have had two operating faults, 
due to station switches dropping out or being opened by mistake. 

One of the gentlemen spoke of the maintenance problem. 
While it is realized that there are many relays on a network, 
it is not fair to compare the network relays with the relays 
on the network feeders as regards maintenance, because backing 
up that particular feeder relay are relays all the way back to 
the generating station and each circuit has a certain percentage 
of the relays back of it to be considered when talking about relay 
maintenance. 

We found it was necessary to breed a new type of repair man; 
a man who not only could work on relays, but could also adjust 
the switch and was safe to go into a transformer vault with high- 
tension equipment. I don’t think that the industry is going to 
find that the ordinary test man or meter tester who maintains 
generating and substation relays, will be satisfactory for the 
maintenance of network switches. A mechanic is needed,—a 
man with mechanieal ability as well as test knowledge. 


G. R. Milne: I should like to discuss in general the papers 
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on network relay characteristics and in particular the paper by 
Mr. Blake. 

First of all I should like to talk of the operating characteristic 
of the relay. It is pretty well agreed, now, among those familiar 
with network development, that the desired opening character- 
istic is that of a simple watt hour-meter. The method of obtain- 
ing that characteristic, however, is not quite so simple; forinstance, 
the statement is made in the paper by Mr. Blake that this 
requirement can be met by the watthour-meter operating in 
connection with a saturating current transformer. 

Now, it is true that watthour-meters when operated with 
current transformers of the non-saturating type give this charac- 
teristic. Yet, when, in order to protect the network relay from 
short-circuit currents, it becomes necessary to use a current 
transformer of the saturating type, there must of necessity be 
some difference in the curve of opening from that of a true 
watthour-meter. Weare all familiar with the saturating charac- 
teristics of iron and, therefore. while the diagrams indicate that 
the opening characteristic is a perfectly straight line, there must 
have been, of necessity, some change or variation in the shape 
of the opening characteristic at low values of current at which the 
relay is at times required to operate. 

To come to the closing characteristic of the relay; one of the 
fundamental requirements is that when the relay closes, the 
system conditions should be such that the transformer will 
feed true power into the network. That is necessary to prevent 
pumping of the relay—. e., alternately opening and closing 
particularly on high-voltage feeders of the order of 13,800 
volts or above. Such pumping will occur in openings on 13,800- 
volt network feeders and such pumping will occur provided the 
watt-hour closing characteristic is continued. 

Of course, there are various devices by which to get around that, 
and one of the methods suggested is that of closing in the feeder 
immediately to prevent pumping. That cannot be done if the 
feeder trips out on a ground fault, and since, in going to higher- 
voltage cables, we shall probably predominate in single-conductor 
cables, most of the troubles will be line-to-ground faults, and, 
therefore, it is not possible for the operator to reclose to prevent 
the pumping. 

Then, to look at the development from a broader angle, two 
of the previous discussors have indicated that the possible future 
trend of network development will be to tie the generating sources 
only through the low-voltage network. When this is done, we 
must have a relay which is pump-proof, not only throughout 
limited angles of operation such as we can impose on tlie relay 
on our present systems, but we must have a relay which shall be 
pump-proof throughout the entire 360 deg. which may occur 
in relay operation. When the sources are out of synchronism, 
it is possible to have currents and voltages throughout the 
entire 360 deg. and, therefore, backing up what two of the pre- 
vious discussors have said, it is necessary not to bridge the 
subject of what is the most desirable type of characteristic to 
incorporate in a relay, but get together and decide what are the 
desirable characteristics not only for the systems we are operating 
at present, but for the systems as we see them in the future. 
It is obviously undesirable to get a large amount of equipment 
on the lines and then decide we want to change the method 
of operation and find that the limitations originally imposed 
in the relay prevent it from being used on the new system. 

H. C. Forbes: The experience of the New York Edison 
Company in the design and operation of a two-phase, five-wire 
a-c. network has brought:out some points which are of interest 
in connection with the papers on distribution. 

The network of which I am speaking is somewhat unique in 
that it is supplied by both 2300-volt, two-phase feeders, and 
13,200-volt, three-phase feeders, the latter being connected to 
the network by means of Seott-connected distribution transform- 
ers. This arrangement has enabled the retention of the in- 
vestment in the 2300-volt equipment and at the same time has 


BLAKE: A-C. NETWORK RELAY CHARACTERISTICS 


1223 


permitted the future load growth to utilize the advantages of the 
higher distribution voltage. 

The 13,200-volt feeders have already demonstrated the fact 
that if one network switch sticks in the closed position when the 
feeder switch is opened, the remaining switches on the feeder will 
undergo the pumping action, which was expected and the causes 
of which are explained in Mr. Blake’s paper. In ease this hap- 
pens, however, it is usually possible to remove the feeder from the 
network by connecting the regulator to the feeder at the sub- 
station and allowing its exciting current to flow from the feeder 
to the regulator. The reverse energy is usually sufficient to 
trip the switch. In the case of a lower distribution voltage, 
an intermediate transformation at the substation is usually 
involved. Here, if a network switch fails to open, it may be 
possible to remove the feeder from the network by energizing 
one of the substation transformer banks from the feeder. The 
procedure would be to put aspare transformer bank on the emer- 
gency bus at the substation and excite it from the feeder which 
is giving the trouble. Unless the relays are badly out of adjust- 
ment, the network switches will be then tripped. 

I should like to eall attention to one point Mr. Blake has 
mentioned in his paper; namely, that the relays must be designed 
to meet the worst conditions of lag on short-circuit current 
which, as he points out, will occur when the fault takes place at 
the terminals of the transformer. The example which he cites 
of a transformer having one per cent resistance and 10 per cent 
reactance, while obviously correct, may be misleading. This is 
true because the distribution transformers in use are frequently 
of 10 per cent reactance, but, nevertheless, a portion of this is 
often external to the transformer in the shape of iron washers 
slipped on over the leads to the transformer. This type of 
reactance is effective in obtaining the required distribution of 
load among the transformers but in case of a short circuit, 
the iron washers become saturated and will have little effect 
in determining the phase angle of the short-circuit current. 
The inherent reactance would be the predominant factor in 
calculating this phase angle. 

Our experience to the present time has indicated that very 
little mechanical difficulty is to be expected from the switches, 
but that on the other hand, there is likely to be considerable 
difficulty in the adjustment and maintenance of the relay. 
It is to be hoped that closer cooperation between the engineers of 
the manufacturing companies and the operating companies will 
result in a simplified design of the relays which will obviate some 
of these difficulties without sacrificing any of the characteristics 
the relays are intended to supply. : 

J. A.Brooks: The design of the Brooklyn Edison Company’s 
low-voltage network, as described in Messrs. Fairman’s and 
Rifenburg’s paper, being different in many details from a-c. 
networks now in operation gave rise to new problems in switch 
and relay design, the solutions of which while not difficult may be 
of general interest. 

The network transformers being connected delta on the high- 
voltage side and star with neutral grounded on the low-voltage 
side causes the direction of power flow on the low-voltage side 
to be from the network into the transformer in one phase and 
from the transformer into the network in another phase for 
single-phase line-to-line or line-to-ground faults on the high- 
voltage side, the phases referred to on the low-voltage side being ° 
taken from line to neutral. Since the present single-phase net- 
work relays have potential coils connected from line to neutral 
on the same phase in which the current coil is connected and 
since they are necessarily arranged to trip on true power flow due 
to the wide range in power factor within which the relay must 
trip the switch, these primary faults would cause not only the 
network switches which are associated with the particular feeder 
in trouble to open but would also momentarily open switches not 
associated with the particular primary feeder in trouble if single- 
phase relays were used. In order that such misoperation may be 
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avoided, one three-phase network relay will be used per switch 
instead of three single-phase relays. The use of three-phase 
relays may in some cases cause the switch to close with one fuse 
blown or not to open until after the breaker at the generating 
station opens, but these features are not considered objectionable. 


The charging current of the 27,000-volt cables feeding the 
network will in most cases be greater than the combined exciting 
currents of the connected transformers which, since no regulators 
are used, would probably cause pumping similar to that men- 
tioned by Mr. Blake. A separate relay similar to that described 
in Mr. Blake’s paper will be used to overcome this difficulty. 


Since the network switch is to be located in the low-voltage 
pothead of the transformer, the transformer temperature will 
materially affect the operating temperature of the switch in that 
the fairly high heat conductivity of the copper connection 
between the transformer and the switch contacts will cause the 
switch to have a temperature approximately that of the trans- 
former copper, and the temperature of the air inside the pothead 
will probably be somewhat higher than it would be otherwise. 
Under full-load operating conditions the temperature of the 
switch contacts will be above that permissible for the ordinary 
type of copper leaf contact, necessitating the use of a type of 
eontact which will retain its contact pressure at these tempera- 
tures and will not be seriously affected by oxidation. The 
relative high temperature of the air inside the pothead makes the 
use of special relay coils necessary. 

There has been some discussion relative to the desirability 
of synchronizing generating stations through the low-voltage 
network. This problem, if load other than the network load 
were taken from the generator station bus, would not only in- 
volve suitable closing characteristics of the network relays, as 
pointed out in. Mr. Bullard’s paper, but would also involve tripping 
characteristics differing from the present practise. Under these 
conditions there would probably be a normal exchange of power 
between generating stations, the direction of which may change 
with the hours of the day. Under such conditions it may be 
necessary to give the relay a trip setting for much greater 
magnitude of power flow and longer time than is now being used. 
Where the network transformers have delta primaries with the 
neutral grounded at the generating staticn only, the short- 
circuit currents passing through the network switch for single- 
phase line-to-ground faults on the primary feeder may not be as 
great as the float setting necessary to prevent the relay tripping 
on normal exchange of power between the generating stations. 
The desirability of attempting to accomplish these added features 
in the present network relay is questionable, assuming that it 
can be done. 

D. K. Blake: At this time I want to discuss Mr. Fairman’s 
paper along the ideas mentioned by Mr. Parker, Mr. Kehoe, 
and others. This morning in our discussion we have just one 
type of network under consideration with these elements: a 
secondary grid, a protective breaker, a transformer, and the 
primary cables. 

We are thinking these days about an ideal system or a funda- 
mental plan for the system. Some engineers believe some such 
thing as is being done by the Brooklyn Edison Company is the 
ultimate ideal. 

Now, there is a certain load density—I don’t know what it is— 
at which the low-voltage network is economical. Then the 
question arises when considering the low-voltage networks 
as an ideal system—what is the ideal or fundamental plan 
to take you over that period of time from period of low density 
up to the low voltage secondary network density? 

I believe that the same idea of network grid, protective 
breaker, transformers, and cables can be applied. In other 
words, the d-c. Edison network has demonstrated throughout 
these years that the ideal distribution’ system is a network. 
A load can be tapped at any point and the network can be rein- 
foreed at any point according to the location of the loads. 
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The idea I had and have studied to some extent—and other 
engineers are thinking along the same lines—is that we would 
have exactly the same kind of network as the low-voltage net- 
work except it would be at 4000 volts to take us over the 625- 
kv-a. per square mile density up to the 4000 kv-a. per sq. 
mil. density if that is the minimum density for the low-voltage 
network. In the low-voltage, a-c. network youcan burn off a 
fault on the network mains but at 4000 volts you can’t do that. 
The difference comes here, that you put in at the end of each main 
where they are interconnected, an oil cireuit breaker with plain 
induction type overload relays and the transformer feeding the 
interconnected point would have the usual oil circuit breaker 
overload and reverse power relay. 

Then we have a 4000-volt grid like the secondary grid and you 
start out with certain transformer spacings. As you continue 
to grow, you decrease the transformer spacing. Your transmis- 
sion system would be simply a network feeding point, a trans- 
former, and a high-tension cable back to your generating station. 
This is in harmony with the idea of synchronizing at the load. 


Generating Station 
1 2 3 4 


&-Reactor 


Fig. 1 shows the connections. The feeding points would be 
small substations consisting of a three-phase transformer and five 
truck type panels. 


Cc. A. Corney: I should like to ask Mr. Fairman how his 
company, in the ultimate development of the network, would 
take care of large office building or hotel load of the magnitude 
of 1000 to 1500 kv-a., and also how they would serve a customer 
whose secondary circuits would require higher than 220 volts 
for distribution to motors. I would also be interested to hear 
a little more about how they can do without regulators on the 
primary circuits and still maintain standard voltages near the 
generating plants and at some distance from them. 


R. K. McMaster (communicated after adjournment): 
In the discussion following the presentation of the paper the 
possibility of the new developments having an unfavorable 
effect on the standardization of equipment was mentioned. 

It is possible to build three-phase motors with windings which 
can be connected parallel-star for 190 volts and series-delta 
for 220 volts. To promote interchangeability it is suggested that 
this arrangement be adopted wherever practicable, at least to 
the extent of providing for a change from either voltage to the 


motors on 230-volt circuits. 
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other by changing only a minimum number of connections be- 
tween the coil groups and between these and the terminal leads. 

The standard lamp voltage adopted by the National Electric 
Light Association is 115 volts and the corresponding line-to-line 
voltage of a four-wire system is 199 volts. The suitability of 
190-volt motors for use on 115/199-volt circuits would be the same 
as that of 110-volt motors on 115-volt circuits or of 220-volt 
Although 120 volts is a recognized 
exception to the standard lamp voltage the use of 120/208- 
volt circuits should be considered as a temporary expedient and 
not as a standard. Otherwise there would be disadvantageous 
conditions with regard to lamps and various single-phase devices, 
without completely justifying the continuance of present 
standards with regard to motors. 

Even where transformers are installed for power only the use 
of the star-connected grounded-neutral secondary connection 
has an important advantage from the standpoint of safety. 
This is that the maximum voltage to ground is comparable to 
that on lighting circuits. This advantage makes it desirable 
to contemplate the ultimate elimination of the delta connection 
of transformer secondaries. Such a change would involve less 
difficulty if made along with a complete change from 220-volt 
to 190-volt motors than it would otherwise. A complete 
change from two-coil to three-coil protection for three-phase 
motors is also very desirable. 

A rating of 190 volts for three-phase motors is preferable 
to a rating of 199 volts, allowing a somewhat greater combined 
transformer and line drop for motors than for lamps rated at 
115 volts, without involving the question of motor performance 
at less than normal voltage. 


G. J. Newton (by letter): The three-phase, four-wire 

system of secondary distribution has long been the standard 
method in many places abroad; several years ago I made an 
inspection of several systems in England and in Dublin, Ireland. 
The recent development of a network protector has made it 
possible to adopt this system in American practise without any 
radical change in equipment. 
_ While it is most desirable that the network protector be made 
as near perfect as possible, still the true economy of the system 
as a whole will never be reached until proper study and care is 
given to the other parts of the system. Practically all of the 
existing underground systems show a decided lack of any real 
engineering ability in their design and consequently the first 
cost has been out of all reason. 


I believe that now, at the beginning of the adoption of this 
system, is the proper time to work out some system of standards 
for all of the various parts entering into the system. ..A study of 
the various systems that, so far, have been installed in this 
country shows that each system is following different methods as 
to the amount of equipment, etc., that is used at feeding points, 
and unless a systematic method is decided on, the ultimate result 
will be a large variety of methods. 

The system as a whole permits of exceedingly simple arrange- 
ment of equipment in vaults; the reduced amount of cable, 
conduit, equipment and supplying the street lights from the 
secondary mains all tend to a greater economy if properly 
designed. | 

With the exception of the necessity to meet local conditions 
as to the location of vaults, manholes, ete., it may be said that 
one standard system would serve practically all cases with slight 
modifications to meet these particular requirements. Therefore 
I would strongly suggest that a committee be appointed to make a 
very thorough study of the general requirements and try and 
work out some standards to be followed in future work. 

Unless something of this nature is done, the result will be 
fully as bad as the existing conditions where each system has 
been installed as a unit and no attempt made to standardize any 
part of the work. 

There are many existing systems that can be easile and 
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economically changed to the three-phase, four-wire system if 
there is a standard method devised and while on these particular 
systems it may not be economically possible to comply with every 
particular, still there would bea guide to work by and every effort 
could be made towards the standard practise approved. 

Where entirely new systems were installed, they could, in most 
cases, follow the standard method entirely; it is only in the chang- 
ing of existing systems, where present cable and equipment must 
be used, that any serious difference need be adopted and even then 
it is believed that a close approximation could be secured by eare- 
ful study. 

From rough estimates that I have made recently I think that 
a properly designed three-phase, four-wire system can be in- 
stalled complete for something less than 75 per cent of the cost of 
the average separate lighting and power system as now installed, 
and provide fully as much reserve capacity. 

The three-phase, four-wire system equipped with the network 
protectors provides practically the same reliability as the old 
d-c. system with the added advantage of the economy peculiar 
to the a-c. system of feeders; if to these advantages is added a 
reliable method of street light supply and control from the 
secondary mains you have an ideal economical and efficient 
system. 

Based on over twenty-five years’ experience in the design and 
construction of underground systems, it is my belief that it is 
possible to develop a standard method of handling most of this 
work so that the people interested in the work will have some kind 
of a guide to work by in either changing their present system or 
installing an entirely new one. 


S. B. Hood (communicated after adjournment): In reading 
over this paper, and also the companion paper by D.:K. Blake, 
the impression is left-with me that the a-c. network of the type 
for which these relays are designed requires a form of relay in 
which the major part must consist of brains. 

I do not question in the least the ability of our designing 
engineers to develop a form of relay that will be assuredly 
reliable in functioning under all the multiplicity of conditions 
that both authors point out as existing, or liable to exist, in 
the a-c. network. It does seem to me, however, that numerous 
precision adjustments must be required in the ultimate form of 
relay in order that it may function properly under every possible 
condition that may exist locally at the point of installation. 

The difficulty, I can foresee, is our inability, as operating 
engineers, to get maintenance men with brains commensurate 
with those built into the protective device. 

Mr. Bullard mentions that the relay can be anterially ‘simpli- 
fied by modifications in the system or other apparatus used there- 
with. This is a feature on which I believe a word of caution is 
opportune at this time. We must be very careful in this develop- 
ment of a new form of distribution system that v we do not permit 
“the tail to wag the dog.”’ 

The primary system, where network protectors are used, 
requires inherently a greater footage of cable for a given load 
density and area served than does a loop primary system. To 
this extent at least the network protector form of system is 
already burdened, although this burden may be nullified through 
elimination of high-voltage switches in the various transformer 
vaults. 

In the initial development of the network proieeeee type of 
system a minimum of three primary feeders is essential. This 
means that at 4000 volts the initial development, to be economi- 
cal, must be of at least 6000-ky-a. capacity. If 13.2 kv. is the 
primary voltage used then a minimum initial economic develop- 
ment of not less than 12000 kv-a. is indicated. In many cases 
such a large initial development is very hard to justify and may 
lead to retention or. enlargement of existing direct-current. 
networks. 

With the loop system, either of the type used in Minneapolis, 
or that in an even simpler form as used in Philadelphia, the 
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initial development may be relatively small and the system can 
be extended as required very economically. Further, the loop 
system can be developed successfully with standard protective 
equipment of moderate cost and proven reliability. The use of 
pilot wires between vaults assures effective and reliable system 
protection with none of the uncertainties or refinements which 
the authors of the two papers under discussion point out. Since 
transformer vaults in a network are relatively close together, the 
pilot wire investment is very slight, and more than offset by the 
lower cost and increased reliability and simplicity of the relays. 

During the four years the Minneapolis loop system has been 
in operation, the service has been almost 100 per cent perfect, 
and the few partial interruptions that have occurred have all 
been due to unwarranted functioning of the protective system. 
In other words, had the system been installed with no protection. 
whatever, in a manner similar to that now usual with direct 
current networks, we would have had an absolutely clean sheet 
as to service reliability. I am not advocating elimination of 
all protective devices, but merely wish to point out that a 
complicated or super-sensitive protective system will in itself 
inevitably cause more interruptions than it will save. 

Both authors repeatedly bring to the fore the apparent 
characteristic of the network protector system to “pump” or 
“see-saw.” This characteristic is at least absent in the loop 
system network. 

In Mr. Blake’s paper he mentions that ‘“‘the normal operation 
of the regulators would cause no trouble. It is only in the rare 
condition where a regulator runs to full buck by some means 
that trouble is caused.” The standard automatic induction 
regulator as furnished us today has a device on it that does 
exactly this every time the feeder is cut out, the object being 
to prevent picking up a heavy load of cold tungsten filament 
lamps at full or boosted feeder voltage. Apparently if we are 
going to avoid the trouble mentioned byMr. Blake we must cut 
out this device on our standard regulators. 

One of the factors in the network protector relay that seems 
to introduce complications is that of having it function to open 
the breaker on transformer core loss. Are we not placing too 
high a value on core loss savings effected by opening part of the 
network feeders during light load. The actual value of this 
core loss at best is the fuel value in the energy we are trying to 
save. No system capacity or other operating costs will be elim- 
inated. In large systems where such an a-c. network would be 
used, this item is at most less than one-half cent per kilowatt- 
hour. Taking a transformer vault of 300 kv-a. capacity, the core 
loss saving by cutting it out one-half the time would only amount 
to approximately 4000 kw-hr. per annum, with a possible 
value of $20. Since this saving would have to be spread over 
two vaults, one being always in service, the actual saving per 
vault would run around $10 per annum. It must be clear, 
therefore, that if the building into the protective system of ability 
to automatically cut out on core loss exceeds much over $100 
per vault or equipment it becomes an economic loss. 

In so far as ability to kill an entire feeder by the simple 
opening of the main feeder breaker is concerned, this is of very 
questionable value since our safety regulations do not permit, 


and should not permit, men working on a high-voltage circuit 


with the only protection a switching device that is held open by 
automatically reclosing control equipment that may function 
without warning. It follows therefore that in order to work on a 
network feeder of the type under discussion, every vault on that 
feeder must be visited and the breakers “‘blocked”’ before clear- 
ance is given the crew. With the loop system but two vaults 
need be visited in order to definitely clear any section of the pri- 
mary loop, and but one vault is deprived of its supply as compared 
to a possible one-third the total number of vaults in the network 
protector system. 

Unquestionably the manufacturer will solve all the many 
problems involved in the development of this new protective de- 
vice if the distribution engineer will cooperate fully with 
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him; but the great question that persists in my mind is—do we 
really need this development or are we overlooking the use of 
something that we already have that will do the same work as 
well or better? 

J. F. Fairman: In answer to Mr. Parson’s question as to 
what proportion of the system has been converted into the new 
system and what proportion will eventually be changed over, I 
understand that the question refers to the d-c. to a-c., and two- 
phase to three-phase change-overs, inasmuch as the new network 
system will not be ready for service until the summer of 1927. 
In the period from 1922 to 1926, the d-c. load has been reduced 
by 22 per cent. Two-phase primary feeders have been com- 
pletely changed over to three-phase and the a-c. system load has 
inereased 280 per cent and, at the present time, is 78 per cent 
of the total system load. These changes, together with doubling 
the transmission voltage on the 60-cycle system, account for the 
4-per cent increase in system efficiency. By 1935 it is estimated 
that the network will have been extended to cover approximately 
two-thirds of the area of Brooklyn and will carry a load of 500,000 
kw. The existing 360,000-kw. capacity of the a-c. substations 
will be used to take care of large customers buying power at 4100 
volts; and the remaining overhead area outside of the network 
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In answer to Mr. Corney’s questions, the accompanying dia- 
gram shows the layout which is being used to take care of large 
office buildings or hotel loads of the magnitude of 1000 kv-a. 
and above, where the utilization voltage is 120/208. This 
amounts to a little network in the customer’s vault which will 
be tied into the street network when this is available. These 
transformers will initially be fed by different 4100-volt feeders 
from the existing substations and may eventually be supplied by 
the 27,000-volt network feeders. Each bank will have a capacity 
of approximately 500 kv-a. consisting of three single-phase 
transformers or one three-phase transformer, as may be most 
convenient in each case. The same network switch that is used 
in the street will be used in these vaults. It will be noted that in 
the layout shown, each bank and the street network is able to 
contribute equally in case of an outage of another bank. Thus, 
the outage of one bank will put on to the street network a demand 
less than the capacity of one of the units of that system. 

In the case of customers requiring a higher utilization voltage, 
we shall continue our present practise of supplying power at 
4100 volts on a high-tension contract,and the customer may 
arrange his own circuits and his own voltages to suit his con- 
venience. For large customers there would probably be more 
than one feeder and, asin our practise, we would study the partic- 
ular case and make our recommendations to the customer as 
to how he could best accomplish the desired result. Again, 
such customers might eventually be supplied from one or more 
of the 27,000-volt network feeders. 

With reference to voltage regulation and to the fact that no 
regulators will be used on the 27,000-volt feeders, I should again 
eall attention to the fact that the drop in these feeders is negligi- 
ble. d The three-phase, 500-kv-a. transformers have an impedance 
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of 5 per cent. The secondary mains have impedances of the 
order of 5 per cent per 100 ft. The typical city block is approxi- 
mately 250 x 700 ft. From these figures it may be shown that, 
with a hand-regulated bus in the generating station, the voltage 
regulation on the network will be within plus or minus 4 per cent 
under ordinary conditions. 

Without going into detail, I should like to say that we have 
anticipated Mr. Newton’s suggestion and have worked out a 
plan for street lighting from the network, which we believe will 
render the same reliable service to the street lamps as we render to 
the other customers from the network system. 

Mr. Hood’s statement that the loop system ean be installed at 
lower cost may be true initially but when one considers a system 
growing as rapidly as the one described, it would be unwise to 
let the initial costs outweigh the ultimate costs. The system 
we propose requires an investment somewhat less than the loop 
system, assuming a primary voltage of 4100 volts. The differ- 
ence would be greater with higher primary voltages since the cost 
of the primary switches would be greater. 

There would seem to be no justification for the statement 
that the relays for a loop system are more simple and reliable 
since both systems use induction-type relays. 

We agree with Mr. Hood that savings in core loss would not 
justify using a relay which would open the network circuit 
breaker on transformer core loss. It does seem, however, 
that this characteristic would be most useful on a system of the 
kind we are proposing, in which there will be between 30 and 40 
transformers on each primary feeder in the ultimate develop- 
ment, and these will extend over a distance of several miles. It 
would be a most laborious process to have to open these switches 
by hand in case it was desired to work on the feeder or a trans- 
former. We would call attention again to the short-circeuiting 
and grounding switches in the high-tension potheads in the 
transformers. After the station breaker has been opened and 
the network switches have opened on magnetizing current it 
is only necessary to short-circuit and ground the feeder at two 
adjacent transformers to work safely on the section of feeder 
between those transformers, or to ground the feeder at the first 
transformer and the generating station to work safely on that 
section of the feeder. These grounding switches are of ample 
capacity to stand the short-circuit current which would flow 
if any number of the network breakers or the station breaker had 
not been opened in advance. Further, these grounding switches 
will be operated from the street outside of the transformer vault, 
thus assuring further safety to workmen. 

G. G. Grissinger: It might be interesting to note that there 
are a number of network systems throughout the country in 
successful operation, particularly in points like New Orleans, 
Memphis, Dallas, and, of course, in New York where it orig- 
inated, and that in a number of cases on both 4000- and 13,000- 
‘volt feeders, primary feeder faults of a serious nature have been 
cleared satisfactorily. 

J.S. Parsons: ‘The theory on which the design of the present 
network relay is based is fundamentally. correct and the develop- 
ment is now well past the experimental stage. Much valuable 
experience has been gained from the 1000 or more network relays 
now in service. In view of this experience, I think there will 
yet be developed a network relay, using the same fundamental 
principle, which will not place limitations on the design of the 
network system. It is necessary that such a relay be developed 
so that the network system can grow to its ideal form and allow 
the network to be fed from different sources of power and 
synchronized at the point of load. 

W.-R. Bullard: In attempting to describe the complex 
duties which may be imposed upon the prospective apparatus 
in network systems of the type to which these papers apply, 
it is very difficult to avoid leaving the impression that the ap- 
paratus itself must necessarily be very delicate and complicated. 
As a matter of fact, in spite of its complex duties, this device 
really is a relatively simple piece of apparatus. 
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Such matters as phase angles, for instance, are taken care of by 
simple adjustments in the constants of the relay circuits. These 
adjustments can be taken care of at the factory, chiefly as w 
matter of initial design and need not concern the operating man, 
providing the proper coordination is maintained between the 
designer of the distribution system and the designer of the 
relays. The sensitivity necessary to provide opening on mag- 
netizing current of transformers can be provided by an exceed- 
ingly simple type of current transformer which gives relatively high 
values of relay current at low values of line current. The 
sensitivity necessary for the closing operation is obtained by an 
even simpler device. 

It is only necessary to refer to the figures on percentage failures 
given in Mr. Searing’s discussion to show that this apparatus is 
making an excellent record as regards performance in actual 
service. And in this connection I wish to emphasize one point 
in particular,—namely, that the operating failures that have 
occurred and are occurring do not affect the service reliability 
of the system. In other words, the customer never knows about 
them. This is undoubtedly due to the fact that in this type of 
system the idea of placing the responsibility upon a number of 
pieces of apparatus, rather than upon one or two, has been 
consistently carried out. If one or two switches fail, it is of 
small importance so far as service is concerned. If a whole 
primary feeder fails, (as, for instance, might be caused even in a 
loop system by a regulator short circuit), service will still be 
maintained. 

For some time I have been indirectly in touch with the opera- 
tion of several systems of this type and know of only two service 
outages which have occurred. In one of these cases short cir- 
cuits occurred on both of the only two primary feeders which had- 
then been installed. In the other case, the network was torn 
apart by the blowing of sectionalizing fuses. The conditions 
which permitted both of these outages to occur have been or are 
being corrected,—the first by the installation of additional 
feeders, and the second by the removal of the sectionalizing 
fuses. In other words, the service reliability of these systems, 
in so far as it is related to the full application of this network 
scheme, has been practically 100 per cent perfect. 

The question raised by Mr. Hood concerning the safety to 
workmen when work is to be done on the high-tension conductors, 
and a feeder is killed for this purpose by the opening of a station 
switch, is answered by the fact that the energy necessary for 
closing each network switch is obtained from the transformer 
side of the low-voltage circuits. Therefore once the feeder has 
been killed, it is impossible for any one of the corresponding net- 
work switches to close of its own accord until the feeder has first 
been made alive again by manual operation. However, in order 
to guard against human errors, it is customary in most systems 
of this type to short-circuit and ground the primary conductors 
at one or two different locations when work is to be done. Per- 
manent facilities for doing this are provided at two or three 
points in each feeder, and the process is therefore no more diffi- 
cult than clearing the circuit at two points in a loop feeder. 

D. K. Blake: I am glad Mr. Milne called attention to the 
saturation. We do not get a strict measurement of power. | 
But this is an advantage in connection with short cireuits be- 
cause the secondary current lags the primary current, which 
makes it safe. A highly leading cable charging current in reverse 
direction would be disadvantageous, but removal of the lag plate 
would keep it well within the tripping range. 

I agree with Mr. Milne regarding the faults to ground and 
reclosing. I simply had in mind the conditions when a breaker 
failed to trip during a switching operation made for purposes of 
working on the feeder or saving the losses. 

Mr. Forbes’ statement is also true, but in the statement in my 
paper I had in mind that the reactances in the transformer were 
inherent; that is, some systems do have 10 per cent inherent 
reactance and the tripping characteristic must be kept above 
84 deg. 


The Remote Control of Multiple Street Lighting 
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Synopsis.—This paper describes control systems for multiple 
street-lighting systems and deals particularly with the systems 
employed in New York City. The paper is introduced by a brief 


history of the development of street lighting since 1879 when the 
series system, the first street-lighting method, was established. 


* * * * * 


S established in 1879 by the pioneer Charles F. 
A Brush, the generally accepted method of lighting 
streets and public highways, in so far as the lamp- 
to-lamp connection and the electrical distributing sys- 
tem are concerned, was by means of the series system 
which, to this day, is familiar and which down through 
the years has remained, to a very large extent, the 
standard method of electrical connection and distri- 
bution for supplying service to street lamps. 

With the exception of the Borough of Manhattan, 
in the City of New York, where certain of the streets 
since 1892 have been lighted in part from the multiple 
underground commercial network, the series method of 
service supply has been universally used throughout 
the country and only within the past several years 
has any serious attention been directed toward the 
possibility of lighting streets in congested areas by 
means of service supplied from the multiple low-tension 
commercial source. Many installations are in opera- 
tion with a combination of series and multiple connec- 
tions, where the lamps themselves are supplied from a 
multiple service from a 2300-volt primary feeder and a 
transformer of 115 to 230 volts secondary, the secondary 
circuit being opened and closed by means of a relay 
actuated by a nearby series circuit and such relay, in 
turn, opening and closing a multiple switch on the 
transformer secondary service supply or by time clock. 
Also, there are many installations operated from series 
circuits where a transformer is placed in the circuit for 
each individual lamp, the primary being energized 
from the series circuit while the secondary of the trans- 
former is connected in multiple across the lamp termi- 
nals, increasing the lamp amperage with consequent 
improved efficiency. This same combination of circuit 
is used where a number of series lamps would be con- 
nected in a somewhat similar transformer secondary. 
_ No doubt the most noteworthy advance in series street 
lighting was the development some years ago of the 
constant current transformer, which eliminated the 
necessity of separate series generator source of supply, 
all of which indicates, when compared to the original 
9.6-ampere series circuit as established by Mr. Brush 
and which is even standard to this day in many cities, 
that there has developed over the period of years a 
flexibility of service supply and control of series street 
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lighting circuits which is advantageous and commenda- 
ble and which can be applied in many localities where 
local conditions, for both overhead and underground 
distribution, are such as to warrant its use. 

Previous to November 1892 the limited electrical 
street lighting of those days in the City of New York was 
served by means of series overhead lines, but in this 
year, with the development of the low-tension constant- 
potential are lamp, The New York Edison Company 
entered the field of street lighting. 

Today all the street lighting in the Borough of Man- 
hattan is served from a multiple source, that of The 
United Electric Light and Power Company from a 
115-to 230-volt underground main and that of The New 
York Edison Company from a 120-to 240-volt under- 
ground main, the mains in each instance being the same 
network as used for service supplied to abutting build- 
ings. Also in the Borough of the Bronx, served by 
The New York Edison Company, the extension of the 
multiple street-lighting system is progressing from year 
to year and as in the Borough of Manhattan is operated 
by the a-c., 60-cycle underground commercial distrib- 
uting system of 115/230 volts. As of August Ist, 1926, 
within these two boroughs 70 per cent of the light sources 
are served from the multiple system, the lamps ranging 
in size from 25 to 750 watts. 


As the growth of the system continued, the lamps 
were turned on and off by means of a switch in the 
individual posts, or in many cases groups of posts were 
turned on and off by a single switch. Also in the 
lighting of the several parks throughout the city, 
where a number of lamps was controlled from a single 
source, each individual circuit was turned on and off 
by means of time clocks placed in the base of the lamp 
posts. In 1918, however, the control system as now 
used was perfected after considerable experimental 
and development work. Bearing in mind that street 
lighting is a most important branch of the service 
rendered by a public utility and particularly so in the. 
congested areas of the larger cities of the country, any 
system must be so designed as to render the highest 
degree of reliability. In adopting this method of 
street-lighting control, therefore, the factors governing 
the installation are: 


First. The controlling circuit must be so designed 
that outage of a number of street lamps, due to a fault 


in the control wire or defective relay, is practically 
eliminated. This is the most important requisite. 
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Second. The system should be flexible as to control, 
allowing various means to turn the lamps on and off as 
required, from several sources of supply. 

Third. The relays should be so designed as to open 
and close the circuit with the least possible complica- 
tion of moving parts; it should be positive in its action 
and close the lighting circuit by means of gravity. A 
relay so designed is not dependent on potential for 
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lighting the street lamps but rather to put them out, 
and when so designed the likelihood of extensive outage 
is extremely remote, as the lamps will light in case of 
accidental open circuit of the control wire. This will 


be seen more readily by referring to wiring diagram, 


Fig. 1. 
The system of control as installed by both The New 


York Edison Company and The United Electric Light 
and Power Company follows the diagram shown in 
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Fig. 1. The control wire is lead-covered No. 10 or 
No. 12 B & S rubber insulated and pulled into the 
distributor ducts occupied by the commercial main 
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cables. These ducts will vary in size from 8 in. to 
31% in. and before installing the street-lighting load or 
control circuit will contain three cables varying in 
size from 200,000 to 750,000 cir. mils. The ducts are 
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rodded by means of a 4 by 5% steel “fish.” AS 
shown in Fig. 1, the control switch is closed in Station 
“B,” the relay solenoids being energized, the armature 
being held in suspension, and the street lamps being 
out. The signal lamp is lighted in Stations ‘‘A’”’ and 
“B,” indicating as an operating detail that the control 
wire is continuous. The relay connections shown in 
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tee connection is made at the odd numbered streets. 
The object of the loop connection is to provide facilities 
to enable the breaking up of the control wire in case 
of necessity, such as testing purposes, into any number 
of sections that may be required. It also provides a 
meaus whereby a particular circuit can be controlled 
from any street lamp post so connected. The signal 
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this diagram can be seen in a photographic reproduction 
of an actual relay installation, shown in Fig. 2, with a 
closer view of the relay connections and one type of 
internal mechanical relay assemblage shown in Fig. 3. 
The over-all dimensions of these relays are 214 in. by 
4 in. by 9 in., the coil consuming from seven to 
ten watts, while the main contact is specified to carry, 
make and break a load of 25 amperes. 

For purposes of more accurately illustrating an area 
‘within the City of New York, controlled in the manner 
shown in Fig. 1, attention is called to Fig. 4, covering 
that section of the City of New York between 64th and 
84th Streets and from Central Park West to Riverside 
Drive and the Hudson River, an area approximately 
1 mi. long and 34 of ami. wide. This plan shows the 
relays as installed at each street intersection and the 
lamps controlled by these relays, while Fig. 5 is a 
wiring diagram of the control circuits within this same 
area. 

In Fig. 1 it will be noted that the control wire is 
looped into one relay while teed into the other. This 
system of connection is used throughout, the loop con- 
nection being made on even numbered streets, while the 


lamp shown connected in the control circuits in both 
Fig. 1 and Fig. 5, is alight when the control wire is 
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alive and indicates continuity of the control wire 
throughout its entire length. 


Fig. 6 is a section of remote control route map, illus- 


Noy. 1926 


trating in diagram form routes of several control wires 
from station to station. It shows that control wire will 
leave one station and terminate in another. Also 
certain control wires will route out of one station and 
return to the other station, while in certain other sec- 
tions the control wire will be teed, the object of such a 
layout being that there is a check at all times on the 
continuity of the control wire circuits. Particular 
substations are selected as operating stations for the 
turning on and off of the street-lighting system. Those 
substations shown in the solid squares, such as 84th 
Street and East 123rd Street, are operating stations, 
while the blank square as shown by the 107th Street 
Station is an emergency control point. To illustrate 
this point further, 84th Street Station is within the area 
shown in Fig. 6. Thisstation controlsall the lighting on 
the west side of New York from 64th Street to 107th 
Street, the control board operating 12 control circuits 
all connected in the manner shown in Fig. 1, so that with 
the opening or closing of these 12 small switches on the 
street lighting control board in this station, 1390 
lamps are turned on or off within an area approximately 
21% mi. long and 34 of a mi. wide. A further ad- 
vantage in having either end of a control wire in hand 
is that it enables operation from both ends, in case of 
necessity, for subway construction purposes or any 
changes that may be necessary in the main distributing 
cables occupying the same duct with the control wire. 
Also this either-end connection would permit the 
installation of a time clock for the control of these 
circuits. 

The system of control as used by the United Electric 
Light and Power Company in the Borough of Manhat- 
tan, City of New York, is somewhat different in that 
there is a relay in each post controlling either the 
individual lamp or a number of lamps as desired, the 
control wire being opened and closed by means of a 
time clock placed in a street lamp post approximately 
within the center of the control area, with an extension 
of the control wire into the nearest substation where an 
indicating lamp is connected to show that the time clock 
and control circuit are functioning properly. 

Again referring to Fig. 1, the connections are identi- 
cal with the actual photographic reproductions of the 
terminal block connections in Figs. 2 and 3, where the 
left-hand terminal is the system neutral, the one to the 
right being the control circuit, the next being the load 
wire connection, while the extreme right-hand terminal 
is a fuse connection on the outside polarity for the 
particular lamp on the post in which the relay is in- 
stalled. It will be noted that the make and break of 
the main: circuit is through the system neutral or 
grounded connection, the outside positive or negative 
polarity being connected in the individual lamp post 
_ throughal5-amperefuse. For load balancing purposes 
on the system, the outside polarity of lamps connected 
to one relay at a certain street intersection will be con- 
nected to the negative side of the system while on 
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the next street the lamps will be connected to the posi- 
tive side of the system. Making and breaking the 
system neutral on the load wire circuit was done pur- 
posely so that at night in case of a relay fault it is only 
necessary to ground the load wire, at any convenient 
point, in any one of the several street lamp posts 
served and the lamps can be lighted in this manner while 
changes or repairs to the relay can be made conveniently 
the following day. In leaving the lower terminal 
block exposed as shown in Figs. 2 and 3 this feature 
was in mind so that the connection could be quickly 
and conveniently accessible for change and repair 
purposes. 
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Operating characteristics of the relay shown in Figs. 
2 and 8 are as follows: 


D-c. relay, with the solenoid cold: 


Pick-up voltage....... 83.5 
Drop-out voltage.....18.9- 
Pick-up wattage...... 3.34 


After several hours of operation and a temperature 
rise in the solenoid: 


Pick-up voltage....... 93.3 
Drop-out voltage..... Pye) 
Pick-up wattage...... 3.63 


Fig. 7 shows an actual layout with load wire and 
control wire running through manholes and handholes, 
in the subway distributing system, from the substation 
in 84th Street between Amsterdam Avenue and Broad- 
way through the territory between West 87th Street 
and 90th Street. This plan also shows the location of 
each street lamp post with the number of the house in 
front of which it is located. 
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Table “A”? shows the number of relays and posts 
controlled within this area on each control wire, the 
relay posts being 114 in number and the controlled 
posts 491, or a total number of 605 posts controlled 
within this area. 


Table ‘“B” indicates the various sizes of lamps con- 
trolled within this area and it will be noted that the 
average number of lamps per relay is 5.3. 


TABLE A 
POSTS IN THE CONTROLLED AREA 
64TH STREET TO 84TH STREET WEST SIDE 
(The New York Edison Co.) 
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street-lighting load controlled by 416 9.7 kw-hr. control 
wire energy per year within the territory from 64th to 
Ath Streets, Central Park West to the Hudson River, 
as previously shown. 

The station control board capacity necessary for the 
operation of this system of street-lighting control is a 
panel 2 ft. wide and 6 ft. high, on which is mounted 
one main service switch, shown in Fig. 5, which in turn 
is connected to a number of small 10-ampere, single- 
pole, single-throw switches also shown in Fig. 5. The 
station signal lamps are 10-watt bull’s-eye design. 

As previously stated, great progress has been made 
over a period of years in the application of various 


Circuits enh yen ar Ree forms of series lighting circuits and combinations of 
ree series and multiple circuits. With the development of 
reseed IN Ress of os a the straight multiple control system described above, 
Broadway NOLS Otero een ps 20 55 75 there has been brought to the art of street lighting an 
See hes hae hE ae ae agen 7¢ | 97 added system of reliability of supply, flexibility of 
Central Park West No. 371....-.---- 24 132 156 control and distribution. 

Fa Rey See Be 114 491 605 In the preparation of this paper the author appre- 

TABLE B 


SIZES OF LAMPS 


IN REMOTE-CONTROL AREA 64TH STREET TO 84TH STREET WEST SIDE 


(The New York Edison Co.) 


Lamps 
Circuits Relays 25-W. 100-W. 150-W. 200-W. 300-W. 400-W 500-W. 750-W 
Central Park WeSt.......----+eseeeeeees 24 9 59 39 15 9 a 25 
Columbus AVenue.......-.--22ee eee ereee 21 10 8 41 16 41 
Amsterdam Avenue......--.-seeeeeeeeee 21 9 = 35 5 48 
HILOACWAVic te olote eee ststole al enateueliel eur caiey+) “Rater 20 4 12 22 34 3 
West End Avenue.........+--sscsseeeens 20 8 we 50 25 16 2 
Riverside Drive.........-.2seece-cseeess 8 4 33 6 5 15 
TODAS Sues Selec F Ataetevere cece es be pete 114 44 100 39 159 82 154 27 3 


Total number of relays—114 
Total number of lamps—608 
Average lamps per relay—5.3 


TABLE C : 
REMOTE-CONTROL MULTIPLE STREET LIGHTING AREA 
64TH STREET TO 84TH STREET WEST SIDE 
(The New York Edison Co.) 


Control wire 
Total Total Ky — 

Circuits lamps |amperes|° load amperes| ,Kw. 

Central Park West...... 156 247 2 29.6 2.00 0.24 
Columbus Avenue....... 116 253.7- 30.4 1.35 0.162 
Amsterdam Avenue... ... 97 232.7 Pato) 0.76 0.091 
IBYOAC. Way «era 1) oS ra 75 189.1 PMG 1.12 0.134 
West End Avenue....... 101 209.1 25a 1.35 0.162 
Riverside Drive......... 63 102.5 1253) 0.70 0.084 
MOU AIS. creisre iste bese 608 1234.3 148.0 7.28 0.873 


Total load controlled—1234.3 amperes 
Total load controlled— 148.0 kw. 
Control-wire energy — 7.3 amperes 
Control-wire energy — 0.87 kw. 


Table “C” indicates the total load control in this 
area and the control wire load, the total load controlled 
being 1234.3 amperes or 148.1 kw. while the con- 
trol wire energy required to handle this load is 7.3 
amperes or 0.87 kw. 

The total annual kw-hr. consumption of the con- 
trolling load and street-lighting load is 592,400 kw-hr. 


ciates the cooperation of Mr. A. H. Kehoe, Electrical 
Engineer, The United Electric Light and Power 
Company, New York City. en: 


Discussion 


A..H. Kehoe: There are a number of systems using the 
multiple type of street lamp, but the advantages of controlling 
them by relay has not been generally realized. The subject was 
intensively studied by the companies supplying Manhattan 
Island in 1918. Early in 1920 the United Electric Light and 
Power Company had completely equipped all of its street lamps 
for relay control of a type as indicated in the paper. This 
system uses an a-¢. relay at every lamp except in the case of 
park lighting, where an installation’s only purpose is for street 
lighting. With this system, the reliability in operation is very 
good as a relay failure affects but one lamp. 

Several facts were deduced from the cost of making this in- 
stallation. We found that the relay is not the important element 
in the cost. The relay used will operate with the smallest 
conductor which we considered it desirable to use from the stand- 
point of mechanical strength, this being a lead-covered No. 
12 B&S gage. If relays can be made to operate without a 
special conductor, it will be possible to make a still cheaper 
installation and yet pay considerably more for the relays. The 
series system so commonly used requires a large, well-insulated 
conductor, which makes its cost higher than a multiple-controlled 
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system, provided there is to be other load in the same area; 
if not, the choice between the two systems will depend upon the 
particular district to be supplied. The prevailing style of system, 
of course, has been the series system, and it is important to have 
the features of the relay-controlled multiple system widely 
broadcast. It is usually recognized that in densely loaded 
districts the multiple arrangement may be advantageous, but 
few realize that many of these advantages hold in the sparsely 
settled districts (which are now rapidly disappearing on Man- 
hattan). For instance, there is the advantage that the pioneer 
who comes soon after the street lamps is able to get his service 
immediately, as it can be had from the street-lamp system. 

The combination of all the electric requirements on the single 
set of mains is the advantage which I feel should bé especially 
emphasized. 


N. J. Kelly: In 1928, while the public clamored for the im- 
mediate installation of a traffic-control light system on Broadway 


to relieve the congestion of this heavily laden avenue, the 


Department of Water Supply, Gas & Electricity delivered some 
19 ornamental heavy street-lighting standards to the Police 
Department, and designed a lamp housing which was attached to 
the mast arm and had manually-operated switches. These 
units were erected as a temporary expedient for traffic-control 
signals and installed on the sidewalks rather than in the street, 
proper. The idea was new to New York and worked so well 
that it was decided to “‘tie in’’ all units for automatic operation. 
At this stage, Mr. Dempsey introduced an automatic circuit 
which was in keeping with the circuit designed for the remote 
control of multiple street lighting, and met with such success as 
to be adopted as a standard where automatic signals are required 
in a d-c. territory. 

In this city with its five boroughs comprising an aggregate 
area of 316 sq. mi., more than 99,000 street-lighting units 
provide ample illumination to 3400 mi. of streets, avenues and 
highways. It is therefore of the utmost importance that the 
eontrol of these units, whether they connect to a multiple or 
series system, be such as to guarantee maximum service at a 
minimum cost, and in this Borough of Manhattan, where practi- 
cally all street lighting is derived from an underground multiple 
system, trouble has been localized; but continuity of service, 
which is the governing factor, has been assured. 

H.R. Searing: It may be interesting to give some operating 
results on the multiple street-lighting system of the, United 
Electric Light & Power Company mentioned by Mr. Dempsey. 
The system has been in operation since 1920. The following 
table shows the small number of failures of the no-voltage relays 
to operate. The figures for the year 1925 and the year 1926 up 
to October 31, are, 


GRAVITY-TYPE RELAY 
(1242 in service in 1925; 1176 in 1926) 


Failures 
No. of 
Operation Operations Total No. Per Cent 
Drop—pP. M......-6e eee eres 847,334 83 0.0098 
Pick up—a. M......4..-.-6+- 847,334 15 0.0018 
SPRING-TYPE RELAY 
(731 in service in 1925; 812 in 1926) 
i Failures 
No. of —_—_—_——_ 
Operation Operations Total No. Per Cent 
Drop—D. M........6++ +e eres 513,663 29 ; 0.0056 
Pick up—a.M.....--- 2+ seers 513,663 5 0.0010 


These figures show that relay trouble is insignificant and does 
not compare with burned-out lamp trouble, 
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Mr. Dempsey did not point out that the system supply is alter- 
nating current and that the time switches which control the 
circuits are Warren clocks which require no winding. 

W. H. Suydam: Local operating conditions dictate to a 
large degree the type of control and distribution system best 
suited to a particular street-lighting problem. With low-tension 
a-c. networks as employed by some power companies, a low- 
tension multiple network system of street lighting seems to offer 
a reliable and economical solution. Each block of lamps with 
this arrangement would be fed as shown in the accompanying 
illustration. 

The control for this type of system narrows down to a selection 
of either full automatic clock control or pilot control employing 
relays as described by Mr. Dempsey in his paper. A few desir- 
able time switches which might be employed provided they were 
located in suitable subway tanks and located in transformer and 
distribution manholes, are: Sauter, States, Anderson and Warren 
motor. Of these the Warren motor type seems to show the 
greatest promise. 

Carrier-current control has experienced considerable develop- 
ment during the past few years and may eventually provide a 
reliable and convenient means of controlling street lamps. The 
system above mentioned should lend itself readily for conversion 
to carrier-current control at some future date. 

The pilot-wire system as described in Mr. Dempsey’s paper is 
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in my opinion simple and reliable. I prefer, however, to work 
toward extreme simplicity in distribution and total independence 
of neighboring control apparatus; provided suitable Warren 
motor clock switches can be obtained this would resuJt in the 
elimination of the pilot wire. 

The New York Company averages 5.3 lamps per control point 
which is probably due to their peculiar operating conditions. 
I believe that in connection with a low-tension a-c. network this 
number could be considerably increased. 

It is generally recognized that it is desirable to have lamps go 
on rather than out in the event of pilot-wire trouble, however; 
it is also important that they become extinguished promptly 
at dawn, which would not be the case with the pilot wire until the 
source of trouble had been located and rectified. On the other 
hand, with the clock method, all but the particular circuit in 
trouble would be promptly extinguished. It might be well 
to note that every alternate clock switch might fail to function 
without resulting in lamp outage. Two adjacent switch failures 
would cause one group outage, while trouble with the pilot wire 
would affect all groups. An advantage often claimed for the 
pilot-wire arrangement is that it provides a means of checking 
the continuity of the circuit. While this may be true of the pilot 
wire, it does not appear that this check can be extended to — 
apply to the relays and lamp circuits. In congested areas I 
believe the streets are patrolled nightly for lamp burnouts and 
at such times a defective clock switch would readily be discernible 
and promptly rectified. Furthermore, experience with Warren 
motor clocks will enable their further development, resulting 
in greater reliability. The Warren motor switches might be 
developed so that resetting could be accomplished without the 
removal of cover and switches mounted on stab contacts, permit- 
ting their ready removal, thus enabling clock substitutions in 
caso of trouble and repairs effected at the shop. 


O. F. Haas: The Cleveland Electric Iluminating Company 
serves some 600 multiple lamps in the residential district of the 
City of East Cleveland. The house-lighting distribution system 
is carried along the rear lot lines on wooden poles. The street- 
lighting feeders are brought down along the side of the pole to the 
ground and then carried underground along the side lot line to the 
street lamp at the curb. Time switches are used to turn the 
lamps on and off, a number being controlled by each switch. 

The Minneapolis General Electric Company has standardized 
on multiple street lighting for the City of Minneapolis, using a 
system quite similar except that the lamps are turned on and off 
by a control circuit. Until recently, however, series lamps, 
rather than multiple lamps, had been used on these multiple 
circuits. I should like to give just a word of caution in regard to 
this type of installation, without going into all the technical details 
involved, which may be obtained from the lamp companies. 
Where a multiple distribution system is used, multiple lamps 
should be employed and where a series distribution system is 
used, series lamps should be employed. Incandescent lamps are 
designed for a particular service and if they are not used in the 
manner for which they were designed, satisfactory service will 
not be obtained. 

A new white way lighting installation has just recently been 
completed on State Street, Chicago. To my mind, one of the 
most remarkable things about this system is the fact that the 
Commonwealth Edison Company, by utilizing its duct lines and 
store-lighting feeders, was able to install what is by far the most 
outstanding white way lighting system in the country without 
tearing out any pavement or sidewalks. Approximately three 
times as much light is provided as on any other street in the 
world. Two thousand-watt, 4500-c.p. lamps, two per post, 
are used. The posts are located opposite each other and the 
energy consumption is 8 kw. every 90 ft. The resultant initial 
illumination on the street is over 4 foot-candles—a higher level 
of illumination than obtains in many stores and offices. 


L. G. Smith (communicated after adjournment): There is 
one point which I feel has not been sufficiently stressed. I refer 
to the subject of maintenance costs, assuming that time switches, 
relays for use with pilot-wire systems, and Warren-clock time 
switches, ete., areall equally reliable. Thereis yet another compar- 
ison that should be made in addition to the first costs of the control 
system; that is, the effect of maintenance costs. In order to keep 
maintenance costs at a minimum, the control apparatus used 
should be as simple as possible, because, as a rule, the more 
complicated a mechanism, the more attention maintenance will 
require. For this reason, a sturdy relay, simple in design and as 
fool-proof as possible, would require considerably less main- 
tenance than a time switch. 


Moreover, in any multiple system, the essential characteristic 
of design will be to keep the multiple circuits as short as possible. 
This necessitates the use of a large number of individual control 
mechanisms. If time switches are used for each individual 
circuit, an enormous quantity will be required even in a city of 
modern size. Assuming a city having about 12 blocks to a mile, 
each square mile will have about 144 blocks; therefore, a city of 
approximately 10 sq. mi. would have about 1500 blocks. Assum- 
ing that the multiple circuits are so isolated that there is one 
circuit per block, then 1500 time switches would be required. 
Comparing this with the use of no time switches and 1500 relays, 
or a few time switches and 1500 relays, it can be readily seen 
that there will be a wide difference in the problem of maintenance. 

Under certain conditions there seems to be an economy in 
favor of a multiple system irrespective of whether the control is 
by pilot wire, a combination of pilot-wire and time-switch control, 

or a straight time-switch control. 


Apparently, the factor that throws the item of economy from 
the pilot-wire and relay scheme to the straight time-switch 
system, is the cost of the control wire. Mr. Kehoe has already 
developed this point in his discussion. However, Mr. Kehoe 
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has emphasized purely the cost of the control wire. There is 
another and still larger factor in the pilot-wire scheme and that is 
the cost of the duct. If the distribution system is so laid out 
that the pilot wire can readily be pulled into a duct where an 
existing cable is installed, then the cost of the pilot wire is almost 
negligible due to the fact that the cost of the pilot wire installed 
is less than 25 per cent of the cost of the duct. Therefore, 
comparing the economy of the various types of control systems 
for a multiple street-lighting system, it is necessary to bear in 
mind the necessity of installing a pilot wire of reasonably 
low cost in a duct where existing cables are already installed. 
Otherwise the cost of the pilot wire and relay scheme will be 
considerably out of line with the cost of an individual time- 
switch system. 

S. B. Hood (communicated after adjournment): This 
paper is of inestimable value to the industry in that it shows 
conclusively that street lighting in a large metropolitan area 
can be successfully and economically carried out without the 
complete duplication of distribution systems that are involved 
where series street-lighting circuits are employed. 


The description of the New York multiple system is of partieu- 
lar interest to me in that I developed an almost identical system 
a few years ago for application in Minneapolis, where the bulk of 
the distribution system is overhead except in a limited congested 
commercial area. It was not until some months after the first 
Minneapolis installation was made that I learned of the details 
of the New York system, as developed by Mr. Dempsey. This 


‘duplication of development should serve as additional proof of 


the practicability of multiple remote-control street lighting. 

In the Minneapolis system, where the control is scattered 
over an area far larger than the underground area in New York, 
the remote-control system as described in Mr. Dempsey’s paper 
has been enlarged upon by the addition of cascading relays which 
serve to re-energize control-wire sections. In this manner, the 
area that can be controlled from any one control station becomes 
unlimited, thereby making the system even more flexible than 
any series system. The use of alternating current for the control 
made necessary the design of a type of relay radically different 
from that used in the New York system where direct current is 
used. After considerable experimental development we now 
have a very simple and reliable a-c. relay that closes by gravity, 
thereby changing what would be an outage in most systems to a 
daytime “onage’’ in both the New York and Minneapolis 
developments. 

With these two installations both operating with an efficiency 
and proven reliability far in excess of the best of series systems, 
requiring no duplication of existing investment other than a 
simple single-wire control circuit, and operating throughout at a 
voltage not in excess of 120 or 240, there no longer seems any 
justification for further installation of any form of series circuit 
which requires dangerously high voltages for its operation, with 
accompanying hazard to both operating staff and the general 
public. 

It should also be considered that the multiple system operates 
at the same power factor as the general distribution circuits, 
usually close to 1.00. Where utility engineers are using every 
effort to improve the customer’s power factor by offering induce- 
ment rates for better power factor it seems inconsistent for the 
same engineers to be purchasing and installing series street- 
lighting equipment that inherently operates at low power factors, 
0.55 to 0.60 being fair averages. 

It may be of particular interest to mention that a recent re- 
search of the patent situation regarding multiple street lighting 
showed that Thomas A. Edison developed and patented this 
remote-control multiple street-lighting system long before series 
circuits had been commercially developed, so that in adopting 
the remote-control multiple system we are doing nothing new, 
but just starting in on the second round of the circle. ; 

W.T. Dempsey: I should like to speak of the points brought 
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forth by Mr. Suydam. In street lighting we have two evils. 
We may burn lamps in the daytime and we may have them out 
at night. Personally, I should rather have them burning in the 
daytime than out at night. Street lighting, we must never 
forget, is a most important service rendered by a public utility. 
There is nothing of more importance as a police measure or for 
traffic reasons. 


As to time clocks, they Eave their place. We have used them 


for 15 years in turning on and off Central Park, but where we can 


put a relay in the circuit, we feel there is greater reliability. We 
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have a control circuit in our hands, so to speak, in the station 
and we are not bothered with adjusting a time clock to take 
care of the seasonal variations in time. ; 

The number of lamps per relay, 5.3, mentioned by Mr. Suydam, 
is determined entirely by the size of conductor, allowing for a 
reasonable drop in voltage in effort to keep the conductor as small 
as possible. The system has been in very successful operation in 
New York since 1918 and has been growing steadily all the time. 
The best point in its favor is that other large cities are installing 
the same system. 
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The Lighting of Railway Classification Yards 


BY GEORGE T. JOHNSON! 


Non-Member 


Synopsis.—This paper deals primarily with the tllumination of 
modern large classification yards of the hump type in which the 
traffic is in one direction. Floodlighting is advocated as the most 


generally satisfactory system, and various arrangements, to meet the 
different conditions of yard layout, space available, etc., are described. 


* * * + ie 


HE lighting of railway classification yards is a 
T problem of space lighting, the length of yards 
varying from 3200 ft. to 6500 ft., the width from 
A00 ft. to 650 ft., and the distance from the hump to 
the last switch on the ladder, from 1800 ft. to 1800 ft. 
in our modern yards,—all depending upon the capacity 
of the yard. The accompanying illustrations show 
typical layouts of classification yards having four ladder 
tracks. Ten tracks generally diverge from each ladder 
track. The space between the ladder tracks is used for 
the speeder cars which carry the hump riders back to 
the hump after cars have been brought to rest in the 
classification yard. In the case of a yard where car 
retarders are used, this space could be utilized for pole 
lines carrying a lighting distribution system. 

No work other than the classification of cars is per- 
formed in the modern classification yard, the air testing 
and inspection being performed in the departure yard, 
and consequently there is no necessity for local or 
intense illumination. 

The ladder tracks of classification yards are seldom 
built on curves; in fact, in yards where retarders are 
used, the curvature is limited to six deg. Therefore the 
problem of curved track lighting need not be considered. 

There are two adjuncts to a modern classification 
yard; namely, the receiving yard and the departure 
yard. No illumination is ordinarily required in these 
other than that which is necessary for police protection 
or in cases where short trains are pushed into the 
receiving yard on the same tracks or diverging tracks, 
for the storage of previous trains. In some instances, 
however, where receiving yards are built with consider- 
able curvature, there is an advantage in providing 
sufficient illumination to enable engine drivers to ob- 
serve their respective courses. 

The tracks connecting the classification and departure 
yards, covering a distance varying from 400 ft. to 700 
ft., require local illumination. The most effective 
means of providing this illumination is by the angular 
type of reflector, with the beam of light directed in 
such a manner as not to affect the vision of the engine 
driver who is required to cover these tracks and who is 
frequently unable to obtain the benefit of the locomo- 
tive headlight because of the curvature of tracks and 
on account of switches. With the angular reflectors 
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giving a wide beam, the proper spacing is about 100 
ft. for 300-watt lamps at an elevation of 22 ft. above the 
tracks. A similar type of lighting should be installed 
at the hump for the benefit of the car riders. The 
departure yard, as stated above, requires very little 
illumination other than that necessary for police pro- 
tection. The inspectors are required to work under 
cars and between long lines of cars on adjacent tracks 


Fig. 1—A 110-rr. FuoopLtigHting TOWER 
In the Markham Yards of the Illinois Central Railroad 


Fig. 2—Puatrorm Wits Hiest 1000-Warr ProJecrors 
At Cedar Hill Yard of New York, New Haven & Hartford Railroad Co. 


and therefore they carry lanterns. Moreover, it would 
be impractical and expensive to attempt to provide 
illumination for their benefit, and it would be impossible 
to show any financial saving or reduction of personal 
injury hazard. 

Good illumination requires an even distribution of 
light without glare. In order to obtain this condition, 
lamps must be so spaced and so placed that there is no 
interference with one’s vision. As space is valuable 
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in a railroad yard, and as the expense of installing and 
maintaining such an installation is extremely heavy, 
we have been compelled to seek some other solution of 
the problem. The method commonly used is the 
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Fig. 8—Typicat Switcu, Meter anp Curout INSTALLATION 
aT Base or TOWER 
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tive apparatus and switches are installed at the base of 
the tower (Fig. 3) in order to avoid all unnecessary 
maintenance labor. Practically the only necessity for 
climbing the towers is to change lamps and clean lenses 
and reflectors, which it is rarely necessary to do more 
often than every three months in winter and less fre- 
quently in summer. It is advisable to place control of 
the lighting in charge of the hump tower operator. 
This may be accomplished by installing a small start 
and stop button in a selected position, the manipulation 
of which energizes and de-energizes a contactor installed 
at the lighting tower. Another method is to install time 
switches at the base of towers which will automatically 
turn the lamps on and off at a predetermined time. 
The first method of control enables the tower operator 
to practise economy in current consumption during 
slack hours and yet furnishes sufficient light for police 
purposes. Tower lighting permits adjusting the 
position of the towers with the result that if space is not 
available for an ideal location, a change of 100 ft. or 
even 200 ft. does not materially decrease the efficiency 
of the installation. There is a possibility (although 
rarely available in classification yards) of taking ad- 
vantage of high structures such as coal pockets and 
bridges for mounting projectors (see Fig. 4). 

Classification yard lighting may be divided into three 
general classes or types, each requiring a different solu- 
tion, as follows: 

1. Yards employing hump riders and having hand- 
operated switches. 

2. Yards employing hump riders and equipped with 
automatic switches. 

3. Yards equipped with automatic switches and 
car retarders. 

With the first type of yard, extreme care must be 


rer 


Fig. 5—Tyricat Ligutina Witn Towers at Hump 


3200 6600 
1000 WATT 
¢ a 
——— 
[oa nat 
es 
=. 


S —a 


Fre. 6—Moopiriep Licutinc System Waere Space at Sipes or Hump ts SCARCE 


installation of towers 75 ft. to 120 ft. above the base of 
the rail (Fig. 1), with a number of projectors equipped 
with 750-watt or 1000-watt lamps mounted on a plat- 
form at the top of the tower (see Fig. 2). The protec- 


exercised to prevent interference with the switchman’s 
vision on account of glare, as this is likely to be the cause 
of personal injury or accidents to the equipment. If 
space is available, two towers may be installed, one on 
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each side of the hump and 300 ft. apart, as shown in 
Fig. 5. If lack of space at the hump makes this im- 
practical, a so-called ‘modified distribution system” 


Fig. 7—Prosectors oN Pour LinE IN SpreEDER-CAR SPACE 


This is a view of the older installation at Cedar Hill which has been 
replaced by that shown in Fig. 11 
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is not available at that point, they may be installed 
close to the hump, as shown in Figs. 9 and 10. The 
cost of these towers will be approximately $7000. For 
a 3200-ft. yard no other lighting is required for the 
classification yard, an unobstructed view being obtained 
both from the hump and by the car riders (Fig; 11): 
The power required for a 40-track yard is approximately 
16 kw. The installation and maintenance cost is 
low. The maximum illumination is at the switches, 
and the hump rider is enabled to detect track conditions 
clearly; moreover, in distant parts of the yard, sufficient 
illumination is provided to permit the observation of 
low built cars in time to avoid collision with them. 
Where yards are of extreme length it will be necessary 
to place at least two towers approximately 2000 to 3000 
ft. from the hump, if possible, (Fig. 12). Where space 
is not available for this, the towers may be installed on 
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Fig. 8—Tyricat Ligutinec or Narrow YARD 
500-Watt lamps on 35-ft. wooden poles 250 ft. apart 


Fig. 9—Tyrican Ligntine or A 3200-rr. Yarp WitrH TowrErRs CLOSE TO Hump 


is advisable and the towers may be installed on the 
outer edges of the classification yard located; 300- 
watt angular reflectors mounted on poles in the space 
occupied by speeder tracks will provide illumination 
in the area between the hump and the point where the 
tower lighting becomes effective as illustrated by Fig. 6. 
In very narrow yards it may be found desirable to 
install 500-watt projectors with a 250-ft. spacing and 
an elevation of from 35 to 40 ft. above the tracks, the 
necessary pole line being installed in the speeder car 
space (Figs. 7 and 8). This latter method does not 
permit expansion and involves high maintenance 
costs as well as interference with the operators’ vision 
by the poles; therefore it should not be installed. The 
cost of installing two towers at the hump amounts to 
approximately $7000, and involves a low maintenance 
cost, whereas the “modified distribution system’ costs 
at least $8000 to install and results in a high mainte- 
nance cost. ; 

With the second type of yard it is not necessary to 
consider the glare as there are no men in the yard and 
the current of traffic is in the direction of the light 
beam. One or two towers may be installed in the same 
relative position as in the first type of yard, or, if space 


Fig. 10—Two 70-rr. Towrrs CLose To THE Hump 
Each tower has eight 1000-watt projectors 


the outer edges of the yard at the same distance from 
the hump. The wattage requirements for a 6000-ft. 
yard are from 12 kw. to 16 kw. and decrease pro- 
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portionately as the yard decreases in length. The 
increase in installation cost over a 3200-ft. yard will 
amount to approximately $12,000, making a total 


Fie. 11—Day anp Nicut Views or Yarp LIGHTED BY TOWERS 
AT THE Hump 

This is Cedar Hill yard of the New York, New Haven & Hartford 

Railroad. It is a 3200-ft. yard lighted by eight 1000-watt lamps on each 

of two 70-ft. towers. The pole holding two transformers and the } ole 

beyond, holding two projectors, are part of the old system and will be 
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higher wattage may be used in the 5000- and 6000-ft. 
yards, with a resultant reduction in the number of 
towers required and a decrease in the installation and 
maintenance costs, but in considering any such pro- 
position the possibility of interference with the vision 
of adjacent interests must be taken into account. 

A distribution system similar to that shown in Fig. 8 
would cost approximately $15,000, and would result 
in an increase of maintenance costs as compared with 
the tower lighting proposition of at least 1000 per cent. 


Fic. 14—Yarp Vinw SHowina Car RETARDERS 


This large maintenance cost is due to the maintenance 
requirements of a large number of poles and projectors. 
Moreover, the poles would interfere with a clear view 
of the yard, and would be subject always to destruction 
on account of derailments with consequent delays in 
operation. The intensity of illumination is not so great 
with this type of lighting, although the distribution of 
light is more even. The only advantage over the tower 
lighting is in the case of yards so situated that there is 
a considerable amount of smoke and steam present. 
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Fig. 12—Licguring Scueme For Very Lona Yarp 


Fig. 13—Yarp IntumMinaTep BY FLOODLIGHTING PROJECTORS 
This is the Selkirk yard of the New York Central Railroad. 


installation cost of about $19,000, with a maintenance 
a increase of slightly over 100 per cent. There is some 
possibility that at some time in the future, lamps of 
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This may be considered as a special condition, as yards 
are usually located at a sufficient distance from engine 
houses and other smoke producing causes so that this 
advantage may be eliminated. 

The third type of yard is similar to the first, but the 
personal injury hazard is eliminated as no hump riders 
or switchmen are required in the yard. 

The retarder operators are located in secondary 
towers situated adjacent to the groups of retarders 
which they control. These towers are in the area of the 
ladder switches and are at an elevation above the tracks 
which permits an unobstructed view of the yard. Up 
to the present time no economical solution of this 


1240 


problem has been worked out. If lighting as recom- 
mended for the second type of yard is installed, the glare 
interferes with the vision of the operators. In this con- 
nection it is possible that a visor effect may be obtained 
by painting the upper part of the tower windows, thereby 
shutting off from the operators’ vision the direct beam 
of the lights. 
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Fig. 15—Intumination From 1000-Warr Lamp 1n Fuoop- 
LIGHT. ProsjectoR WitH AND WiTHouT ReEcTANGULAR LENS 


A 1000-watt lamp with PS-52 bulb was used. 


The position of retarders with respect to the operator 
is frequently such that it is difficult for the operator to 
observe the exact position of moving cars and of re- 
tarders at night on account of shadows (Fig. 14). A 
possible solution of this problem may be found in 
“marker lights” so placed that they will indicate when 
the braking effect on cars is to be applied to the re- 
tarders. This solution of the problem would be very 
economical. 


Any system of local illumination covering retarder 
areas would be expensive and would cause interference 
with track clearances, which must be avoided. 


_ With the increased experience of retarder operators 

there will be no necessity for illumination greater than 
that provided in yards using hump riders and automatic 
switches, since each operator will know the loading 
condition of his tracks and will be governed accordingly. 
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The same problem presents itself in lift-bridge operation, 
where actual practise has demonstrated that the 
experienced operator knows the position of his bridge 
at night and does not watch the indication lights, but 
prefers a marker light so placed that it will not be 
necessary for him to direct his attention in another 
direction. 

The Committee on Illumination of the Association 
of Railway Electrical Engineers in November, 1923 
reported the following advantages of yard lighting: 

1. Speeding up of cars handled in the yard at night 
time. 

2. Reduction in cars damaged by rough handling 
and collision in the classification yard with consequent 
reduction in claims, delay in delivery of goods, loss of 


' service of damaged cars, etc. 


2. Reduction in losses due to pilfering, on account 
of more effective policing possible with a well illumi- 
nated yard. 

4. Improved working conditions and increased 
safety for employees working in the yard. 

The studies and investigations of the Committee on 
Illumination in conjunction with the lamp and projector 
engineers, although not as yet completed or published, 
already have resulted in more efficient units and more 
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Fic. 16—Innumination Curve or Frioopiicut Prosecror 
Wirs 1000-Warr Lamp 
A 115-volt, 1000-watt, Mazda C lamp with PS-52 bulb was used 


economical installations. The problem of lenses dete- 
riorating with age, with resultant decrease of efficiency, 
has been practically solved. Curves and engineering 
data are now available (Figs. 15 and 16) which make it 
possible to plan installations with confidence that the 
results anticipated will be achieved. The problems of 
space lighting may be solved in various ways on account 
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of local conditions, but the fundamental principles are 
the same in all instances. 

Floodlighting is not a “‘cure-all,’’ but the results are 
satisfactory to the operating people and provide for 
them the operating conditions which they have been 
seeking. 

No mention has been made in this discussion of 
silhouette effect, since it is considered that while theoret- 
ically this feature may have some value, at the present 
time the effect on the vision due to glare more than off- 
sets the benefits. Further studies will be necessary 
before this type of installation can be recommended. 


Discussion 

J. A. Summers: 
that space where towers or projectors may be located is valuable. 
The lighting of the area in the yard itself is very simple, but there 
are many problems which must be overcome in connection with 
glare and location of projectors. The intensity may be as low 
as 0.21 foot-candle. With such low intensities and poor reflection 
factors from the ears, the problem is not so simple as that of 
lighting an open space. 

If the ends of the cars had white targets across them,—a 
eircle or a band,—it would help the visibility very materially. 
Such targets could be painted on when the cars are brought in 
for repairs. 


R. W. Cost (communicated after adjournment): "The method 
of yard lighting as outlined by Mr. Johnson is known as “uni- 
directional” and provides illumination in the direction of traffic 
primarily to avoid glare to the operators. Another arrangement 
of projectors known as the ‘‘narallel-opposing”’ system is widely 


One of the difficulties in yard lighting is 
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used by railroads in yards employing hump riders and equipped 
with automatic switches. It consists essentially of opposing 
projectors banks with four to eight 1000-watt units mounted on 
towers at least 70 ft. in height and spaced 2500 ft. to 5000 ft. 
apart. With this system the opposing beams provide more even 
distribution of light over the entire yard and objects are visible 
either by direct reflection or in silhouette, depending on the posi- 
tion of the observer in the yard. When traffic moves in the face 
of projected light there is, of course, the disadvantage of possible 
glare but it can be minimized if the trainmen wear vizored 
headgear. ji 

Mr. Johnson states that power for lighting decreases propor- 
tionally as the yard decreases in length. As the total wattage 
or lumen requirements for a yard are usually in proportion to 
its area, it would also be necessary to take into consideration the 
yard width as well as its length. The Association of Railway 
Electrical Engineers, whose Committee on Illumination has 
made a rather extensive investigation of this subject, advocates 
the use of 0.1 lumen per sq. ft. of yard. Only the available 
lumens in each projector beam, which vary from 35 per cent to 
45 per cent of the generated lumens, can be used in calculating the 
total wattage required. 


Where a classification yard is built on a curve the number and 
location of floodlighting projectors will vary somewhat from the 
arrangement in a straight yard of the same area if light distribu- 
tion and illumination between ear tracks are to be comparable. 


G. T. Johnson: With reference to Mr. Cost’s discussion, 
I discussed that in the main body of the paper, and mentioned the 
fact that I believed it impractical for the men to wear visors. 
I did not discuss silhouette lighting, as at the present time this has 
not been developed to a point where we consider it a good practi- 
eal proposition. It has considerable merit and undoubtedly 
will be used to some extent in the future when a means has been 
developed to obviate the glare. 


The Induction Lamp, a New Source of Visible 


and Ultra- Violet Radiation 
BY TED E. FOULKE* 


Non-Member 


Synopsis.—This paper deals with the induction lamp, or 
more generally speaking, the electrodeless electrical discharge. This 
lamp is a rich source of visible and ultra-violet radiation. The 
lamp has no electrodes, no conducting filaments and no conducting 
arc, as ordinarily understood. It operates on the principle of the 
electrodeless discharge which is produced in a partly exhausted 


vessel within a rapidly changing electromagnetic field. The dis- 
charge consists of visible and invisible radiations. The paper 
contains a historical introduction, an explanation of the theory 
of the electrodeless discharge and a description of the results of 


experrments. 
* * * * * 


HISTORICAL INTRODUCTION 


HE first account of the electrodeless discharge was 
a: given by Sir J. J. Thomson! and describes the 

glow that is set up in a partly exhausted vessel 
by the discharge of a condenser through a coplanar 
coil surrounding it. In his experiments a Wimshurst 
machine was used to charge the condensers and the 
discharge took place through the coil and between the 
spark-gap terminals which consisted of two polished 
balls in air. This arrangement is clearly shown in 
Fig. 1, in which it will be observed that there are no 
electrical connections with the gas within the vessel. 
The electrodeless discharge, according to Thomson, 
was explained by the voltage induced in the space 
surrounded by the coil. 


=a 


ry — COPLANAR COWL 
CONDENSE® Ss 
iy 
: 
‘ 
HIGH fe) SPAR! a VESSEL 
VOLTAGE = AP 
SUPPLY 
! 
i} . 


| 
1 _1+—_|— | 
CONDENSEF 


Fig. [--Tue EvecrricaL ARRANGEMENT, AND HDGEWISE 
View or CorLanar Com SurrounpING VesseL IN WuicH 
ELEecTRODELESS DiscHarGE TAKES PLACE 


This conclusion was criticized by E. Lecher? and 
A. Steiner*, who believed that the impedance of the 
coil would result in a high potential building up across 
the coil and the electrostatic field produced would be 
sufficient to cause the glow. 

Three experiments performed by Thomson showed 
beyond reasonable doubt that the electrodeless dis- 
charge is a true induction discharge. The first con- 
sisted in setting up an electrodeless discharge in a 
vessel that was completely shielded with a sulphurated 
blotting paper connected to ground. The second 
experiment consisted in placing a partition in the vessel 


*Cooper Hewitt Electric Company. 

1. For all references see bibliography appended. 
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that broke up the circular ring discharge into two 
elliptical ring discharges in the plane of the coil. Inthe 
third experiment a steady magnetic field was swper- 
imposed on the inducing field, which resulted in split- 
ting the ring discharge into two rings tilted at an angle 
from the normal plane, just as would be expected if 
the current flowed alternately in one direction and then 
in the other. 


The electrodeless discharge received little attention 
in technical literature until 1903 when Bergen Davis‘ 
carried his investigation to the calculation of the 
voltage gradient set up in the vessel necessary to start 
the ring discharge. He found that the discharge 
gradient reached a minimum at a certain pressure and 
steadily increased as the pressure deviated above or 
below the value for the minimum. The approximate 
values found for several gases are tabulated below: 


Min. Pressure Bulb 
Gas Volts/Cm. Mm. Radius 
Air al 0.08 6.0 cm. 
CO2 30 0.06 6.0 cm. 
Hy 25 0.17 6.0 cm. 
H, 5 0.23 6.0 cm. 


The actual values are somewhat affected by fre- 
quency, though in a general way the results are very 
similar to those obtained with the electrode discharge 
at reduced pressure. The essential difference between 
the two discharges is found in the pressure required for 
the minimum discharge voltage. In the electrodeless 
discharge the critical pressures are consistently lower 
than those found in the electrode discharge. 

The conductivity of the gas was also studied by 
Davis’ who observed that the ionization of the gas was 
fairly high during the period of the discharge. The 
ionization of the gas and the intensity of the glow were 
found to be closely related. Observations on several 
gases indicated that the discharge and _ ionization 
did not occur below 0.03 mm. pressure of mercury, or 
above 6.0 mm., and in the range of 0.6 mm. to 6.0 
mm. only a faint discharge and small ionization cur- 
rent were observed. 

Several experimenters have since applied the elec- 
trodeless discharge to the study of spectra. Among 
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these, Kowalski® in 1914 found that a bright mercury 
discharge could be obtained in a vessel that was placed 
in an oven at 120 deg. cent. The bright discharge was 
maintained at temperatures below 140 deg. cent., but 
disappeared at higher temperatures leaving only a 
weak emerald green glow. Similar experiments were 
carried out by Robertson’, who was able to start the 
discharge at 70 deg. cent. and found that the most 
intense discharge occurred at 110 deg. cent. He also 
carried out experiments of the same nature in lithium, 
sodium, potassium, iodine and hydrogen. Other spec- 
tra have been produced by this method. -Dunoyer® 
in 1921 studied caesium; Van der Lingen® in 1922, the 
spectra of mercury and cadmium; and a resumé of the 
subject was made by Miedel!® in 1924. 

The next interesting development was made by 
‘L. & E. Block" in 1923 on the development of high order 
spectra from mercury. It was observed that at low 
spark-gap voltage the discharge showed the normal 
mercury-are spectrum, but with increase in spark 
length and voltage, the normal ring moved toward the 
center, and a new ring, formed nearest the vessel wall, 
showed the first spark spectra. Still higher voltage 
displaced both rings toward the center and a third 
ring appeared containing lines of the second spark 
spectrum. Following this same line of experiments, 
L. & E. Block and Dejarden” were able to produce 
higher order--spectra in neon, argon, krypton and 
xenon. Forte & Ruark"™ have obtained similar results 
by reducing the pressure at a given exciting voltage. 
A reduction in pressure increases the free path of the 
electrons and thus allows higher electron velocities to 
be gained. In their study of mercury they obtained 
discharges at room temperature in bulbs exceeding 
25 cm. in diameter. 

During recent years many carefully interpreted 
experiments have been carried out to explain the 


influence of electron velocity on the spectra and 


ionization of atoms and molecules. Other experiments 
deal with a mixture of atoms or molecules part of 
which have become active either by the absorption 
of radiation of the proper frequency or by the impact 
with rapidly moving electrons. The correlation 
of these isolated facts with the experimental 
data on the electrodeless discharge leads to an under- 
standing of the mechanism of this type of discharge. 


THEORY OF THE ELECTRODELESS DISCHARGE 

The so-called electrodeless or induction discharge is 
obtained by inducing a flow of current in a vessel con- 
taining a rarefied gas. The most suitable arrangement 
of the induction coil and discharge vessel is shown in 
Fig. A, Plate 1. 

The phenomenon in this case is to a certain extent 
similar to that which occurs in the secondary of a high- 


ma frequency transformer in which the secondary consists 


of a closed ring of variable conductance. The essential 


difference lies in the fact that the induced e. m. f. must ? 
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exceed a certain critical voltage, known as the ioniza- 
tion potential, before the gas becomes conducting. 
The conducting or ionized state is due to the impact 
of electrons with the atoms or molecules of the gas. 

To understand the mechanism of the induction dis- 
charge we must consider separately the three-fold 
purpose of the gas. The first is its functioning as a 
source of the initial electrons; second, its property of 
becoming ionized when placed in a rapidly changing 
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electromagnetic field; and third, its ability to emit 
radiation. The first function arises in the capability 
of all substances, to a certain extent, to absorb the 
highly penetrating radiation that permeates all space, 
the atmosphere of our earth, and, at least for a certain 
distance, all solid bodies. The absorption of this 
radiation by atoms or molecules, particularly in the 


tion from incandescent radiators. 
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gaseous state, causes the ejection of one or more elec- 
trons from them. The haphazard fashion in which the 
atoms absorb this radiation and are split up into free 
electrons and positively charged atoms is shown in 
Fig. B, Plate 1. 

The atom or moleculein this state possesses a residual 
positive charge and is capable of moving in an electro- 
static field; it is then called an ion. It has been found 
from experiment that about one to ten atoms or mole- 
cules are split up in this fashion per sec. per cu. cm. at 
atmospheric pressure and temperature. The exact 
number of ions found depends on the condition and 
nature of the gas used. The number of ions and elec- 
trons formed at any other pressure would be propor- 
tional to the gas pressure. The number of electrons 
generated in this manner is insignificant in constituting 
a flow of current when we stop to consider that a flow 
of one ampere corresponds to 10" electrons per sec. 

The second characteristic of the gas is its ability to 
become ionized by the impact of electrons with the 
atoms or molecules of the gas. In order to ionize the 
gas a given electron must gain a kinetic energy greater 
than a certain critical minimum energy. The equiva- 
lent difference of potential through which an electron 
must fall to gain sufficient kinetic energy to ionize an 
atom or molecule, lies between 3.9 volts and 24.5 volts, 
as shown in the following table: 


cA 


Atom Minimum Critical Voltage 
(CHOMIDHMNGE aan oo oe Ae a 5 3.9 
Sodium rece oor oe: 1 
IMercurycee ereictert ver: 10.4 
(ATO ONIR Res thet ranrels wera oncg: 15.5 
Nitrogen...... ae 
Heliumeaacr se eee ae 24.5 


Thus, starting with the feeble ionization produced by 
the penetrating radiation, it is possible by means of 
the induced electromotive force to increase greatly the 
state of ionization and consequent conductivity of the 
gas. For it is evident that n electrons after they have 
each made an ionizing collision with the gas will in- 
crease to 2 electrons and m additional positive ions. 
The 2n electrons are then capable of acceleration by 


the action of the electric field on them and they in turn 


gain ionizing speed. This process is termed ionization 
by collision and is pictured in Fig. C, Plate 1. 

The third function of the gas is to emit radiation. 
To be specific, this radiation is chiefly discontinuous 
in so far as it differs from the continuous band of radia- 
The characteristic 
radiation from the atom is of the monochromatic type, 
that is, it consists of a series of discrete wavelengths, 
whereas the radiation from molecules, though mono- 
chromatic in detail gives rise to bands of radiation that 
cover large wavelength intervals. 

According to modern theory, atoms and molecules 
possess discrete stationary energy states. The normal 
energy state is the one in which we find them under 
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ordinary conditions and by the expenditure of energy 
higher states may be obtained, for instance, by the 
impact of a rapidly moving electron with an atom or 
molecule. The transition from a low energy state toa 
high energy state takes place only when the available 
energy is equal to, or greater than, the difference be- 
tween the two energy levels. When the atom returns 
to the normal state, the energy is given up in the form 
of radiation of a definite frequency. 

A formal explanation of the stationary energy state 
can best be obtained from Bohr’s theory. In the 
simplest atom, that of hydrogen, Bohr postulates a 
single electron rotating around a central positive 
nucleus which, contrary to the electromagnetic theory, 
does not radiate according to the frequency of rotation. 
The energy in a definite orbit is equal to the sum of the 
kinetic and potential energies and is calculated accord- 
ingly from simple mechanics. Bohr postulates that 
only orbits of a definite radius are permissible and so 
determined that 


2X angular momentum = nh 
He then arrives at the energy in any state n 


2 ame 1 
W,= h2 n2 
where 
W,, = the energy in the stationary state n 
n = assumed integral values 1, 2, 3, etc. 
e = the charge on the electron 
m = the mass of the electron 


h =Plancks constant 

If we then let W, be the energy in the normal state 
and W, be the energy in a higher state corresponding 
to an orbit of larger radius, then the energy required 
to bring about this transition is 

AE = (W.— W.) 

After the atom absorbs the energy A H and charges 
to the high energy level, it is in an unstable condition 
from which it returns in a short interval of time— 
with the exception of a few cases, in about 10-* seconds. 
The return to the lower energy level is accomplished 
by the liberation of energy in the form of monochro- 
matic radiation. The relation between the energy 
and the frequency of radiation is given by the following 
relation: 

AE = (We—W.,) =hv 
where 
= the frequency of radiation 


Atoms and molecules possess a large number of . 


energy states and once put into the higher energy levels 
may return to the normal state, that in which they exist 
under ordinary conditions, directly by emitting radia- 
tion of the frequency 


AE 
h 


or indirectly through a series of intermediate levels. 
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For example, let W, and W. be the initial and final 
state, respectively, and W, and W, be two of the 
intermediate states wherein the atom exists; on return- 
ing from the state W, we would then obtain radiation 
of frequency. 

Va-—2= (W.— W:,)/h 

Yo—1 = (W2-— W,)/h 

vi,—e = (W,-— W.)/h 
The total energy radiated in the three frequencies is 

W.-W.=h(vg-2+ Per train ag) 

In order to gaina better picture of the energy levels in 
an atom, the levels and wavelengths due to a few trans- 
itions between them are plotted in Fig. 2 for the mer- 
cury atom. 

The normal state is indicated by 1S and the other 
levels represent excited states. The wavelength in 
angstrom units and the relative intensity are marked 
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Transitions from high orbit numbers ’’or high energy states” to low 
orbit numbers causes emission of monochromatic radiation. It will be 


observed that the high energy levels actually correspond to low relative 
energy. 


on the lines showing transitions that occur. Not all 
possible transitions occur as will be observed on this 
diagram. Each atom has its own series of levels and 
the transitions between them produce spectral lines 
that are characteristic of the individual atom. 

Atoms put into the higher energy levels are said to be 
in an excited or activated state and are usually called 
excited atoms. . The life of an excited atom is of the 
order 10-* sec., but in a few cases areturn to the normal 
state does not occur until the atom absorbs additional 
energy or is disturbed by a collision with a neutral 
atom. In the latter case the return to the normal state 


may’ occur by activating the neutral atom, .or both — 


impacting bodies can take up the energy in the form of 
translational kinetic energy. In either case the 
originally excited atom returns to the normal state 
without the emission of radiation. This type of 
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encounter is called a collision of the second kind to 
distinguish it from the type of impact in which an 
electron or atom of high kinetic energy transfers this 
energy to another atom which then becomes excited. 
We will now try to show the various factors that 
govern the character of the electrodeless discharge in a 
gas or. vapor. Let us first of all consider a vessel 
exhausted under conditions such that a perfect vacuum 
is attained. When the vessel is placed in a rapidly 
changing electromagnetic field, an induced e. m. f. will 
be set up, but as the vessel is free of gas, free electrons 
will not exist and current cannot flow. ‘The addition 
of a small quantity of gas causes the spontaneous 
formation of ions and electrons by the penetrating 
radiation. Under the action of the induced voltage the 
positive ions start to move in one direction and the 
electrons in the other, constituting a flow of current. 
This current, as was previously pointed out, is insignif- 
icant if not further amplified. The current can be 
increased, however, by ionization by collision. It has 
been found by experiment that the electrons are the 
most effective in the ionizing process. The positive 
ions formed, while not important in the ionization of 
the gas, do play an important role in their space charge 
effects. Two conditions are necessary before an elec- 
tron can ionize. First, the electron must gain a 
velocity and corresponding kinetic energy great enough 
to cause ionization of the gas, and.second, the electron 
once having gained sufficient energy must then en- 
counter an atom before it loses its energy, either by 
going against a reverse potential or by colliding with 


the walls of the vessel and dissipating its available 


energy. The probability that an electron will collide 
with an atom of the gas will depend on the density or 
pressure of the gas. In a vessel of infinite dimension 
there exists a frequency of collision with the atoms of 
the gas and the distance traveled between encounters 
is called the free path of the electron in the gas. The 
collision frequency is a statistical problem as the gas 
is in a state of chaos. The term collision frequency, 
therefore, must apply to the average number of colli- 
sions per second. The reciprocal of the collision fre- 
quency must imply the average time between en- 
counters. Multiplying the average velocity by the 
average time between encounters gives the mean free 
path of the electrons in the gas, which is found to be 
inversely proportional to the gas pressure. The mean 
free paths of electrons in several gases have been calcu- 
lated from the kinetic theory values at one bar. 
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Therefore, the mean free path at any other pressure is 


C 


Yee 
Pp 
where 
\ = the mean free path in centimeters 
CG = the mean free path at one bar 
p = the pressure of the gas in bars 


1 bar = 0.00075 mm. 

In discharge conditions available in the laboratory 
we must necessarily use vessels of practical size. 
These may be several centimeters and seldom greater 
than 30 cm. in diameter. An electron traveling in the 
largest circle of a 30-cm. bulb would make but one 
collision per revolution in argon at one bar and in 
mercury about five collisions at the same pressure. 
In the small bulb the electron would make, on the aver- 
age, one collision per ten revolutions in argon at one 
bar and one collision per three revolutions in mercury 
at one bar. It has been observed as an experimental 
fact that the gas does not become highly conducting 
until the electron makes many encounters per revolution. 

The electrons in colliding with atoms of the gas do not 
lose an appreciable energy to the atoms unless their 
available energy is greater than that required to cause 
a transition between two energy levels. There is, 
however, a small loss due solely to the elastic impact 
between the two bodies. The electron on colliding with 
an atom loses on the average a fraction of its energy 
equal to 


pis cea an 
et a VL, 
where 
§ = the fraction of energy transferred to the atom 


E = the kinetic energy of the electron 

m = the mass of the electron 

M = the mass of the atom 

The fraction 6 for electron impacts with argon and 
mercury atoms is of the order 10~°, an insignificant 
amount per collision. At low pressures this loss does 
-not play any part in the ionization and conduction, but 
at moderate pressures, of the order of a centimeter 
pressure of mercury, the loss in energy per centimeter 
of path traveled is appreciable. At high pressures 
the loss entailed simply by elastic collisions is so great 
that an electron cannot gain sufficient energy to excite 
or ionize the gas, and the latter is in a state of low 
conductivity. 

We see, therefore, that an optimum condition exists 
wherein the electron makes enough ionizing collisions 
to bring about a state of high conductivity and excita- 
tion, and not enough to cause serious losses due solely 
to elastic impacts. 

Let us now consider the effect of pressure on the 
degree of excitation and the spectral transitions that 
occur. When the pressure is low and the mean free 
path is long, the electrons as a whole will have high 
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velocities and thus will be able to cause the atom to 
become highly excited. This may mean, according to 
the Bohr theory, that the valence electron goes into an 
outer orbit, or that the electron gets beyond the in- 
fluence of the positive nucleus and this is detached from 
the parent atom. In the case of mercury the latter 
will occur when the atom absorbs 10.4 volts energy 
from the electron. Still higher excitation may occur 
where the second valence electron is ejected into an 
outer orbit or so-called higher energy level. As the 
pressure increases the average electron velocity de- 
creases because of the more frequent loss of energy by 
excitation and by elastic impacts. At high pressure 
the energy is controlled mainly by the elastic impacts 
and the electron reaches a final velocity depending on 
the voltage gradient and free path. 

In strong discharges transition to the higher levels 
and_complete ionization may occur, due to the fact 
that enormous numbers of excited atoms present in the 
low energy levels are bombarded by electrons having 
energy insufficient to ionize directly... The excited 
atoms are produced both by electron impact and by 
collision of the second order: 

In a mixture of gases the excitation and ionization is 
usually due to the constituent of greater concentration, 
or more particularly, shorter mean free path or shorter 
ionization path, though this by no means indicates that 
the radiation is characteristic of this constituent. If 
the constituent of low concentration has lower energy 
levels, the excited atoms of the first type which are 
strongly stimulated by the discharge current will 
activate the atoms of lower energy levels by collision 
of the second order. In this manner relatively small 
quantities of gas of lower energy levels will dominate 
the radiation obtained. In case the atoms of lower 
concentration have energy levels in excess of those 
primarily stimulated by the electron current, the spec- 
tra of the stimulated atoms only show up in the dis- 
charge. These atoms of higher energy level, however, 
do influence the primary stimulated atoms. This 
arises in their collision with excited atoms. Though 
their excitation levels are higher than those of the 
excited atoms, an impact of the second order may occur 
wherein the excited atom becomes unexcited and both 
the previous excited atom and the high energy level 
atom become atoms of high kinetic energy. These 
high speed atoms may then collide with other atoms or 
molecules of the gas, subdividing the kinetic energy 
until they reach temperature equilibrium. 


EXPERIMENTAL METHODS 


To carry out this investigation a source of high-fre- 
quency current was supplied either from a spark-gap or 
pliotron converter. The lamp was then placed in a 
helical coil through which the high-frequency current 
flowed, and the power dissipated in the larmip and coil 
was measured by a calorimeter. During the calorim- 
etry period the illumination from the lamp was also 
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measured. The energy distribution and spectrograms 
were obtained with a Spectrograph, thermopile or 
photographic plate. A thermopile and filters were 
used to separate the far infra red from the easily ob- 
tained spectral region. 

Electrical Arrangement. The arrangement of the 
electrical circuit has been studied with a variety of 
connections, but all come under two general classes. 
One class consists of a high voltage transformer 3000 
to 15,000 secondary voltage, one or more condensers, 
0.001 m. f. to 0.050 m. f., a spark-gap and the helical 
exciting coil; the other class involves the use of a high 
voltage, either a-c. or d-c., one or more pliotrons, 
condensers and helical coil to excite the lamp. Two 
typical schemes for a-c. lamps are shown in Plate IT. 

The electrical constants of each general type of cir- 
cuit are under study at the present time and it has been 
found that considerable changes in the electrical 
efficiency can be made by adjustment of the circuit 
conditions. An example showing the apparatus of the 
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spark converter type necessary to operate efficiently 
a 3.8-cm. radius mercury argon induction lamp is 
given in the following table: 


Exciting Helix—7 turns copper, 4-cm. radius, 1.0-cm. separation 
Condenser —0.005 wf. 


Spark-Gap  —4G.E. navy type units S. E.-1001 or equivalent 

Choke Coil . —30 millihenrys 

Transformer —5500-volt secondary, high-reactance type 
Calorimeter. The principle of the calorimeter shown 


In Fig. 3 is quite simple. It consists of an air-tight 


_ thermally insulated box through which air is blown at 


a constant pressure difference between the intake and 
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exit ports. The walls are blackened with the exception 
of a small glass window used in making photometric 
measurements. There are also suitably placed baffles 
which force the air to circulate around the lamp and 
box before leaving it. When power is dissipated in the 
box (for instance, by an induction lamp or the filament 
of an incandescent lamp), the walls and the gas rise in 
temperature. It has been observed as an experimental 
fact that the temperature of the issuing gas. measured 
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with an ordinary thermometer (under fixed conditions) 
will rise with time according to the following empirical 
relation: 

> 


t= Cexv 
where 
Coat bie 
T = Temperature 
W = Watts input 
C, K = Constants 


The form‘in which we actually use this relation is 
given below: 


log yo (E ay “§P 
ret A logiot GS) 
where 
Logo € : 
K,= igen the calorimeter constant 
ae the sl btained directly from a 
pope t= loge ona e slope obtained directly 


plot on semi-log paper. 


The value of K, was determined from the slope S 
obtained under accurately measured power input. 
For this purpose either vacuum or gas-filled incan- 
descent lamps were used interchangeably as we found 
the value of K, was apparently unaffected by the type 
of lamp used. While no attempt has been made to 
secure an accuracy greater than a few per cent, it can 
be said with certainty that during a period of over one 
year, we obtained consistent results under widely 
different operating conditions. 

Photometry. The illumination from: the induction 
lamp was measured during the calorimetry period. 
(See Fig. 8.) A glass window placed in one end of the 
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calorimeter allowed the light from the lamp to fall on a 
photometer head or test plate. Hither a MacBeth 
illuminometer or a Sharp-Miller photometer was used 
to determine the horizontal candle power from the 
lamp. To obtain consistent results over a long period 
of time, three carefully seasoned lamps were calibrated 
against lamps rated at the Bureau of Standards. Our 
working standards consisted of the three-foot-candle 
source supplied with the MacBeth illuminometer, a 
200-watt type C MAZDA lamp run considerably under 
normal voltage for a 30-foot-candle standard and a 
300-watt type C MAZDA lamp for a 150-foot-candle 
field. The working standards were used only a few 
minutes a day. 

The absorbing screens supplied with the MacBeth 
illuminometer were used for medium candle power 
readings and rotating sectors for high intensity measure- 
ments. A considerable part of our work has been done 
on colored lights and it seemed best to learn to match 
light by intensity, irrespective of the color difference. 
This end, we believe, has been accomplished, for in 
several cases we were able to check ourselves by placing 
an absorbing screen in the eye-piece that reduced the 
color difference without an appreciable change in the 
intensity match. The errors that did arise, we believe, 
are small in comparison to the relative changes in in- 
tensity that were involved. 

Energy Measurements. The distribution of energy in 
the spectrum of the induction discharge has been 
determined by two methods. The first method sepa- 
rates the far infra red radiation from the easily obtained 
spectral region which lies in the range 20,000 A to 
1900. A. The method consists in the use of a shielded 
thermopile calibrated to read energy incident on it and 
suitable filters to separate out certain spectral regions. 
This method, while simple in principle, is liable to lead 
to erroneous conclusions because there do not exist any 
very accurate filters, although from the values of the 
effective transmission limits approximate values of the 
total energy in certain regions can be obtained. The 
second method, while insensitive to the far infra red 
and possessing insufficient resolution in the range 
20,000 A to 8000 A, does give fair resolution from 
8000 A to 4000 A and increasingly better separation 
as the wavelength decreases to the transmission limit 
of quartz. In this method a quartz spectrograph is 
- ysed and a thermopile is so mounted on a carriage 
that it can be placed at the focus of each spectral line. 
The instrument used in this work had a working range 


of 60 mm. between 5700 A and 2100 A and the slit 


width limiting the beam falling on the thermopile was 
approximately 0.3 mm. 

Preparation of the Lamp. The lamp is prepared 
usually in the form of a spherical bulb. This may 
consist of soft or hard glass, pyrex, or transparent 
quartz, depending on the use to which it is to be put. 
The bulb is exhausted to a pressure of one micron and 
preferably less. A furnace is then lowered over the 


bulb and raised to as high a temperature as possible. 
Soft glass usually can be heated to 400 deg. cent., 
702-P and pyrex to about 550 deg. cent and quartz 
nearly to 1000 deg. cent. After a short bake-out of 
ten minutes or longer, with liquid air on the system, 
the oven is raised and the lamp is partly cooled. The 
spectral substance, solid liquid or gas, is now put in 
the bulb. In the case of the mercury lamp, liquid 
mercury is either distilled or run into the bulb and then 
boiled to free it of all water vapor and occluded gases. 
While the mercury is warm an induction discharge of 
an extreme intensity is set up in the lamp for several 
minutes with the vacuum pumps running. This 
bombarding of the bulb walls is quite the most im- 
portant treatment as it liberates gas that no amount 
of heating seems to free. The lamp cannot be prepared 
without the previous bake-out, as the mercury reacts 
chemically with the gas liberated, forming oxides, 
nitrides, etc., which darken the walls of the bulb. It is 
therefore very important that the residual gas pressure 
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should be below a micron (0.001 mm.) as the nitro- 
gen reacts immediately causing a golden brown film 
to form on the bulb. 

It is advisable to torch the contraction and then fill 
the bulb with the auxiliary starting gas which is 
ordinarily one of the rare gases. This gas should be 
particularly free of all ordinary gases, which can be 
accomplished by running a calcium are in it. (The 
pressure of the starting gas will be discussed in another 
part of the paper.) After filling to the proper pressure, . 
the lamp is sealed off from the exhausting system and 
“seasoned” as an induction lamp. 

The Effect of Vapor Pressure. An induction discharge 
cannot occur in pure mercury vapor at ordinary room 
temperature because the pressure of the vapor is too 
low to sustain a discharge. This is due to the long free 
path of the electrons in the gas. By raising the tem- 
perature of the liquid mercury, the vapor pressure rises 
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until the free path is sufficiently short and discharge 
occurs. The intensity of the discharge is at first weak 
but increases with further increase in pressure until a 
final maximum is reached. A further increase in 
temperature practically stops the strong discharge and 
a weak emerald green glow takes its place. Above the 
maximum critical pressure the electrons make so many 
collisions with the atoms and molecules of the gas that 
the loss entailed merely in perfect elastic encounter 
reduces their velocity and corresponding energy below 
that which is required to put the gas ina strongly 
ionized condition. A typical curve showing the effect 
of temperature on the luminosity is given in Fig. 4. 

The critical starting pressure does not appear to be 
affected much by the induced voltage but is found to 
be about inversely proportional to the square of the 
radius of the bulb. The critical maximum pressure 
depends on both bulb size and induced electromotive 
force, but to a large extent on the latter. While the 
variation of maximum critical pressures with’ electro- 
motive force has as yet not been studied in detail, 
theoretical considerations suggest that the terminal 
velocities of the electrons are proportional to X/p, 
where X and p are the electric intensity and pressure, 
respectively. Thus if p exceeds X/U, where U is the 
ionizing voltage, the discharge stops. The conclusion 
can be drawn, therefore, if this assumption is correct, 
that the maximum critical pressure is proportional to X. 

Now it is known that~once a strong discharge is 
started, the pressure can be carried above the value 
corresponding to the starting condition. This suggests 
that the electron energy U required to sustain the 
ionized condition is lower where a strong degree of 
excitation exists. We therefore have evidence for 
believing that under steady operation at high pressures 
the ionization of the gas occurs not essentially by single 
impacts but by successive additions of energy to the 
atoms. ‘Thus in the case of mercury at low pressure, 
the electron energy must exceed that gained in falling 
freely through 10.4 volts, whereas at high pressure under 
strong discharge conditions there exists a high concen- 
tration of atoms excited by absorption of 4.9 volts, 
equivalent energy, and by absorbing 5.5 volts or more 
from an impinging electron an excited atom becomes 
ionized. 

The Effect of the Bulb Size. Early experiments at 
low power input indicated that the luminous output of 
pure mercury induction discharge was proportional to 
the radius of the discharge bulb and the square of the 
wattage. Data secured on bulbs of different radii 
could be approximately expressed by the equation 


Fe Pet 
where 
B = the horizontal candle power 
r = the radius of the discharge vessel in cm. 
the primary input watts — 
=a constant = 0.77 x 10-3 
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The value of c calculated from the data on hand is 
tabulated below. 


Radius of bulb in cm. 
Primary - 

watts 2.6 4.6 622 Geb 
150 0.87 X 10-4] 1.0 x 10-4/0.84 x 10-3] 0.86 x 10-3 

200 0.63 0.71 Ona 0.67 

250 0.83 0.69 0.75 0.69 

300 102 Ong 0.65 0.68 

350 0.63 Ave 
0.84 0.78 0.74 0.71 O77 SOx” 


The mercury induction lamps used in securing the 
above data were heated externally until the discharge 
occurred. The wattage input was then always kept 
high enough to maintain sufficient vapor pressure and 
thus sustain the discharge. 

Subsequently the heating was dispensed with. This 
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came about during a study of the effect of the admixture 
of other gases to mercury vapor. It had been observed 
that the mercury spectrum appeared in a vacuum 
system when a low pressure of air was admitted and a 
spark coil was used to test for leaks. This suggested 
that a mercury induction lamp could be made self- 
starting by introducing a low pressure of a permanent 
gas. When air was used the lamp did operate, but after 
running a few minutes and then allowing it to cool, it 
failed to start without external heat. This method was 
bound to fail because, as we found later on, a chemical 
reaction forming nitride and oxide of mercury cleaned 
up the air. This short-lived success, however, was 
followed by a systematic study of the addition of 
permanent gases to the mercury lamp, and it was found 
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that small quantities of the rare gases could be admitted 
to the lamp without impairing the mercury spectrum 
and at the same time the lamp became permanently 
self-starting. 

After this discovery was made it became a quite 
simple problem to determine the specific bulb input 
by calorimetric measurements, and considerable data 
have been obtained showing the relation between 
candle power and bulb input for a variety of bulb sizes. 
A family of curves is shown in Fig. 5. 

The data presented are averages of a large number of 
observations and do not mean to imply exact indications 
or great accuracy. This set of curves represents mer- 
cury in combination with argon gas. Particular 
attention is drawn to the similarity of the curves and 
to the two definite slopes that make up each curve. 
There exists a transition region at the intersection of 
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the two curves, though in general the transition is 
quite sharp. This latter point is shown in a typical 
plot shown in Fig. 6. 

It will be noticed that the transition point shifts to 
higher wattage with increase in bulb size and suggests 
that the phenomenon occuring at the transition point is 
connected with the vapor pressure of the mercury. 
Assuming that the change occurs at a definite tempera- 
ture, we would expect to attain the critical temperature 
when a definite wattage is dissipated per unit area of 
surface. This assumption leads to the following 
equation for the critical wattage: 

Wea W 4a? 
where 

W = the total bulb input at the critical wattage 

W. = the watts per sq. cm. 

r = the radius of the bulb 

Values of W,. were calculated from existing data. 
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Radius 

cm. 

r ip = w W 

2.22 4.49 80 1.41 

3.81 14.5 130 ORE 

5.10 2579 316 0.97 

10.1 102. 1000 0.78 included 
1252 147 1270 0.69 

5.2 228 1860 0.65 

AN Gls tects 0.76 


It will be observed that on the second part of the 
curves the illumination tends to follow more nearly the 
square of the wattage as was found in the case of pure 
mercury, while at lower input, below the critical point, 
the slope deviates from unity to values less than this 
as the diameter of the bulb increases. 

The upper limit of luminous output has not been 
determined as yet. There are limitations that occur. 
In small lamps, high vapor pressure stops the discharge. 
This, however, can be overcome by inducing higher 
voltage. The problem here is one of electrical energy 
transfer to the bulb. If the vapor pressure is reduced 
by attaching an appendix to the lamp-in which the 
mercury is maintained at a suitable temperature, the 
power dissipation becomes so high that the glass is 
softened and punctures. Resort may then be made to 
quartz bulbs. In large bulbs the temperature of the 
glass becomes quite serious because the cost of making 
large quartz bulbs is at present a serious drawback. 
From practical consideration a line is drawn across the 
curves showing the upper limits set to date. Our 
power facilities also limited us in the case of the 12.2- 
em. and 15.2-cm. radius bulbs. 


ADDITION OF AUXILIARY GAS 


The auxiliary gas used in the mercury induction lamp 
seems to play several roles. First in importance is the 
ability to initiate a discharge, and second is the effect 
the auxiliary gas atoms have on the mercury atoms 
when they interact. Observations at low wattage 
input indicate that the addition of one of the rare gases 
to mercury vapor increases the luminous intensity for 
A maximum 
intensity is obtained at a certain pressure, and with 
further addition of the rare gas the intensity rapidly 
decreases. This action is plainly shown in Fig. 7. 

A spectral examination under these experimental 
conditions failed to locate any lines other than those due 
to the mercury vapor. The spectrum of the rare gas 
did show, however, when the lamp was cold, but disap- 
peared as soon as the bulb became warm as in normal 
operation. Now it is evident that the added gas in 
small quantities increased the number of excited mer- 
cury atoms (that gave rise to the visible radiation) 
above the number that would normally occur in the 
The addition of relatively large 
quantities of auxiliary gas reduced the number of excited 
mercury atoms below the normal value in pure mercury. 

It is reasonable, therefore, to expect that at low input 
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and low bulb temperature, the pressure of the auxiliary 
gas will generally be in excess of the pressure of the 
mercury vapor, and it therefore follows that the 
initial excitation will take place in the auxiliary gas. 
Francke and Cario have recently shown that collisions 
of the second kind very frequently occur, causing a 
transfer of energy from the excited atom to a neutral 
atom. In case the neutral atom has energy levels lower 
th:in those of the excited atoms, the first atom can 
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become excited and the latter become neutral. If, 
however, the levels of the neutral atom are above the 
levels of the excited atom a collision of the second kind 
between them results in the loss of the excited state with 
a resulting increase in kinetic energy of both atoms. 
This translational kinetic energy is then rapidly dissi- 
pated in heat as the high speed atoms collide with other 
atoms of the gas. . 

Thus if we follow this line of reasoning we are led to 
believe that the mercury atoms become excited to a 
large extent by collisions of the second kind.and there- 
fore the visible radiation depends on the number of 
excited rare gas atoms stimulated in the discharge. 
Of course some of the mercury atoms will be excited 
directly but as the concentration of mercury atoms is 
undoubtedly low at the lower bulb input and tempera- 
ture it is reasonable to neglect them for the present. 


In a previous section it was explained that a maximum 


degree of excitation and ionization was obtained at a 
certain pressure and above or below this pressure these 
factors decrease. Thus in the case of the stimulation 
of a rare gas we can expect a maximum value at a 
certain pressure and the number of excited rare gas 
atoms that collide and transfer their energy to mercury 
atoms will pass through a maximum. Now some of the 
mercury atoms excited can in turn collide with neutral 
argon atoms and if a collision of the second kind occurs 
the excited state disappears in translational kinetic 
energy of the two atoms. Thus we see that as the 
pressure of the auxiliary gas increases, the loss of acti- 


FOULKE: THE INDUCTION LAMP 


1251 


vated mercury atoms increases in proportion to the 
pressure, which further decreases the luminous intensity. 
Following a similar line of reasoning for the case of 
high bulb input and corresponding temperatures, 
where the pressure of mercury vapor would be suffi- 
ciently high to become excited directly by electron 
impacts, it would appear that the auxiliary rare gas 
atoms would be excited very infrequently, as the elec- 
tron velocity would be reduced by the ionizing and 
exciting impacts with the mercury. The few collisions 
of the second kind between excited argon and neutral 
mercury, therefore, would be unimportant in compari- 
son to the mercury atoms primarily stimulated by the 
discharge. The presence of the rare gas, however, 
would cause a serious drain on excited mercury atoms 
by second order collisions whereby the excited mercury 
atoms would collide with the neutral auxiliary gas 
atoms with a loss of the excited state. The energy, of 
course, would be dissipated in heat, and we conclude 
that the addition of a rare gas into a mercury induction 
lamp which is operated at high bulb input is a decided 
detriment from the standpoint of luminous output. 


This reversal of conditions with small pressures of 
argon as auxiliary gas is well brought out in Fig. 8 
where it will be observed that at low bulb inputs the 
luminosity is greater (within the range studied) as the 
pressure is increased, whereas at high wattage, that is, 
above the critical point, the presence of gas considerably 
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reduces the luminous intensity. Thus we arrive at the 
conclusion that the critical point determines the change 
from excitation of mercury by second order collisions 
to the direct excitation of the mercury by electron 
impact. le 

It is evident from the foregoing that in order to obtain 
the greatest luminous efficiency and output, the lamp 
should be operated above the critical point with little 
more than the minimum amount of gas necessary to 
initiate a discharge. 
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It has been found in the case of argon and mercury 
that this pressure varies inversely as the square of the 
radius of the bulb and is given by the following empirical 
relation: 

p=kr* 
pressure in mm. of pure argon gas 
the radius of the discharge vessel in cm. 
i= ao. etOlsakeon) 


r 


ENERGY DISTRIBUTION IN THE MERCURY INDUCTION 
LAMP 

Only a few measurements of the radiation efficiency 
of the mercury induction lamp by the filter method 
have been made. The results obtained were found to 
be quite independent of wattage though there does 
seem to be a difference due to bulb size. The measure- 
ments made are listed below. 


Energy ratio ‘ Energy ratio 

Bulb Prim. 18,000 A to 19004|3100 A to 1900 A 
radius input 

cm. watts total radiation |18,000A to 1900 A 
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Quartz actually transmits below 1900 A, but since 
the quantity transmitted is relatively small, we have 
neglected the spectral output at shorter wavelengths 
except in photographic analysis. 

Considerable work has been done on the analysis of 
the spectrum in the range 20,000 A to 1900 A by means 
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of the spectrograph and thermopile called the spectrora- 
diometer. A typical energy distribution curve is 
shown in Fig. 9. 

Detailed studies have been made concerning the 
behavior of some prominent lines in the mercury spec- 
trum. The lines 5700A, 5790A and 5461A in 
mercury are chiefly responsible for the high luminosity 
and these three lines are bulked together in the spectra- 
radiogram at approximately 5700 A. There are three 
lines of high energy at about 4350 A but due to the 
much lower visibility at this wavelength, these lines 
only contribute a few per cent to the total luminous 
output. They do affect, however, the resultant color 
of the light. At low and moderately high bulb input 
the strongest wave band is at approximately 3600 A: 
next in order is either the 3130 A group or the 5700 A 
eroup and then the blue line at 4350 A. At very high 
bulb input and corresponding vapor pressure, the 
group at 5700 A becomes the greatest in intensity. 
The lines that appear to increase in intensity at the 
fastest rate with increase in bulb wattage are the lines 
at 5700 A and at 2680.A. In general, all lines increase 
in intensity with an increase in bulb input, though there 
are notable exceptions. The first seems to be in the 
line 2537 A. This line increases in intensity at low 
wattage and then falls off in intensity at intermediate 
bulb watts and finally begins to increase with high. bulb 
wattage. This action may possibly be explained if we 
consider the action that occurs when the ionization of 
the atom changes from the single impact type to the 
double or so-called successive stage type. There are 
other lines of shorter wavelength that show up only in 
photography (due to their low intensity) and that are 
strong only at the low input and particularly low bulb 
temperature. These lines are recognized by the pro- 
duction of ozone in the air. On first starting, the odor 
is considerably stronger than after the lamp has been 
in operation for some time. 


The spectral output of the induction lamp will depend 
of course on the glass used in the bulb. Ordinary glass 
will cut off all appreciable energy of wavelengths less 
than 3400 A, while pyrex has a transmission limit of 
about 2970 A in thin samples. Uviol glass transmits 
the 2537 A line quite weakly and quartz will show the 
1850 A line though the transmission is not appreciably 
below 1900 A. 

The spectra photographed with a glass prism and a 
quartz prism spectrograph are shown in Plate III. 


EFFECT OF FREQUENCY 


Experiments have been made at different frequencies 
varying from 50,000 cycles to about 20,000,000 cycles. 
The electrical conditions seem to vary considerably 
over this range. For instance, at 50,000 cycles the 
current circulating in the helix was about 300 amperes 
before the discharge occurred, whereas at 20,000,000 
cycles the circulating current was only a few tenths of 
an ampere. In general it would be expected that to 
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secure a given ionization voltage, the relation between 
induced voltage and frequency should follow the equa- 
tion given below: 


é 


- 2af MI and SS 
where 2nfM 
e = the induced voltage 
f = the frequency 
M = the mutual induction between the helix and the 


largest circle inside the bulb 
I = the current circulating in the coil 
Observations on bulb watts versus luminous output 


show some variation with frequency, but so far no 
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used with a variety of substances. For instance, 
spectra can be obtained without the aid of external heat 
from over one-third of the elements. Many metallic 
compounds of low vapor pressure also respond, giving 
both a line spectrum of the metallic atom and a band 
spectrum due to the molecule. Space did not allow the 
discussion of more than one substance, and for this 
purpose mercury was chosen because of the greater 
amount of work done on it, but it must be understood 
that mercury is typical only in so far as it represents the 
action in the electrodeless discharge. Each substance, 
whether element or compound, has its own character- 
istic spectral distribution. By a suitable choice of 
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consistent relation has beenfound. The data in general 
included in this paper were secured within the frequency 
range of 1,000,000 cycles to 3,000,000 cycles. 

From the standpoint of transfer of energy to the bulb, 
the frequency is quite important though it seems at 
present that the variation of specific bulb operation 
with frequency represents a second order effect. So far 
we have found that the design of the high-frequency 
converter for each type of lamp is of first importance 
from the standpoint of output and over-all efficiency. 

SPECTRAL SUBSTANCE AND USES 

The induction method described in this paper for 

exciting spectra from atoms and molecules may be 


substance, therefore, radiation of a particular nature 
may be obtained; thus some of the elements give only 
single narrow regions of emission in the infra red, while 
others emit mostly in the visible or ultra-violet, and 
still others emit very strongly only in the ultra-violet 
violet region. 

No doubt applications for this type of lamp will be 
found, for its richness of visible, near ultra-violet and 
far ultra-violet spectra will adapt it to special uses 
where the initial cost of the auxiliary equipment will 
not be of prime importance. 

In the visible region efficient illumination can be 
obtained, while the near ultra-violet region can be used 
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in photography and in fluorescent stage effects. The 
far ultra-violet region will find its usefulness in thera- 
peutics, sterilization, dye fading, leather processing, 
promoting photo-chemical action and in the wide open 
field of research. 


CONCLUSION 


In concluding this paper I wish to express my appre- 
ciation for the guidance given by Dr. Saul Dushman 
of the General Electric Company, and for the able 
experimental assistance of Messrs. F. M. Garretson, 
Jr. and T. J. Radcliffe and of Dr. Carl Eckart in carry- 
ing out the experimental work. This work was started 
by the writer in the Research laboratory of the General 
Electric Co., at Harrison, N. J. 
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Discussion 


Saul Dushman: I am going to ask you to take your mind 
away from the purely material problems of lighting streets, 
railway yards, ete., and consider, with me, the production of light 
by the atom. Our present views on the production of light 
originated with a Danish physicist, Niels Bohr, in the year 1912. 
So much has been published and written about this theory that 
I am afraid I will be repeating a great deal of what is probably 
quite familiar to a number of you. Nevertheless, I am going 
to present a sort of bird’s eye view of the theoretical side of the 
problem with which Mr. Foulke will deal from a practical side. 

Our present views of the theory of light production rest 
essentially upon the conception of the atom as consisting of a 
positively charged nucleus surrounded by one or more electrons, 
thenumber of electrons being the same as the place of the element 
in the periodic table. Thus, hydrogen has a unit positive charge 
on the nucleus and one electron, helium has a charge of two 
positive units of electricity on the nucleus and two electrons, and 
so on. In the normal condition of an atom, these electrons are 
rotating in circular or elliptical orbits about the nucleus. 

Now, let us assume that we have a number of hydrogen 
atoms in one of the two electrode vacuum tubes, with which 
everyone is familiar nowadays, and we gradually increase the 
voltage on the plate with respect to the filament from zero to 
higher values. An examination with a spectroscope would 

show that at a certain critical voltage, a single line is emitted 
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and that as the voltage is increased, more and more lines appear 
until, finally, at a certain critical voltage, which is 13.5 voltsin the 
case of hydrogen, we would obtain the complete spectrum of 
atomic hydrogen. 

The explanation of the mechanism by which the spectrum 1s 
produced is as follows: ‘ 

The electrons emitted from the cathode of the two-electrode 
tube acquire kinetic energy as they move across to the anode. 
On collision with a hydrogen atom the electrons tend to impart 
this kinetic energy to the hydrogen atom and they do so if this 
energy is sufficient to knock the electron in the atom out from 
its normal orbit and lift it to another orbit which is located at a 
distance that is four times as great as the radius of the electronic 
orbit in the normal hydrogen atom. The hydrogen atom, which 
has collided with the electron, is said to be in an excited condi- 
tion, and naturally the electron which is now rotating at a much 
greater distance from the nucleus tends to return to its normal 
condition. In doing so the same energy which was absorbed 
from the impinging electron is re-emitted as light of a definite 
frequency given by the relation 

y= (Ey — E2)/h 

where h is the so-called constant of the quantum theory and 
E, — E, is the difference in energies of excited and normal atoms, 
respectively. In the case of an atom like that of hydrogen, the 
electron can rotate in orbits which have radii whose values are 
1, 22, 32, . . n? times that of the electron in the normal orbit. 
To each of these orbits we can assign a certain amount of energy 
with respect to the electron in the normal orbit, that is, we can 
speak of this as the amount of energy required to lift the electron 
from the normal orbit to the outer one, and the energy required 
to do this is usually obtained from bombarding electrons, but 
may also be obtained by collision with high velocity atoms or by 
collision with other excited atoms. The atom in the excited 
state tends to return spontaneously to the normal condition and 
reemits the energy which has been absorbed previously, in the 
form of radiant energy. Corresponding to transitions from one 
energy level (or one orbit) to another energy level (or orbit) a 
monochromatic radiation is emitted whose frequency is given by 
the equation referred to above. 

Of course the whole story is not quite so simple as this; not 
only do we have cireular orbits, but also elliptical orbits as well, 
and there are certain relations governing the possible transitions 
that may occur between different classes of orbits. Also, there is 
an added complication in the ease of elliptic orbits, which is due 
to the fact that the electron moves much more rapidly when it is 
close to the nucleus. As shown by the theory of relativity, there 
is an increase in mass of the electron as it approaches the velocity 
of light, and, therefore, instead of rotating in a closed elliptical 
orbit, the electron rotates in a precessing orbit. This leads to a 
fine structure of the spectrum lines. 

This picture of the origin of spectral lines as due to the transi- 
tion of an electron from one energy level in the atom to another 
is applicable not only to ordinary or visible spectra but also to 
the infra-red radiations on the one hand, and to ultra violet and 
x-rays on the other. It also explains a large number of inter- 
esting phenomena that occur in gaseous discharges, and has led 
to a number of new experiments in the past few years, all of 
which have given additional confirmation of Bohr’s point of view. 


Thus, the new theory accounts beautifully for certain resonance 
phenomena observed by Professor R. W. Wood in the case of 
mercury. As shown in Fig. 2 of Mr. Foulke’s paper, the normal 
level of the valence electron in mercury is known as a 1 S level. 
If mercury atoms are bombarded by electrons having a velocity 
corresponding to 4.9 volts, the valence electron in the mereury 
atom is raised to the level which is designated by spectro- 
scopistsasa 2 p level. As the electron then returns to its 
normal level, the line of wavelength 2536 Angstrons is emitted. 
But the same line is also emitted if mercury in an evacuated 


quartz bulb is illuminated with light of this wavelength, and the 
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explanation is evident from Bohr’s theory. Now if in addition to 
this light, the mercury is also illuminated by light of wavelength 
3125, the valence electron is raised to a still higher level known as 
3 d’, and then it is possible to obtain the lines of wavelengths 
which correspond to transitions from the higher level to inter- 
mediate levels. 

As mentioned previously, an atom A may be excited not only 
by collision with electrons, but also by collision with another 
atom which is in the excited condition. Thus if B in the excited 
condition has more energy available than is required to raise the 
electron in atom a to the next level, it is very probable that under 
certain favorable conditions, instead of obtaining the radiation 
which corresponds to the transition from the higher to lower level 
in B, this energy is transferred to A and the radiation actually 
emitted is that corresponding to the transition from higher to 
lower level in the latter atom. This is known as a collision of the 
second kind and the phenomenon is of great importance in 
determining the nature of the light emitted from mixed gases. 
Mr. Foulke’s investigations as described in his paper give many 
illustrations of this phenomenon. 

The whole field of spectroscopy has been completely revolu- 
tionized by Bohr’s theory, and the influence of this theory on our 
conceptions of atomic structure has been profound. While a 
great deal of progress has been made in the development of 
Bohr’s point of view, the whole subject is still in a state of flux 
and the future will undoubtedly bring forth even more striking 
conclusions regarding the nature of the electron itself and of the 
mechanism of the transitions between energy levels. 

(In connection with this discussion, a model was shown of a 
precessing electronic orbit.) 

Herman Goodman: Although not an engineer, it has been 
my good fortune to be associated with them as relates to my 
work as a physician interested in light in therapeutics. I heard 
of Mr. Foulke’s work during the discussion of my paper on 
“Light in Medicine and Surgery’’, which I gave at Spring Lake 
before the Illuminating Engineering Society. 

I have been using high-frequency apparatus to excite a quartz 
tube, which contained a drop of mereury and some neon gas, in 
experiments in an attempt to get an emission of more or less 
unadulterated ultra violet. JI have been limited in both the 
apparatus for excitation, and in the character of the tubes. 
The reason of the attempt was to get the effect of the ultra 
violet on the biology of the patient, and to simulate the good 
effects of the ordinary mercury vapor are in quartz excited by the 
ordinary current. 

By the high-frequency current mercury vapor bulb it should be 
possible to arrange an emission more controlled than at present. 
It is held, for example, that a mereury vapor are in quartz 
gives certain biological effects, but everyone knows that the 
ultra violet which comes from it is in conjunction with zones 
of visible light and of heat. Thisis very definite. 

From the experiments done, it seems possible that ultimately 
we will have controlled emission of ultra violet in enough quantity 
to get effects on the patient. As mentioned, I have gone through 
some of this work in a crude way. I had no calorimeter nor 
photometer. It seems to me, though, that from what I have seen 
here this morning that the ultra violet is strong enough to 


show its presence but that biologically there would be little. 


effect at 3130. 

C. H. Sharp: I want to say a word of appreciation for the 
~ wonderfully lucid, simple, and understandable explanation 
of the modern theory of the production of light by gases that 
Dr. Dushman has given us. 

Mr. Foulke’s paper pointed to some remarkably interesting 
experiments and experimental results. His demonstration of the 
effects which are produced was most interesting and I am sure 
that every one here feels very much indebted to him for having 
made it. Future experimental work along the lines on which 
Mr. Foulke is working should be of very great promise. 
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Selby Haar: Is Mr. Foulke’s work just an experiment, or has 
it an immediate commercial aspect? 


J.B. Taylor: Is this lamp an induction lamp or something 
else? Mr. Foulke in his synopsis says “‘the induction lamp, or, 
more generally speaking, the electrodeless electrical discharge.” 
Now, is that more generally speaking, or more specifically 
speaking? It seems to me the latter is the true state of the case. 
That is only one of the many possible forms of induction lamps. 

Also, what possible advantages do we gain by introducing the 
energy into the glass bulb by induction rather than conduction? 

I submit that this lamp is a gaseous lamp more properly. 
The essence of what we have seen is the gaseous discharge either 
with or without electrodes. The essence of it is not induction 
which we have applied one state back in the great majority of all 
our incandescent lamps. The electrodeless feature is incidental 
and might be applied to incandescent or are lamps if you are 
disposed to it. Incidentally, and to its disadvantage, it is a 
high-frequency lamp which calls for special apparatus. 

If I might ask one specific question, in the calorimeter tests 
we measure losses not only in the bulb but presumably also in the 
inducing coil and that leads to the point when you are giving these 
figures on watts per candle, where should you begin and where 
should you end? Should we say the bulb is the lamp, or is 
the coil an essential part of the lamp, or the high-frequency ap- 
paratus back of it part of the lamp? It is feasible to determine 
the losses in the coil alone without the presence of the lamp, 
or the losses in the coil greatly modified by addition of the lamp, 
and is it easily feasible to make a separation? 


O. H. Ovhler: I should like to know if anything is available 
concerning possible life of a gaseous container like that through a 
a period of hours of use and if there are any data to depend on 
covering total efficiency from input at 60 cycles measured in 
luminous output. 

E. W. Beggs: 
type? 

T. E. Foulke: The first point of interest is that brought up 
by Dr. Goodman is regard to the monochromatic character of 
the light obtained from the induction discharge. The method of 
producing spectra which was briefly outlined today, that is, by 
indirect excitation, has been applied to about thirty pure metals 
besides mercury. From some of these substances, we obtain 
strictly monochromatic light. A particular example is a mixture 
of Argon and phosphorous. The Argon is excited by the dis- 
charge and the spectra of phosphorous is obtained. There are 
two distinet bands of radiation, the first in the neighborhood 
of 7000 A and the other at 2537 A. The location of the emission 
lines observed in the various substances are sometimes found in 
the infra-red, others in the visible and still others in the ultra- 
violet region. ; 

Mr. Selby Haar has asked a question regarding the commercial 
adaptations. Several fields of application have been considered 
but at this time it is too early to say what the outcome will be. 

. In regard to Mr. Taylor’s last question concerning the ealori- 
meter measurements, I feel quite safe in saying that the current 
circulating through the coil causes no appreciable loss under 
ordinary experimental conditions. This would most certainly not 
be the ease if a small wire were used in construction of the coils. 

In regard to Mr. O. H. Ovhler’s question regarding the life and 
the over-all efficiency, in the early stages of the development, the 
life of these lamps was very erratic and by careful study of 
the conditions it was found necessary to use pure gas 
in filling pure vacuum distilled mercury, and the container be baked 
at a temperature in excess of 400 deg. cent.; furthermore that 
a discharge should be run in the lamp, while disconnected from 
the vacuum system, before the final gas was admitted and sealed 
off when out of use. After these precautions were taken there 
was very little trouble with blackening, ete. Some of the 
lamps prepared in this manner were used intermittently for 
practically the period of a year without any apparent change. 


Can you get a white light from a lamp of this 
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Over-all efficiencies were obtained ranging in the neighborhood 
from 15 lumens per watt to a value of approximately 40 lumens 
per watt. 

In regard to Mr. E. W. Beggs’ question, I believe it is possible to 
very closely approximate daylight color. Hach combination of 
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gas and vapor gives a different tint or color and it is possible to 
obtain a variety of colors. It is possible that daylight color will 
best be obtained from metallic compounds. I must state, how- 
ever, that no attempt has been made to determine whether or not 
we could produce daylight. 


Frequency Measurements with the Cathode Ray 
Oscillograph 


BY FREDERICK J. RASMUSSEN* 
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Synopsis.—The cathode ray oscillograph frequency measure- 
ment circuit described differs from previous circuits in the use of 
by-pass condensers and plate leaks which permit connection of 
the oscillograph to a-c. circuits having large d-c. components and 
which permit the use of biasing controls for shifting the position 
of patterns on the screen. 

Reference oscillators are used in conjunction with the frequency 
standards. They are of a type chosen for their high stability. 

The well-known properties of Lissajous’ figures are reviewed 
briefly and then developed more fully for the cases in which only 
one term of their ratios may be determined from the oscillograph 
pattern. Following a general discussion of the accuracy of syn- 
tonization, there is discussed a detailed method of calibrating oscil- 
lators. The patterns used may be interpreted from one term of 
their ratio. 


Interpolation formulas are derived for use in making inter pola- 
tions on the reference oscillators. The methods of interpolation 
discussed may be used for intervals up to 0.5 per cent frequency 
with high degrees of accuracy. 

The interpolation formulas are extended further in the develop- 
ment of approximation methods by which any unknown frequency 
may be quickly determined within afew per cent. 

Several special circuits are described for use in frequency measure- 
ment work with the cathode ray oscillograph. 

The methods and apparatus described are suitable not only for 
the technical measurements of a development and research nature 
but are equally adaptable for routine commercial work. The ad- 
vantages which particularly commend themselves are the rapidity 
with which such work may be done and the ease with which the average 
man_can learn the work. 


a 


ITH the advance of the telephone and radio 

broadcasting art and the advent of the radio 

telephone, the need for more precise measure- 
ment and control of the frequency of alternating-current 
potentials has been increasing. In practise, the ac- 
curacy requirements of frequency meters and other 
frequency measuring devices have become more 
severe. Inthe laboratory, rapid and accurate methods 
of calibrating field standards of frequency, laboratory 
oscillators and tuning forks are demanded. Resonance 
methods of measuring electrical constants are applicable 
only in proportion to the availability and accuracy of 
frequency measurements. The study of small fre- 
quency variations due to extraneous causes is largely 
dependent upon the relative accuracy of measurements 
made at infrequent intervals. To meet these needs, 
J. W. Horton, N. H. Ricker and W. A. Marrison! 
developed a continuously operated, 100-cycle tuning 
fork from which a source of alternating current is 


supplied. This system has proved to be an extremely - 


accurate and constant source of frequency. The rate 

of the 100-cycle fork is maintained to 1 part in 100,000 

at all times, and its deviation from 100 cycles may be 

maintained constant and known to an accuracy con- 

siderably better than this. At the same time, circuits 

were developed for producing and separating the 
*Bell Telephone Laboratories, Incorporated, New York, N. Y. 
IWor references see end of paper 
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harmonics of the base frequency... By means of these 
circuits there are produced 1000-cycle and 10,000- 
cycle sources of alternating current which have the 
same percentage accuracy as the 100-cycle standard, 
and may be used when it is desirable to have a higher 
frequency standard. 

Coincidently with the adoption of the above sources 
of alternating currents as the laboratory standards of 
frequency, the development of the low-voltage cathode 
ray oscillograph? was completed, and there became 
available for general laboratory use accurate methods 
of frequency measurement by means of these two new 
tools, the extremely accurate source of standard 
frequencies and a commercial low-voltage cathode ray 
oscillograph. 

The telephone industry uses a very large number of 
vacuum tube and other types of oscillators. The 
maintenance of oscillator calibrations in the laboratories 
and the calibration of field equipment furnish a very 
considerable amount of frequency measurement work. 
To take care of this work, frequency calibration has 
been largely centralized. It is the purpose of this paper 
to describe a special frequency measurement equipment 
and the methods of using it. The equipment was 
designed especially for use in the routine calibration of 
oscillators, tuning forks, wavemeters and all electrical 
circuits in which a frequency adjustment or measure- 
ment is required. It was also designed for precision 
measurements incidental to many present develop- 
ments and necessary in the maintenance of frequency 
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substandards of all kinds. Those parts of the equip- 
ment which are used in connection with a large part 
of the work have been installed as a unit ; those which 
are used less frequently have been assembled as portable 
units which are installed only during use. 

The general principles of the circuits and the methods 
used are in some cases the same or similar to those 
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described in the literature already available on this 
subject, and the liberty will be taken of including such 
matter here with references to familiar papers but 
without attempting to determine original publications. 

A schematic diagram of the frequency measuring 
apparatus is given in Fig. 1. Essentially, it consists of 
the sources of standard frequency, potentiometers 
for controlling the output of the standards, two stable 
vacuum tube oscillators, and the cathode ray tube 
oscillograph with a multiplicity of input terminals for 
placing frequencies on the oscillograph at will. The 
alternating-current potentials are applied to either the 
horizontal or vertical plates of the oscillograph by means 
of a number of low-capacity, single-pole, double-throw 
switches. Rather than connect the input frequencies 
of the oscillograph directly to the plates, they are 
coupled to the plates through two-microfarad by-pass 
condensers and a plate leak is added to furnish the 
correct d-c. potential. This means is used, as it makes 
the d-c. components of the oscillograph and the source 
independent. A typical example of its usefulness is in 
measurements on a circuit where the most available 
position having a sufficient a-c. potential is at the plate 
of a vacuum tube. The diagram shows the plate leak 
going to a potentiometer shunting a 300-volt battery 
with a grounded center. For most work it is neces- 
sary only to have the leak go to ground, in which case 
the figure on the oscillograph will place itself centrally 
on the screen. The purpose of the potentiometer is 
to add to the a-c. potential a d-c. potential which will 
change the figure’s position on the screen. 

The vacuum tube oscillators form an important part 
of the equipment. They are stable oscillators of a type 
similar to those described by J. W. Horton’ and are 
constructed so that under laboratory conditions of 
constant battery supply and uniform temperature they 
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will maintain a frequency setting to + 0.01 per cent for 
long periods of time. The oscillating coils are of the air 
core toroidal type. The frequency is controlled by 
changing the oscillating coils and adjusting the as- 
sociated tuning capacity. The tuning condensers are 
mica condensers arranged in decade followed by an 
air condenser, and are calibrated carefully to facilitate 
interpolation. In order that the frequency settings 
may be read with a relative precision comparable to the 
accuracy provided by the frequency standards, the 
inductance and the number of oscillating coils have been 
so chosen that any frequency from 35 cycles to 75,000 
cycles may be obtained with a capacity setting of not 
less than 0.015 wf. The air condensers are of a type 
which may be read in increments per scale division of 
0.6 wuf. and 1.0 wuf. respectively, which permit 
reading settings at 0.015 uw f. in increments of + 0.001 
per cent and + 0.002 per cent frequency, respectively. 
In order to furnish any desired voltage range for the 
oscillograph inputs, the oscillator outputs are provided 
with switching arrangements associated with output 
transformers of various turn ratios. 


LISSAJOUS FIGURES 


Fig. 4 
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Although not a permanent part of the equipment, 
two oscillators having frequency ranges up to 350 
and 1500 kilocycles, respectively, are available. 


THE USE OF THE CATHODE RAY OSCILLOGRAPH 


The cathode ray oscillograph which forms the nucleus 
of the frequency measurement equipment has for its 
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main purpose the syntonization of alternating poten- 
tials. Its usefulness depends upon its property of 
creating figures of various designs when syntonized 
frequencies are applied to its plates. Within the 
limitations of the cathode ray tube used, a figure 
of some kind always results if two frequencies which are 
not incommensurate are applied to its plates, the 
complexity of the figure being less the more simple 
the ratio between frequencies. 

Illustrations of typical and useful figures are given 
in Figs. 2 to 13. When two sinusoidal alternating 
potentials having the same frequency are applied to the 
plates of the cathode ray oscillograph, a straight line 
is obtained if the phase relation between the potentials 
is 0 deg. or 180 deg. At other phase relations, an ellipse 
results, the slope of whose axis depends on the phase 
relation. This is illustrated by Fig. 2. Fig. 3 shows 
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the figure resulting with various phase relations 
when the frequency ratio is 2 to 1, and Fig. 4 shows the 
figure resulting from a ratio of 1 to 6. If these figures 
are observed on the cathode ray oscillograph when the 
ratio is not quite commensurate, the fig ure proceeds from 
one phase to the next. The movement of the figure 
makes it appear as if a picture of the higher frequency 
wave were drawn on a transparent revolving cylinder 
with its axis in the plane of the oscillograph screen. 
In the case of a simple ratio of one to an integral 
number, the ratio may be readily determined by count- 
ing the number of waves which appear to be described 
around the cylinder. Also it is not difficult to deter- 
mine somewhat more complex ratios as those illustrated 
in Figs. 5 and 6. When the patterns become more 
complex than those illustrated, it becomes correspond- 
ingly more difficult to determine their ratios. Conse- 
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quently means are devised to avoid the necessity of 
actually counting the waves of a pattern to determine 
frequency ratios. 

By various means, it is possible to place the figure 
upon the oscillograph in such a manner that, referring 
to the transparent cylinder illusion, the back part of the 
figure is readily distinguished from that of the front, or 
in such a manner that one part is absent entirely *°. 
In the first case, figures similar to that shown in Fig. 7 
are obtained: in the second those similar to Figs. 
8 to 13. Figs. 10 to 13 are the same as Fig. 8 but are 
obtained by the use of large a-c. potentials so biased as 
to bring the desired portion on the screen. 

In general calibration work, methods employed are 
such that only the numerator in the lowest term ratio 
of the lower frequency to the higher is used. The 
numerator is spoken of as the number of lines in. the 
figure. Thus, Figs. 2, 3 and 4 show one-line figures. 
The lowest term ratio in all cases is one to an integer. 
The illustrations in Figs. 5, 8 and 9 are spoken of as 
two-line figures. Their ratio is two to an integer and 
may all be reduced to one over an integer plus one- 
half. Figs. 6 and 10 are spoken of as three-line figures. 
Their ratios are one to some integer plus 14 or %. 
Thus, if we can count the number of lines, vertical or 
horizontal, in a given figure, we know that the ratio is 


li (N ata =), where N is an unknown integral, 7 the 
number of lines counted, and X an integer less than / 
and not having a factor common to J. 

Except for the limitations explained below, it has 

been found practical with the 100-cycle standard to use 
figures containing up to 12 lines at audio frequencies, 
and up to 5 lines through the carrier range. At radio 
frequencies, it is difficult to use the 100-cycle standard 
and it usually is not practicable. Against other 
standards, however, four- and five-line figures are used 
in this range. In the carrier range, up to 15-line 
figures have been tried successfully at ratios of over 
dE EO: 
_In order to facilitate the use of the more complex 
ratios, Table I was prepared for use with the 100-cycle 
standard, but may be used readily with other fre- 
quencies. It contains a column giving in order the 
decimal value times 100 of every fraction down to 
twelfths, and another giving the denominator of these 
fractions. An example of its use follows: 

Assume that it is desired to set an oscillator at a 
frequency of 6015 cycles and that the oscillator calibra- 
The frequency, of 
course, lies between these two points. The6000cyclesare 
readily located from the 100-cycle standard by the 
simple one-line figure. The capacity is now slowly 
decreased until a figure containing seven lines is 
obtained. This frequency will be 6000 cycles plus 
the value 14.29 given in Table I for the seven-line figure 
next below the one-line figure. Decrease the capacity 
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further and there will obtain a six-line figure, indicating 
a frequency of 6016.67 cycles. Either of these two 
frequencies is within 0.05 per cent of the desired 
frequency. By linear interpolation the desired point 
may readily be referred to the 100-cycle standard with 
an accuracy depending on the capacity increment 
and stability of the oscillator, and the stability of the 
standard. 

The above method can be used universally for ob- 
taining frequencies to 0.01 per cent. If the frequency 
to be obtained is low, the 100-cycle standard or as low 
as a 2(0-cycle frequency may be used. If the frequency 
is higher, a 1000-cycle standard may be used. As the 
frequency to be adjusted increases, the number of lines 
which may be used decreases, but the per cent incre- 
ment at which observable lines occur may readily be 
kept below 0.2 per cent above four kilocycles. At 
frequencies below 500 cycles, syntonization against 
a multiple frequency adjusted as above is more often 
the best method. 

The apparatus described naturally. has its frequency 
limitations. In general, due to the necessity of holding 


TABLE I 


DECIMAL TABLE FOR USE IN FREQUENCY CALIBRATION 
WORK ON THE CATHODE RAY OSCILLOGRAPH 


x x | De 
Number |22°— = | Number {202 = | Number | 1°3- = 
oflines |f — N(100)| oflines |f — N(100)| oflines |f —WN (100) 
1 00-000 il 36.364 10 70.000 
12 08.333 8 37.500 Pe 71.428 
ag 09.091 34 40.000 11 (PE IPN4 
10 10.000 12 41.667 4 75.000 
9 ib Nes 8 7 42.857 9 77.778 
8 12.500 9 44.444 5 80.000 
7 14.286 ja 45.455 Bs | 81.818 
6 16.667 2 50.000 6 83 .333 
RA 18.182 11 54.545 ve 85.714 
5 20.000 9 55.555 8 87.500 
9 22.222 7 57.143 9 88.889 
4 25.000 12 58 .333 10 90.000 
11 21 .2te 5 60.000 11 90.909 
© 28.572 8 62.500 12 91.667 
10 30.000 11 63.636 1 100.000 
4 33.333 3 66.667 : 


f = frequency observed against 100-cycle standard. 

N = any integral. * 

To use the chart with the 1000-cycle standard, multiply the second 
column by 10 and change f — N(100) tof — N(1000). 

To use with the 10,000-cycle standard multiply by 100 and change to 
g — N(10,000). 


the higher frequency in syntonization with the lower- 
frequency oscillator to within a few cycles, the upper 
frequency limit is fixed by the type of high-frequency 
source being used. However, using extremely stable 
oscillators, calibration work has been done to well over 
two million cycles. At the low-frequency end of the 
scale the frequency is limited by the ratio of frequencies, 
the retention of screen fluorescence, and the size of 
figure. In precision work where relatively large 
figures are used it is necessary that the beam trace the 
entire figure ten times per second and if much work is to 
be done an even higher rate should be used as the 
flickering of the picture becomes quite tiring. Thus, 
syntonizing 85 cycles against 40 cycles, a ratio of 
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1:2 + would be undesirable as the pattern is 
retraced only five times per second. In work of 
relatively low precision, where small figures are used, 
retracing the picture five times per second is often 
quite satisfactory. 


ACCURACY OF SYNTONIZATION ON THE CATHODE RAY 
OSCILLOGRAPH 


The accuracy of syntonization is dependent upon the 
observation of motion or lack of motion in the figure 
produced on the screen of the oscillograph. This 
accuracy for any observation may be checked by 
watching the figure for a measured period to deter- 
mine the rate of motion. The best method in routine 
work of obtaining the required accuracy, however, is 
to so proportion the potentials that when the figures 
appear to be standing still the required precision has 
been attained. For the purpose of this discussion, it 1s 
assumed that a spot of light 20 in. from the observer’s 
eyes, moving at a rate of 0.05 in. per second on a blank 
surface, readily appears to bein motion when observed 
for only a short interval. Actually, and particularly 
when a reference mark is used, much slower rates are 
observed as motion. 

Assume that the 100-cycle standard, placed horizon- 
tally, is to be used for a series of measurements and that 
its amplitude is adjusted to make the length from wave 
to wave of 1000 cycles, placed vertically, one in. 
Assume further that the approach to syntonization of 
the two frequencies is such that the waves pass a given 
reference point at the rate of one per second. It may 
be shown that the frequency is 999 cycles or 1001 
cycles, whence the error in setting the 1000 cycles is 
+ 0.1 per cent. The rate of motion of the 1000-cycle 
wave is then one in. per second. If the rate were 
0.05 in. per second, which has been assumed to be the 
slowest movement readily visible as motion, one wave 
per 20 seconds would pass the reference mark whence 
the frequency would be 1000.05 cycles or 999.95 
cycles. The error of syntonization would be + 0.005 
per cent. 

In the preceding discussion one point is left out 
of consideration; namely, the amplitude of the 1000- 
eycle figure. If the amplitude of the 1000 cycles is so 
small that it is practically indistinguishable, it is readily 
seen that the motion of the figure would have to be 
considerably faster than assumed in order to be ob- 
served.’ If the amplitude is very large, the lines at the 
point of observation appear vertical and their motion 
across the screen is observed very readily. It can be 
seen, however, that the magnitude of the 1000 cycles 
should be such that the lines at the point of observation 
move at least as fast in a vertical direction as in a 
horizontal direction. Therefore, the slope of the wave 
at 0 should be 45 deg. or more. This condition exists 
for a sine wave with a period of one in., when the 
amplitude is approximately 14 in. Practically, it is 
most natural to adjust the high-frequency input to the 
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oscillograph to meet this condition. However, it could 
be checked easily by balancing the frequency against 
10,000 cycles and adjusting its input to make the 
waves of the 10,000 cycles have a 0.1-in. period. 

If an accuracy of + 0.001 per cent instead of + 
0.005 per cent is desired, the amplitude of the 100 cycles 
should be five times as great. If a precision of only 
better than + 0.01 per cent is desired, the figures need 
be only half as large. 

It is very seldom that syntonization is required to 
an accuracy of better than + 0.001 per cent. Due to 
the width of focus, it is necessary to adjust frequency 
inputs of over 100,000 cycles to give inputs larger than 
required for this accuracy. Therefore, very little 
thought of the accuracy of syntonization is necessary 
when one of the frequencies is larger than 100,000 cycles. 

As the frequency values decrease, however, the 
relation between the amplitude of the figure and the 
accuracy required for instantaneous readings becomes 
very important. A simple rule which is used to check 
the amplitude of the lower frequency used in a measure- 
ment follows: When the final observation of a reading 
requiring syntonization to an accuracy of + 0.001 per 
cent is being taken, the amplitude of the lower fre- 
quency shall be such that a 100,000-cyele or higher 
frequency, having an amplitude of 0.1 in., may readily 
form a distinct figure with it; for + 0.01 per cent, 
10,000 cycles should be used; for + 0.1 per cent, 1000 
cycles. 


CALIBRATION OF OSCILLATORS 


The method of calibrating an oscillator necessarily 
varies in accordance with the type of oscillator, the 
_ frequency range, the frequency intervals at which the 
calibrated points are desired, the accuracy and the 
relative accuracy required. Oscillators in which the 
accuracy requirements vary from + 10 per cent to + 
0.1 per cent have been calibrated. On the same 
oscillators the relative accuracy required has varied 
from + 10 per cent to + 0.01 per cent, the relative 
accuracy being, of course, a measure of the accuracy of 
frequency differences which are obtainable between 
various frequency settings. The type of oscillators 
for which this calibration equipment is particularly 
designed is that in which the frequency is continu- 
ously variable between a lower and an upper limit. 
To provide for the various ranges there is usually a coil 
switch for interchanging the coils of the oscillating 
circuit and for changing the circuit constants to 
provide the necessary variations in regenerative coup- 
ling and for controlling, on some of the older oscillators, 
filters for the purification of wave form. Oscillators 
designed to make measurements throughout the audio 
frequency range are continuously variable between 50 
or 100 cycles and 3000 or 5000 cycles, and their calibra- 
tion charts call for some 150 frequency points. Another 
common type is that designed for use in both the 
audio and carrier frequency ranges. Their frequency 
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is continuously variable from 100 cycles to 50,000 
cycles. Their calibrations call for almost 500 fre- 
quencies. In order to maintain the required accuracies 
on these oscillators, it is necessary to calibrate them, 
in most cases, once every year. Obviously, with so 
many points on the calibration, it is desirable to provide 
a very rapid means of calibration. The cathode ray 
oscillograph method permits the calibration of the first 
oscillator described to be made by two men in but 
little over one hour and that of the second in about 
three or four hours. 

In most instances of routine calibration work, the 
approximate calibration is known from the constants of 
the frequency-control unit or from the fact that it is 
recalibration work in which the last previous calibra- 
tion is available. On most oscillators, decade systems 
of condenser dials are used which permit reading 
capacity directly to accuracies of the order of + 1 per 
cent, which permits making interpolation calculations 
over considerable ranges to accuracies approaching 
+ 0.5 per cent frequency. This of course forms another 
considerable aid in the calibration work. 

To make the calibration, the oscillator is connected 
to the required source of direct-current supply and 
the output to one of the input switches of the 
oscillograph. If the voltage of the oscillator output 
is not suitable for calibration work on the oscillo- 
graph, it is adjusted by means of a_ step-up 
transformer, or by means of. a_ resistance net- 
work, if the case requires a stepping down of voltage. 
If the approximate settings of the oscillator are not 
known, the lowest frequency of a coil position is 
determined by an approximation method which is given 
below. From this, the approximate settings of the 
first frequency required may be calculated from the 
relation that the capacity of the oscillator setting 
varies inversely as the square of the frequency, or if 
the interpolation is less than say 10 per cent frequency, 
from the more approximate relation that the relative . 
capacity increase equals twice the relative frequency 
decrease. 

Having determined thus the first point, one of the 
reference oscillators is adjusted against the frequency 
standard to four times the arithmetic interval of fre- 
quency. The second is set at 10 or 20 times the arith- 
metic frequency interval. The amplitudes of these 
oscillators and of the oscillator being calibrated are 
adjusted to give the required precision. To give a 
clearer conception of the procedure from this point, a 
definite example will be given. 

The oscillator is to be calibrated from 2000 cycles up, 
in 50-cycle steps. The first reference oscillator is 
adjusted to 200 cycles. The second is adjusted to 500 
cycles. When 2000 cycles is placed against either of 
these frequencies a one-line figure is obtained. Having 
adjusted the 2000 cycles with the required precision and . 
recorded its setting, the oscillator being calibrated is set 
at approximately 2050 cycles by reducing the capacity 
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setting 5 per cent, which is twice 216 per cent the rela- 
tive frequency interval at this point*. The air condenser 
is varied until a four-line figure against the first oscil- 
lator appears on the screen. . This is adjusted with the 
required precision. The next point is located in a 
similar manner, but by the use of a two-line figure, 
the next by a four-line figure and the next by a one- 
line figure. When the calibration has proceeded to 
2500 cycles, the oscillator being calibrated is checked 
against the second stable oscillator. Ifa one-line figure 
appears, it is assumed that the calibration has been 
made correctly up to this point. It is to be noticed 
that as a calibration by this method proceeds the 
operator has a continuous check at all times. If at any 
time the frequency is increased by too large an interval, 
it will be noticed, when checking against the higher 
frequency oscillator, that a mistake has been made. 
This, however, is merely an additional check as no mis- 
take would be made if care is taken that the correct 
number of lines is obtained for each frequency setting. 

When making calibrations requiring a high degree of 
accuracy (+ 0.05 per cent), the reference oscillators are 
accurately checked at this point against one of the 
standard frequencies. If they have varied between 
checks, the calibration is repeated after readjusting 
them. If the accuracy required is not high but the 
relative accuracy between adjacent points is, the 
reference oscillators are only readjusted when a coil 
position or similar change is made on the oscillator 
being calibrated, or when a large change (+ 0.02 per 
cent) has occurred in the reference oscillator. 


The above method of calibration is used entirely 


except when it calls for the use of reference frequencies 
below 40 cycles. These cases occur only at frequencies 
below 300 or 400 cycles and generally are taken 
care of by one of the two following methods: 

By using more complicated figures involving up to 
twelve lines, or by syntonizing the oscillator against 
another oscillator which is set progressively to fre- 
quencies which. are a convenient multiple of the fre- 
quencies desired. For instance, in calibrating an oscil- 
lator with an accuracy of + 0.5 per cent in five-cycle 
steps from 200 cycles to 300 cycles the reference oscil- 
lator would be set at 40 cycles and the desired points 
found using in turn 1-, 8-, 4-, 8-, 2-, 8-, 4-, 8- and 1- 
line figures. And again, in calibrating an oscillator 
from 25 cycles to 50 cycles in one-cycle steps, one of the 
reference oscillators would be set progressively at 250 
cycles, 260 cycles, 270 cycles, etc., by the usual method 
and the oscillator being calibrated syntonized against 
it, using a ratio of 1:10. 


INTERPOLATION AND- APPROXIMATION METHODS 


As has already been indicated, extensive use is made 
of mathematical interpolation. The extension of its 
use is more or less an economic consideration depending 
upon the time and labor saved and the accuracy limita- 
~ *ef. Formula (5). (os 5 
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tions involved. The methods used are usually approxi- 
mation methods, depending for their accuracy upon the 
relatively small intervals at which known frequency 
settings on the reference oscillators may be found by 
means of the oscillograph. In order to use intelli- 
gently the various methods of interpolation and ap- 
proximation, it is necessary to know definitely the 
limitations of these methods as well as the relative labor 
involved in their use or omission. To these ends a 
careful analysis of the constants of the reference oscil- 
lators has been made. The exact relation between 
frequency and capacity in an oscillator involves vacuum 
tube and circuit constants to form a theoretical relation 
which is too complicated for general use. However, 
in the type of oscillators used, it is found that the 
relation 


K 
VC + Co 
where f is frequency, C is the condenser setting capacity 
and C5, is a capacity correction factor including coil and 
circuit capacities, holds to very high degrees of accuracy 
(+ 0.001 per cent) over theentire frequency range which 
may be covered by a single setting of the regenerative 


coupling. As the circuit constants are used entirely 
for interpolation work, the formula is used in the form: 


a ve (2) 
2 AVA OF 

where C; is the (C + C)) corresponding to the frequency 
f:. The formula has been studied in this form and 
found to hold true to + 0.001 per cent over frequency 
ranges of + 15 per cent from f,. The + 15 per cent 
frequency range represents about the largest range 
which is covered by a single regenerative control 
position. The Cy which must be added to the indicated 
setting of the oscillator may be found by substituting 
two known settings, and is included as part of the 
reference oscillator calibrations. This formula is not 
used, however, as in precision work its use becomes 
very cumbersome, due to the large amount of squares 
and square roots to be taken. Instead, it is expanded 


ae (1) 


to the forms: 
MO AA fo—fi 7 
Ca On ort ee enue [eee oa C, (3) 
fi(Cx= Cy) © 16 O2-G7 
fr =fi- 2 Cs me C, il Spiceorteas 


(4) 
in which the higher order terms may be neglected for 
small interpolations, giving: 


2 C1 (fe — fi) 


G20,-—18 a (5) 
: 1 (C2, — C;) © 
fe =4,- 2G) (6) 


1262 


These formulas are used extensively in studies where 
changes of frequency with conditions are being mea- 
sured. The method consists of syntonizing at any 
convenient ratio, one of the reference oscillators against 
the frequency to be studied and noting the reference 
oscillator setting for each condition. The relative 


C=O, 
2 (er rom 


(6). If the measurements are made over a short inter- 
val of time, the standards of frequency are not used. 
If the measurements are spread over an extended period 
of time, the reference oscillator is syntonized at the 
time of each measurement against a standard of fre- 
quency at a ratio to give a setting near those obtained 
against the frequency under test. The differences in 
these settings from the first are used to correct the 
settings against the frequency being studied. For a 
great deal of the work the settings of the reference 
oscillator are so chosen that the air condenser difference 
between settings gives directly the answer in decimal 
multiples of per cent. 

Formulas (5) and (6) are also used in measuring 
frequencies and in setting an oscillator at a frequency 
which may not be syntonized readily against the 
standards. To facilitate their use and to avoid their 
misuse, Table IIA was prepared. It gives the errors 
inherent to the use of the formulas as calculated from 
the second order term of formula (3). It will be seen 


changes are then calculated by the factor 


TABLE IIA TABLE IIB 
Interpolation errors inherent to 
“the approximate formula: 
C= a - 2 Ci (fe — fi) Interpolation errors inherent to 
Sa linear interpolation. 


% increase of | % frequency er-| % difference in 
frequency calcu- | ror inherent in| known frequen- 
lated calculated set- | cies 


1 (afeh i 
2 re X100 


Maximum % 
frequency . error 
which may be ob- 
tained in calcu- 
lated setting 


Ook + 0.00005 0.2. — 0.0002 
0.2 + 0.0002 0.5 — 0.0009 
0.5 + 0.0012 its — 0.004 
1 + 0.005 2 — 0.014 
2 + 0.02 5 — 0.08 
5 + 0.12 10 — 0.3 
10 +7 08. 20 — 1.0 
20 steer 40 — 4.0 


that an error of only + 0.0002 per cent is introduced by 
the formulas in a 0.2 per cent interpolation. As 
points may be found by direct syntonization against 
the standards at smaller intervals than 0.2 per cent 
above 4000 cycles and by double syntonization below 
4000 cycles, the formula may be extensively used in 
this connection. 

Linear interpolation between two frequencies, f; and 
f;, is also used for a large amount of work. Often it is 
used to replace formulas (5) and (6) in the adjustment 
of odd frequencies and in the determination of unknown 
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frequencies. The inherent errors of this method have 
been calculated also and are given in Table IIB. 
Linear interpolation expressed as formulas becomes: 


fs — fo 


C= Gy Cr CN) (7) 
(C1 - C3) 
j, == Cameras (8) 


In the measurement of single frequencies, the fre- 
quency is known to at least its order in the usual case 
and to very high accuracy in a considerable proportion 
of cases. Methods of measuring such a frequency more 
accurately than it is known readily present themselves. 
For the few cases where even the order of the frequency 
is not known, methods of preliminary estimation for 
determining it to a few per cent are desirable. The first 
step in such a procedure would be to determine if it is 
an audio frequency, a radio frequency or intermediate. 
This may be done by listening to determine if it is an 
audio frequency. If-it-is, it can be estimated from its 
tone more or less closely according to experience. No 
specific methods of similarly subdividing inaudible 
frequencies into ranges have been standardized but in 
all cases of measurement the narrowing of limits is 
attempted before proceeding further. After such an 
estimate, the frequency is placed on the oscillograph 
against one of the reference oscillators. Two general 
methods are used from this point on. In the first 
method the reference oscillator is set at a frequency 
between 20 and 200 times the frequency to be measured. 
The setting is also so chosen that the capacity setting 
is between 0.015 » f and 0.050 u f. The air condenser is 
then slowly decreased from a high reading to the first 
setting which gives a figure the number of whose 
lines may be determined readily. The reading is noted 
and the condenser setting further decreased, note being 
made of the easily identified patterns disclosed in the 
process. After decreasing the capacity 200 uu {00% 
more, the next figure to appear is held and the reading 
noted, together with the pattern obtained. The fre- 
quency difference corresponding to these two points is 
then determined from the calibration or calculated 
from equation (6) in the form 


‘ C.—C, 
Af = fe—fs = Seay eae 


where f, is found from the calibration of the reference 
oscillator. 


f, and f, may be expressed in terms of the unknown 
frequency F as follows: 


fi=(N+ = )r 
f= (N+ )F 
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whence 


(10) 


le l; 


in which / is the number of lines in the figure and in 
which X is known from the order of the figures lying 
between the two points of observation. For instance, 
if the observations had been made with five- and three- 
line figures having a two-line and a five-line figure 
lying between in that order, it is obvious from Table I 


xX, X» 


L, = (0.4 and L. 


values which satisfy the conditions. It is to be 
observed that the Ns are not identical if one-line 
figures are noted while decreasing the capacity. 


that = 0.666 are the only two 


2 


This is taken care of by adding 1 to j 


for every one- 
line figure noted. 

For the measurement of higher frequencies, there 
is available a similar method in which the unknown high 
frequency is syntonized against two lower frequencies 
of a reference oscillator. In this case 


X, X» 
P=(w+4*)a-(n+—)p, 
from which may be obtained 
X» XxX, ) fof 
ed ater ae aD 
From equation (6) is found 
fo = 2C, 
fi a fo i es ears) OF; 
whence 
ee Xi ) 2C. > 
eat C eee Te st 62) 


In using the methods just described, an accuracy of 
2 per cent or 3 per cent is desired. To meet this 


Jee 
ip 


reasonably small (0.02 or less) in order that the approxi- 
mation of equation (6) will be satisfactory. It is 
necessary that (C,— C,) may be read to three signif- 
icant figures and it is necessary to include in C., Cy 
to the third significant figure of C2. 


(phe 
accuracy, the ratio of oe or of must be 


SPECIAL CIRCUITS 


Mention has been made of the fact that various means 
are available for making the ‘‘front’’ and “‘back”’ of the 
- patterns readily distinguishable. There have been 
devised for this purpose many circuits, some of which 
have been used in connection with the equipment 
described in this paper. These auxiliary circuits may 
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be divided roughly into two classes; the first, those in 
which the beam is caused, by the base frequency and its 
auxiliary circuit, to traverse the screen much more 
rapidly in one direction than in the other so that the 
“back” pattern is spread more than the “front” and 
even may be so faint as to be invisible, and the second, 
those in which the “back” of the pattern actually is 
displaced above or to the side of the “front” pattern. 


Those belonging to the first class have been used 
more often. Perhaps the simplest to use is that of dis- 
tortion in the auxiliary vacuum tube circuits of the 
measurement equipment. For instance, in the case of 
the standard frequencies, by overloading the vacuum 
tubes of the amplifiers and by using interstage trans- 
formers which for any other work would be considered 
unsatisfactory, sufficient distortion is produced to 
make the “front” of the picture stand out much more 
clearly than the “back’”’ of the picture. Consequently, 
in the larger volume of routine work, this method is 
used entirely. In precision work, it has a slight ad- 
vantage in that the “back” pattern is of a larger ampli- 
tude than the other and magnifies any lack of 
syntonization. 

One of the simplest methods of separating the “front”’ 
from the “back” of the picture is by means of the 
circuit 4° shown in Fig. 14. The reference oscillator 
output is stepped up to a high voltage by means of 
transformer, 7, and placed across a resistance, R, 
and capacity, C, which are in series and have their 
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common point grounded. The condenser is made 
variable to facilitate the adjustment of its impedance in 
accordance with the frequency of the input. In 
the more useful case the resistance would be in the form 
of a potentiometer in order that a variable voltage 
might be taken from it. If, with a small input to 7), 
the voltages at A and B are placed on the cathode ray 
oscillograph, there will result an ellipse, for the voltages 
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across the resistance and across the condenser are at 
right angles to each other. If the secondary of trans- 
former T', is placed between B and the oscillograph 
and the primary is connected to the unknown fre- 
quency, there will result on the oscillograph after 
syntonization a figure such as is illustrated by Fig. 8. 
If the input to transformer 7; is increased, the ellipse 
may be so enlarged that it will lie outside the oscillo- 
graph screen. However, by adding a d-c. component 
by means of the biasing potentiometers of the oscillo- 
graph, one portion may be placed at the center of the 
screen and figures such as those illustrated by Figs. 
9 to 13 willresult. In this circuit, the separation of the 
“front” and “back” of the pictures is controlled by 
the setting of the potentiometer at A and the spread 
of the pictures by the input to T,. The condenser is 
varied with frequency to place an optimum impedance 
load on the transformer. 

Another circuit which often is useful is that shown by 
Fig. 15°. As in the previous circuit, the reference 
frequency is applied in quadrature to the two plates of 
the oscillograph. In this instance the values of the 
resistance and of the condenser impedance are made 
equal so that, with zero biasing potentials on the oscillo- 
graph, a circle appears on the face of the screen. The 
unknown frequency is then placed in series with the 
cathode potential by means of transformer 7T;. The 
effect of a change in the cathode potential is to change 
the sensitivity of the oscillograph, thus enlarging the 
radius of the circular trace. When the cathode 
potential is varied by an alternating potential which 
varies the radius syntonously with the base frequency, 
a pattern such as shown in Fig. 9 results. This method 
of separating the “back” and “front”? of the picture 
has found considerable use in radio frequency measure- 
ments. However, the circumference of the trace is 
limited by the circumference of the oscillograph screen 
which limits the usefulness of this circuit for one of two 
reasons. The ratio which may be used with such a 
circuit is limited to something in the order of 1 to 50 
and at low frequencies the spread of the unknown fre- 
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Fig. 16 


quencies can not be made large enough to obtain high 
precision. , 

Several other circuits of limited value have been 
tried. One which is interesting because it involves the 
much used charge or discharge curve of a condenser is 
shown in Fig. 16. It is used for the measurement of 
the frequency of vibrating contacts. Specifically, 
it is more often used for the measurement of tuning 
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forks which have driving contacts. The figure merely 
illustrates one of the numerous ways in which the 
circuit may be set up. In this instance, when the 
contact is made, both terminals of the condenser are 
grounded and the condenser is in a discharged con- 
dition. When the contact opens, the condenser is 
charged at a rate controlled by its value and by the 
value of the resistance in series with it and some con- 
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Containing an oscillograph, two oscillators, a 300-volt rectifier, and a 
standard-frequency control panel. 


venient potential. The result is a saw-tooth shaped 
voltage wave form across the condenser, which is an 
optimum type of wave shape for frequency mea- 
surement. The figure produced by such a system 
is very similar to that illustrated by Fig. 7; although the 
“back” lines shown in Fig. 7 are invisible, as the po- 
tential of the condenser is reduced to zero instantane- 
ously by the closing of the contact. 

A large number of precision measurements has been 
In this instance, a circuit 
was used which, while not a circuit relating to the 
oscillograph, is given to illustrate the wide diversity of 
measurements and circuits which are used in connection 
with the frequency measurement equipment. This 
circuit is constructed by merely placing in the output of 
one of the reference oscillators a high-ratio transformer, 
across the secondary of which is connected a neon lamp. 
The oscillator is then adjusted to twice the frequency 
of the fork by viewing the neon lamp through the fork 
and varying the oscillator condensers until the glow 
is either steady or not seen at all. This measurement 
gives the frequency of the fork within a fraction of a 
per cent. Ifa higher precision is needed, the oscillator 
is set at approximately 10 to 20 times the frequency of 
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the stroboscopic fork. Its output is increased to the 
point where the neon tube just discharges. It is now 
found that the oscillator can be syntonized to the fork 
to a very much higher precision. 


CONCLUSION 


The methods and apparatus described were first 
developed for laboratory precision measurements. 
They have been in use for several years during which 
time it has been amply demonstrated that they are 
suitable not only for the technical measurements of a 
development and research nature but are equally 
adaptable for routine commercial work. The ad- 
vantages which particularly commend themselves 
are the rapidity with which such work may be done and 
the ease with which the average man can learn the work. 
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Discussion 


T. E. Shea: Mr. Rasmussen has discussed the need for ac- 
curate and ready measurements of frequency. It is rather diffi- 
cult to overstress the importance of frequency as an engineering 
variable in communications work, for the whole transmission 
problem centers about the signals we want to transmit and the 
interference we don’t want to transmit. Both the signals and 
the interference are made up of a large number of frequency 
components and so the vital transmission characteristic of 
communication networks may be said to be frequency character- 
istics. We have frequency against impedance, or reflection 
coefficient; frequency against transmission loss, or attenuation; 
frequency against phase shift, and so on—always frequency 
against some other variable. 

This is well illustrated in the case of wave filters. It is the 
function of wave filters to separate bands of frequencies and for 
economic reasons relatively small frequeney intervals can be 
aliowed for filter characteristics—in this case transmission-loss 
characteristics—to change from free transmission regions to 
regions of high attenuation or inefficient transmission. Here is 
where accurate and ready frequency measurements are of great 
assistance, in insuring that filter characteristics embodied in 
some physical network are accurately placed along the frequency 
spectrum so that the signal frequencies pass through as efficiently 
as possible and the interfering frequencies are barred out. 

It is usual in discussing wave filters to stress the large amount 
of network theory and the extensive calculations involved in 
their design but one can readily see that an economic balance 
would hardly be struck if great effort were put into working out 
theoretical designs and an equal effort were not put into the 
development of measurement methods so that proper guide 
posts were not available at all times to indicate how far the 
theoretical designs had any value. This is, as a matter of fact, 
an indication of the importance of measurement methods such 
as Mr. Rasmussen deseribes—that they are the guide posts to 
us without which design work would be of little avail. 


A Shielded Bridge for Inductive Impedance 


Measurements at Speech and Carrier Frequencies 
BY W. J. SHACKELTON: 


Associate, A. I. E. E. 


Synopsis.—A_ shielded, a-c., inductance oriage adapted to 
the measurement of inductive impedances at frequencies up to 
50,000 cycles is described. The bridge comprises a balancing 
unit and associated standards of inductance and resistance. The 
balancing unit has resistance ratio arms specially constructed to 
meet the requirements imposed by the above frequency range. The 
reference standard makes use of inductance coils of a new type, 
their-cores being of magnetic instead of non-magnetic material as 
is usually the case. The use of such cores results in coils that are 
smaller and hence better adapted to assembly in a multiple shielded 
standard. 

The bridge is completely shielded so as to eliminate, to a high 
degree, errors due to parasitic capacitance currents. The shielding 


is also arranged so as to permit the correct measurement of either 
“grounded” or “‘balanced-to-ground”’ impedances. A series of 
diagrams is shown for the purpose of indicating the function of 
each part of the shielding system. 

Equations expressing the errors resulting from any small resid- 
ual capacitance unbalances in the resultant bridge network are 
given and calculations made of the balances required for the desired 
degree of measurement precision. Test data are presented illus- 
trating a method of experimentally checking the residual shunt and 
series balances from which it is concluded that the bridge ts capable 
of comparing two equal inductive impedances of large phase angle 
with an accuracy at the maximum frequency of 0.02 per cent for 
inductance and 1.0 per cent for resistance. 


TEESE! 


INTRODUCTION 


HE limitations of the ordinary unshielded bridge 
Slivecy as a means of making precise a-c. measure- 
ments at speech frequencies were recognized early 
by telephone engineers. The solution of cross-talk 
problems arising in connection with the use of cable 
circuits was found to require an exact knowledge of the 
capacitive balances existing between such circuits at 
speech frequencies. For the ready and accurate 
determination of the capacitances defining these bal- 
ances, together with their associated conductance values, 
Dr. G. A. Campbell devised the “‘shielded balance.’’ 
This is a bridge network having its parts individually 
and collectively shielded so as to define exactly the 
mutual electrostatic reaction of each with respect to 
all other parts of the electrical system affecting the 
balance condition. 
As a means of more completely treating the cross-talk 


problems of cable circuits, Dr. Campbell conceived also: 


the very valuable idea of “direct capacity” as 
distinguished from the “ground” and “mutual ca- 
pacities” in use up to that time.* The shielded balance 
was found to be especially adapted to the precise 
measurement of direct capacities employing the sub- 
stitution method devised: by Mr. E. H. Colpitts.4 
Shortly thereafter, with the advent of loading for tele- 
phone lines, the same principles of shielding were ex- 
tended to apply to bridge networks specially arranged 
for the measurement of the speech-frequency inductance 
and effective resistance of loading coils. As the success- 
ful commercial application of loading required the 
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4. See Note 3. 
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manufacture of these coils in large numbers to precise 
requirements, it was quite essential that testing means 
be available permitting a relatively unskilled tester to 
determine quickly whether the proper adjustment of 
the coils had been made. For this purpose the shielded 
balance has proved to be extremely valuable. More 
recently the employment of frequencies up to 50,000 
cycles for carrier telephone and telegraph purposes has 
led to the need for correspondingly precise measure- 
ments at these higher frequencies. In this field the 
advantages of the shielded bridge are so great as to 
make it almost indispensable. 

While the fundamental principles of the shielded 
balance are essentially the same for all impedance 
measurements, the practical application of shielding to 
any concrete bridge problem may vary according to the 
kind and range of impedances to be tested, the fre- 
quency range to be covered, and the precision required. 
It also presents special problems in the design and con- 
struction of several of the circuit elements. In this 
paper there is described a particular form of shielded 
bridge which has been developed to meet the conditions 
commonly encountered in the measurement of induc- 
tance at speech and carrier frequencies. The facts 
leading to the detailed construction are discussed and 
some experimental data given to illustrate the per- 
formance of the bridge. 


GENERAL FEATURES . 

A simple schematic diagram of the bridge circuit 
is shown in Fig. 1. To avoid confusion, no shielding is 
shown in this diagram. As will be noted, the bridge 
comprises two equal resistance ratio arms, an adjustable 
standard of self-inductance, an adjustable resistance 
standard, a thermocouple milliammeter, two reversing 
switches, two transformers and two air condensers. 
Physically, this apparatus is grouped into three separate 
units, one comprising the standards of inductance, one 
theresistance standard and the third, theremaining parts 
of thecircuit. Thelast assembly constitutes what may be 
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considered the balance element of the system, by means 
of which the unknown and standard impedances are 
compared. Figs. 2 and 8 show the arrangement of the 
parts in this unit. Fig: 4 illustrates the appearance 
of the standard inductance unit and Fig. 5 shows how 
the units are associated when a test is being made. 
The thermocouple milliammeter indicates the total 
effective test current applied to the bridge and forms a 
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Fie. 1—Scuematic Dracram oF BripGe Circuit 
means of determining when this current has been 
adjusted to the desired value. 

In operation, the air condensers are first adjusted 
to produce an initial or zero balance of the residual 
electrostatic capacitances of the apparatus. Aside 
from the initial balancing, the operation of the bridge 


Fig. 2—BaLANCE ELEMENT OF SHIELDED BRIDGE 


Rear view of panel removed from case 


follows the usual practise; that is, the standards of 
inductance and resistance are alternately adjusted 
until the balance detector indicates a condition of 
zero potential difference at every instant between the 
bridge points to which it is connected. The inductance 
and resistance values as indicated in the standard 
arm are then equal (within the precision limits of the 


Fig. 3—Bauance ELEMENT OF SHIELDED BRIDGE 


Front view of panel and case 


bridge) to the corresponding constants of the unknown 
impedance. 
PURPOSE OF SHIELDING 

The principal difficulties in attaining a satisfactory 
degree of precision in inductance measurements at 
relatively high frequencies by means of unshielded 
bridges are those due to the presence of residual or 
stray admittances existing between the bridge parts 
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or from them to ground. All these parts have quite 
appreciable surface dimensions and when exposed at 
the usual separations to each other or to ground, have 
corresponding direct and grounded admittances. 
Leads to the source of testing current and to the balance 
detector also introduce rather large admittances. In 
a bridge intended for rapid operation, the parts subject 
to manipulation must be arranged compactly and 
conveniently to the operator. This makes it impracti- 
cable to isolate them sufficiently to make the admittance 
values between these parts and between them and 
ground (the operator being considered to be at ground 
potential) negligibly small. 

‘To make the matter more concrete, there is shown 
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5—SHIELDED BRIDGE CONNECTED TO VacuuM ‘TUBE 
OscILLATOR AND HETERODYNE DETECTOR 
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Fig. 6—Bripeer Circuit with Srray ADMITTANCES 

in Fig. 6 a schematic diagram with possible positions 
of some of the more important of these admittances 
indicated as at Cy, Cs, ete. (With some exceptions, 
the capacitance components of these stray admittances 
substantially determine their full effect. In the dia- 
grams and discussion, therefore, the conductance 
component will be neglected except where its effect 
is significantly large). The capacitances between the 
two ratio arm coils, R,and R., and from each to ground, 
are shown as being uniformly distributed along the 
length of the coils symmetrically with respect to each 
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other. If this symmetry is perfect these capacitances 
do not affect the bridge balance. In practise, however, 
they will only be approximately so, with the result 
that the two arms will be somewhat unbalanced to 
alternating currents, the effect of the unbalance increas- 
ing with the frequency. While the ratio arm capaci- 
tances can be made fairly small, others such as those 
indicated at C;, Cs, C:, and C, will commonly be 
much larger and hence of greater effect. Capacitances 
C, and Cy are frequently comparatively large due to the 
use of long distributing wires, encased in grounded 
conduit, for supplying the testing current. Cz; may 
consist chiefly of the ground capacitance of the outer 
layer of the detector coil winding and C;, that of dead- 
end coils of the reference standard, Z.. 


Some of the current flowing along the paths provided 
by these capacitances will complete its circuit ex- 
ternal to the bridge network proper and will not affect 
the balance; for example, that through capacitances 
C, and C, in series. Others, however, will flow un- 
symmetrically through parts of the bridge circuit; 
for instance, that through C; and C; in series and the 
arm Z,; also, that through C, and C, inseries, returning 
through the ratio arm R;. These latter currents and 
others of the same sort affect the potential distribution 
of the bridge and hence the values of the impedances 
required for balance. Certain of these capacitance 
currents in the bridge network tend to neutralize or 
balance the effects of others; for example, that through 
the arm Z, due to the series action of capacitances 
C, and C; has a balancing effect with respect to that 
through C, and C, and the arm Z, and would be with- 
out reaction on the bridge balance if capacitances 
C3 and C. were exactly symmetrical with respect to 
the two detector terminals. Such balancing, however, 
is accidental in nature, seldom satisfactorily complete 
and, in part, not constant. Even were it made approxi- 
mately complete for a particular arrangement, the 
substitution of another detector or the use of another 
source of testing current would probably destroy the 
balance. Variable effects would always be present; 
for example, those due to the changing position of the 


operator relative to the parts of the circuit or the effects 


of parallel loads on the supply generator. The dis- 
tribution and value of the ratio arm ground capacitances 
described above are functions of the bridge surround- 
ings; hence they are also subject to change if the bridge 
is moved from place to place. In the bridge being 
described, however, the shielding used affords a means 
of definitely fixing and controlling the various inter- 
circuit capacitances. Consequently, such variations 
cannot take place, balances between the resultant capaci- 
tance currents can be made as desired, and the bridge 
measurements are satisfactorily precise. 


SHIELDING SysTEM USED 


It is felt that the merits of the particular shielding 
system adopted for this bridge can best be brought 
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out by showing, step by step, the reasons for using 
each of its elements. 

The first step is to simplify, for further treatment, the 
initial residual capacitance network of the unshielded 
circuit. Thisisdone by providing individual shields for 
each part of the circuit that it is desired to have function 
as an independent unit. Such shields can be connected 
to one of the terminals of the part enclosed and thus 
there is substituted, from the standpoint of terminal- 
to-terminal characteristics, a definite and invariable 
condition in place of that which was previously a func- 
tion of the relation of the part to its surroundings. 
For example, as shown in Fig. 7, shields would be placed 
around the resistance coils forming the ratio arms Fy, 
and R» and connected to the junction point A of the 
system, one enclosing the elements of the standard 
impedance Z, and another around the source of testing 
current and connected at C; likewise, one around the 
detector is connected at D. It will readily be seen 
that these shields localize the effects of the various 
capacitance currents. Those circulating within the 
shields have, of course, no effect exterior to the shields, 
while those flowing between the various shields directly 
or by way of ground, enter and leave the bridge system 


Fig. 7—Bripge Circuit with Loca SHIELDS 


at definite points. By themselves, these shields do 
little good but they are necessary in order to make 
the next step (the balancing of the capacitances) 
practicable. 

Generally it will not be found convenient to shield 
the current supply apparatus, especially if this is a 
power driven generator. _Also, to promote greater 
flexibility in respect to testing with a wide range of 
frequencies, it will often be desirable to substitute 
one source of current for another and likewise one 
detector for another. The shielding of this apparatus 
should therefore be reduced to a minimum. This is 
readily effected by making both the supply and detector 
branches of the bridge one of the windings of a trans- 
former. This winding can be electrostatically shielded 
without affecting its transformer action and then any 
desirable source of current supply or any type of de- 
tector can be magnetically coupled with it.° Introduc- 
ing this change the circuit becomes as shown in Fig. 8. 
The capacitances of the various shields to ground 
being still variable, the next step to correct this condi- 
tion would simply be to add a ground shield around 
each. At this point, however, it becomes necessary 
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to consider the ground admittance relations of the im- 
pedances to be tested. 

In general, the unknown impedance will have capaci- 
tances to ground and the effect of these will be properly 
included in the measurement only when certain con- 
ditions as determined by the nature of the apparatus 
are fulfilled. From this standpoint the impedances 
usually encountered are of three general classes: (1) 
Those having ground admittances negligibly small 
in comparison with the direct terminal-to-terminal 
admittance; (2) those having appreciably large ad- 
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mittances to ground approximately balanced with re- 
spect to the two test terminals; (3) those having one 
terminal directly grounded, the other having an 
appreciably large ground admittance. 

In measuring apparatus of the first type it is evident 
that since in connecting it to the bridge circuit no 
additional ground admittances are introduced, the 
balance between those previously existing can be made 
without reference to the test impedance. The con- 
nection of an impedance of either of the other types 
will, however, introduce additional ground admittances 
into the bridge system, which, unless precautions have 
been taken, may cause the result to be something other 
than that which is wanted. In general, the desired 
test is that which gives the effective impedance apply- 
ing to the apparatus as it is used. In the case of im- 
pedances having balanced admittances to ground, 
this is the effective value of the direct, terminal to- 


9—SuintpED BrinGr Circuit sHowING LocaTION oF 
GrRouND ADMITTANCES 


Fig. 


terminal impedance as modified by the effect of the 
two ground admittances acting simply in series with 
each other. This condition is obtained when equal 
currents flow in each of these admittances, or, what is 
equivalent, when the electrical potentials of the ter- 
minals’ are balanced with respect to ground potential. 
To obtainsthis condition, when the impedance is being 
_ tested, the bridge terminals to which it is connected 
must Jlikewise be balanced with respect to ground 
- potential; that is, ground potential must be at the mid- 
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point of the unknown impedance arm. If the only 
admittances to ground of the bridge system are those 
of the junction points (as is the case in Fig. 8), the 
potentials of these points with respect to ground are 
entirely determined by these admittances. To make 
any two points such as the terminals of the unknown 
arm have equal potentials to ground, it is sufficient 
to concentrate all of the ground admittances to these 
or other equi-potential points and then balance the 
admittances from each. Referring to Fig. 9, if the 
testing current is applied at the points A and C, this 
condition is realized as shown by concentrating all 
ground capacitances at junction points B, C and D, 
and making the sum of the capacitances of junction 
points B and D equal to that of junction point C. This 
follows from the fact that when the bridge is balanced, 
the junctions B and D are equi-potential points. The 
mid-point of arm CD is now at ground potential. 
If, however, the testing current is applied at the points 
B and D, the equi-potential points are the junctions 
A and C, the sum of whose ground admittances would 
then be made equal to that of D and the arm C D again 
balanced with respect to ground potential. In this 
case there must be no ground admittance from junction 
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Fig. 10—SHIeLDED 


B. To permit of testing under both conditions, point 
A and all connected conductors are protected witha 
shield which is then connected to point C. Point B 
is likewise enclosed by a shield connected to point D. 
These two main shields then represent the junction 
points C and D of the bridge and are fixed with respect 
to capacitance to ground by a ground shield which may 
be common to the two. 

There now exist external to the local shields, direct 
capacitances only between points A and C and between 
B and D, (which do not affect the bridge balance), and 
from points C and D to ground. These latter do, 
of course, affect the balance. Two courses are open. 
Their effective resultant value shunting the arm C D 
can be determined and allowed for by calculation. 
Such calculations would involve a considerable amount 
of labor, however, and can be avoided very simply by 
providing in the opposite arm an exactly equal shunt 
capacitance. To permit adjusting the ground capaci- 
tances of points C and D, an adjustable condenser is 
connected to ground from the point having the lower 
value. With the apparatus connected as shown this 
is usually point D. The shielded system then becomes 
as shown in Fig. 10. 
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When impedances which in actual service are 
grounded at one terminal, are to be tested, the matter is 
much simpler. Then it is necessary only to definitely 
ground one of the bridge terminals to which the im- 
pedance is connected and establish the proper initial 
capacitance balance of the bridge for this condition. 
This is readily done by grounding junction point C and 
adjusting the capacitance from B to C to equal the 
ground capacitance of D. The shielding system may 
remain the same as in Fig. 10. 

In the case of the bridge being described it was 
desired to have a means of verifying by reversal the 
degree of balance of the ratio arms and also that of the 
impedance arms. The bridge is therefore equipped 
with reversing switches for this purpose. Due to the 
appreciable effect produced by a relatively small 
capacitance unbalance arising from factors present 
only when the arms are in circuit, it is quite important 
to be able to do this when a high degree of accuracy is 
desired. To effect the proper reversal, however, certain 
conditions must be definitely maintained. In reversing 


Fig. 11—Compietre Circuir Diagram or BALANce UNIT WITH 
SHIELDING : 


the impedance arms none of the inherent bridge ad- 
mittances should be disturbed; that is, only the un- 
known impedance of the standard as read should be 
transferred. On the other hand in reversing the ratio 
arms not only should the resistance element of these 
arms be transferred but also all associated shunt ad- 
mittances. Moreover, in transferring these admit- 
tances they must be absolutely unchanged. A further 
requirement is that the ratio arm reversal must not 
occasion the shifting of any capacitances shunting the 
impedance arms. To accomplish these objects a suit- 
able arrangement of shielded switches was worked 
out and added to the circuit of Fig. 10, the result being 
as shown in Fig. 11. In this arrangement all capaci- 
tances between the various parts of the switches which 
are subject to change due to physical movement 
of the switch parts are either short-circuited or con- 
nected across opposite bridge points and hence do not 
affect the bridge balance. The small capacitance 
C, between the switch shield and that of the ratio coil 
R, shunts this coil and is not carried with it on reversal. 
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For this reason a corresponding capacitance C,’, shunting 
the coil Rj, is provided and connected to the opposite 
point of the switch. This is adjusted by test to equal 
the value of C,. The diagram of Fig. 11 represents 
completely the circuit and shielding used for the 
balance unit of the bridge. 

While, from the standpoint of the bridge balance 
alone, the parts comprising the standard impedance 
can be shielded with a local and ground shield as shown 
in Fig. 9, unless the standard has a very limited range, 
the resulting calibration is exceedingly laborious to 
make and use. To reduce calibration difficulties, 
additional shields can be used; this, of course, increasing 
the cost of construction. In arriving at the proper 
compromise between these conflicting factors the size 
and impedance value of the part to be shielded must be 
considered. This question will therefore be taken up 
in more detail in the following section. 


CONSTRUCTION 


The circuit and shielding features discussed so far 
are of general application to impedance measurements 
without restriction as to the particular range of values to 
be tested or frequencies to be used. The physical 
construction is, however, dependent upon these factors. 
As initially stated, the bridge isintended for the measure- 
ment of audio and carrier frequency inductances. By 
this term is meant all apparatus having reactance 
values nearly equal to the respective impedance values. 
For the purpose of the present discussion, such induc- 
tances will be more exactly defined as those having 
ratios of reactance to resistance of not less than 10 
(minimum phase angle of 84 deg., 20 min.). The 
difference between the reactance and the impedance 
of any such inductance does not exceed 14 per cent. 
The impedance values range from about 100 to 10,000 
ohms and testing frequencies from 500 to 50,000 cycles. 

On the basis of these conditions, the following con- 
struction was developed and is used for this bridge. 

Ratio Arms. It is desirable from the standpoint of 
sensitivity of balance to have the ratio arm impedances 
of approximately the same value as those of the other 
two arms. Considering the range of impedances to 
be covered and giving due weight to the values which 
are of most importance in telephone circuits, a ratio 
arm resistance of 1000 ohms was selected. The problem 
then was to construct two 1000-ohm resistances, bal- 
anced both as to effective resistance and effective 
inductance for a frequency range from 500 to 50,000 
cycles when subjected to the usual temperature and 
humidity variations. 

Curtis and Grover have discussed the factors affecting 
the characteristics of a-c. resistances and have suggested 
forms suitable for general use at frequencies up to 3000 
cycles’. A 1000-ohm resistance, constructed according 

6. H. L. Curtis and F. W. Grover: Resistance Coils for 


Alternating Current Work, Bulletin of the Bureau of Standards, 
Vol. 8, No. 3. 
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to their specifications, is made by winding with a 1/10- 
mm. diameter, double-silk-covered manganin resistance 
wire, five 200-ohm bifilar sections on a 1-in. spool of 
insulating material. These sections are spaced about 
three mm. apart on the spool and are connected in 
series to form the 1000-ohm coil. Such a coil, when 
shellacked, baked and coated with paraffin, was found 
to be substantially constant in resistance and to have 
constant phase-angle effects equivalent to shunting 
capacitances of the order of 10 to 15 m. m. f. for all 
frequencies up to 3000 cycles. Since individual coils 
made according to this method may differ in their 
effective capacitances by as much as five m. m. f; 
some adjustment of these capacitances (as well as of the 
resistance) is required in order to make them suitable 
for use as the required ratio arms. Assuming that this 
is done by adding to the coil having the lower value a 
small capacitance of suitable constancy, it may be 
concluded that two coils so balanced would be suitable 
for use at frequencies up to 3000 cycles. 

In arriving at the requirements for the more extended 
frequency range of this bridge, the necessary phase- 
angle balance was first considered. Designating by 
L, and R, the inductance and effective resistance of the 
impedance being tested, and by L, and R,, the corre- 
sponding components of the standard impedance 
required to balance it in a bridge circuit having ratio 
arms of exactly equal resistances R but shunted by 
slightly different capacitances, C, and C., and as- 
suming that the quantities are such that w? R? C,2 and 
w* FR? C,? are small in comparison with unity, the 
equation for balance is 


(R,+j w L,)(R-j wC, R*) = (R,+j w L,) (R—j w C2 R?) 
which reduces to 
hk, = Re + wR (C.L,— C,L,) (1) 


L, = L,— R (C,R,— CB.) (2) 
Neglecting second order effects, these can be written 
R, = Rk, + wR L, (C2— Ci) (3) 
L, = Le— RR, (C2— C4) (4) 
If the readings R, and L, are taken as the values of the 
unknown resistance and inductance, respectively, it is 
evident that errors as given by the last terms of these 
equations will be present. The percentage errors in the 
two cases are as follows: ; 


and 


and 


L, 
AR. (%) = 100 w R (C,— C1) 
(5) 


(6) 


= 100 w R (C,— C,) tan 0 
; Fie 
A Lz (%) = 100R (C2— 01) 


For a given capacitance unbalance of the ratio arms, 
‘it is seen that the error in inductance is inversely 


L 
proportional to the time constant =) of the impe- 
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dance arm and is independent of the frequency, while 
the error in resistance is proportional to the frequency 
and to the ratio of reactance to resistance, that is, to 
the tangent of the phase angle. The inductance error 
is, therefore, maximum for the minimum time constant 
apparatus to be tested. Within the range previously 
mentioned this occurs when an impedance having the 
minimum reactance to resistance ratio of 10 is being 
measured at the minimum frequency of 500 cycles. 


27 X 500 
10 


or approximately 300. The corresponding percentage 
error in inductance per micro-microfarad of capacitance 
unbalance is then 300 x100010-2 =3 x 10-7 or 
0.00003 per cent. Evidently a very considerable 
unbalance can be tolerated. In the case of the resis- 
tance component, the error is maximum when an 
unknown impedance having the maximum reactance to 
resistance ratio is being tested at the maximum fre- 
quency. A reactance to resistance ratio of 300 is very 
rarely exceeded. For this value, the error per micro- 
microfarad unbalance at a frequency of 50,000 cycles 
amounts to about 9.5 per cent. Hence, to limit the 
error from this source to the order of 1 per cent requires 
a balance of about 0.1 micro-microfarad. It will be 
appreciated that this is an extremely close balance, the 
maintenance of which, under the different conditions of 
temperature and humidity to which the bridge may be 
subjected, requires careful consideration of the effects 
of these factors. 

The effective phase-angle balance, though discussed 
above in terms of capacitance only, is, of course, the 
resultant of the inherent residual inductances and 
capacitances of the coil windings plus the additional 
capacitance effects due to the coil shields. The 
component due to residual magnetic induction is not 
appreciably affected by temperature or frequency 
changes. The capacitance component of the winding, 
however, tends to vary with temperature in.accordance 
with the temperature coefficient of capacitance of the 
dielectric used for insulating the wire and with fre- 
quency to the extent that the capacitance is affected by 
absorption. 

It is common practise to employ silk-insulated wire 
treated with varnish or wax for purposes of protection 
against moisture in such coils. In order to obtain data 
covering the temperature and absorption effects and also 
the phase-angle characteristics of silk insulation, both 
untreated and when treated with a number of the 
more common materials, various samples were con- 
structed and tested as indicated in Table I. 

From the standpoint of percentage capacitance 
change, (reckoning from the minimum temperature and 
frequency conditions as being those at which initial 
adjustments would be made), untreated and paraffin- 
treated silk insulation were found to be appreciably 
superior to any of the other materials. The change 


R 
Under this condition pee has a value of 
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TABLE |! 
, - Ve 2 : : ‘. al 
Capacitance and phase-angle tests between two double-silk-covered No. 38 A. W. G. wires, each 88 in. (224 cm.) long, heen in bifilar fashion on 4 
glass tube one in. 2.54 cm.) in diameter and then treated with various materials. Samples dried before testing. 
Oapacitance, micro-microfarads Phase angle tangent 
| — -- — 
Test Material Temp.—20 deg. cent. Temp.—45 deg. cent. Temp.—20 deg. cent. Temp.—45 deg. cent. 
sample used for a 
number treatment 1000 ~ 50,000 ~ 1000 ~ 50,000 ~ 1000 ~ 50,000 ~ 1000 ~ 50,000 
1 None 193.3 188.2 188.7 184.1 0.0083 0.013 0.0076 0.011 
2, Paraffin 251.1 243.2 232.1 244.3 0.0095 0.014 0.010 0.011 
3 Collodion 238.9 228.0 231.4 222.9 0.016 0.021 0.015 0.018 
4 Beeswax compound 258.2 248.7 273.2 265.8 0.013 0.014 0.010 0) sOls 
5 Pyralin Zod ok 241.1 258.5 246.6 0.016 0.021 0.018 0.022 
6 Insulating varnish 346.4 BAD AL 361.5 337.0 0.027 0.036 | 0.030 0 oe 
iw Shellac 296.9 284.0 314.3 302.4 0.012 0.021 0.015 0.020 


due to absorption effect (about three per cent for these 
two) was considered the more important, as normally 
variations in temperature would not be very large. 
As would be expected, the untreated silk had the 
lowest phase-angle effect and also the smallest capaci- 
tance. Assuming that a method of excluding moisture 
could be devised, it was concluded that an untreated 
silk-insulated winding would be the best to use, al- 
though the paraffin treatment was also considered 
promising. Discounting the fact that the two ratio 
coils would change in the same direction though not 
necessarily by the same amount, it was decided that a 
satisfactory factor of safety would be provided if it were 
assumed that the coils might become unbalanced by 
one-half the observed change in one coil; that is, by 
about 11% per cent. In order that such unbalance 
should not exceed 0.1 micro-microfarad the capacitance 
of each coil would need to be not more than about 6.0 
micro-microfarads. It should be noted that this limit 
applies to the true inherent capacitance and not to the 
resultant of the coil capacitance and inductance. 


Considering now the variation in resistance over the 
frequency range of the bridge, it can be shown, follow- 
ing the methods of Curtis and Grover, that the effect of 
a capacitance of the value noted above on the resistance 
will not exceed one part in 100,000, which is quite 
satisfactory. The change in resistance (from the d-c. 
value) due to energy dissipation in the insulation is, 
however, somewhat larger than that due to the pure 
capacitance effect. This change is given to a close 
approximation by the expression 


C wR? tan ¢ 


AR 3 


where C is the total distributed capacitance between the 
wires of a bifilar winding and ¢ is the phase angle of the 
capacitance.’ Clearly both the capacitance and its 
phase angle should be kept as small as practicable. An 
obvious and simple way of attaining the first object 
would be by using the very finest wire available. 
To do this, however, would in many cases result in 
excessive heating of the resistance. For bridge tests on 
telephone apparatus the ratio arm current will rarely 
exceed 25 milliamperes. The energy to be dissipated 


7. See Note 6. 


in a 1000-ohm coil is then about 0.5 watt, requiring a 
radiating surface of about 25 sq. em. for a maximum 
temperature rise of 10 deg. which is a desirable limit. 
Since only the outer surface of such a coil is effective in 
radiating the generated heat the question of the 
number of layers requires consideration. Other factors 
being constant, it has been found that of the various 
possible arrangements that are easily constructed and 
mounted, a sectionalized, two-layer winding gives 
minimum capacitance. Hence one-half of the winding 
is required to have an exposed surface of 25 sq. cm. 
The gage of wire is then determined as a function of its 
specific resistance. A resistance alloy having a suitably 
low temperature coefficient, (such as manganin, ad- 
vance, etc.) will, on this basis, require that a wire no 
smaller than No. 38 A. W. G. be used. This is the size 
of wire used by Curtis and Grover and in the experi- 
ment covered by Table I. Using the data of this table, 
it was calculated that a Curtis and Grover type of coil, 
except for treatment, would have a change in resistance 
of not over one part in 50,000. The lower capacitance 
coils required from the phase-angle standpoint would 
have even smaller changes. 

Summing up, then, the ratio arm coils were to be of 
approximately 1000-ohm resistance, wound with No. 38 
A.W.G. double-silk-insulated manganin, or advance 
resistance wire, dried, but not impregnated with any 
moisture-resisting compound; the winding was to be 
arranged so that the true capacitances would not exceed 
6.0 micro-microfarad. Besides being balanced for 
d-c. resistance, the resultants of their capacitance and 
inductance values were to be balanced to within 0.1 
micro-microfarad. To meet these requirements, the 


bridge coils were constructed as follows. The spool 
used is a glass cylinder 34 in. in diameter. The winding 


is applied as follows: Starting at one end of the spool, a 
single strand of the wire is wound on until 14 inductive 
turns have been applied, giving a resistance of approxi- 
mately 50 ohms. Then the wire is tied, the direction of 
winding reversed, and an exactly equal number of turns 
wound over the first 14, but in an opposite direction. 
This brings the wire to the point of the beginning. Itis 
again tied, carried parallel to the axis of the spool over 
this first section and a second section wound. ‘This is 
continued until ten sections have been applied. A 
thin sheet of mica is tied in place around the winding © 


\ 


Noy. 1926 


and the projecting ends of the wire bared of insulation. 
The whole is then baked to anneal the wire and dry the 
insulation. While hot, it is dipped several times in 
molten asphalt compound until a continuous coating 
of this moisture-proof material has been formed over 
the winding and surrounding mica wrapping. Ad- 
justment for resistance balance is made by varying the 
length of the two-wire ends. 

The effective reactances of coils made as above are 
positive before assembly in their shields. The effect of 
the shield is to increase the capacitance. Table II gives 


Fig. 
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data obtained on the two coils made for the bridge and 
shows the uniformity of phase-angle difference main- 
tained by these coils over the operating frequency 
range. Final adjustment for reactance balance is made 
with the coils in the bridge circuit, a small amount of 
inductive coiling of the terminal leads sufficing for this 
purpose. In establishing this balance, use is made of the 
reversing switch described in the following section. 
Fig. 12 shows these coils assembled in their shields. 


TABLE I 
EFFECTIVE INDUCTANCE OF RATIO ARM COILS 


Microhenrys 


Assembled in 


Before Coating | After Coating Shield 
Test - — 
Frequency Coil A | Coil B | Coil A | Coil B | Coil A | Coil B 
1000 cycles 7.4 | 6.9 6.7 6.3 -—1.3 -—1.0 
50000 cycles 7.4 6.9 ey, 6.2 —1.2 —0.8 


Resistance of each coil = 1051.2 ohms 


Reversing Switches. As will be noted from the dia- 
gram showing the circuit arrangement of the reversing 
switches, these are required to be completely enclosed 
in a shield which is connected to the junction point D 
of the bridge. They must also, of course, be subject 
to manipulation. 

Obviously, then, this shield must be supported in 
some fashion from the outer enclosing ground shield 
of the bridge. The admittance between these two 
shields is a direct shunt on either one-half or all of the 
impedance arm C D. While the capacitance component 


of this admittance can be readily balanced, it is more 


difficult to balance the conductance component, since 
the latter varies irregularly with frequency. Conse- 
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quently, it is desired to make this factor so low that it 
can ordinarily be neglected. The construction adopted 
for this purpose is shown in the illustration, Fig. ily. 
which is a partially assembled view of the two reversing 
switches, their shield and its supporting brackets. 
It will be noted that the shield is supported by the 
brackets by means of small glass rods (four of which are 
shown). The low phase-angle characteristics of glass 
make it a favorable material to use, from this stand- 
point, but from the standpoint of machining into shape 
suitable for insulating supports, it is not so good. The 
construction shown, however, adaptsit very well to this 
purpose. One other feature is worthy of special 
note; that is, the small change in position of any of the 
switch parts which occurs in effecting a reversal, the 
only metallic part moving being the small metal seg- 
ments of the rotating disk. 

Transformers. The transformers used for isolating 
the bridge circuit electrostatically from the source of 
testing current and from the detector system should 
have substantially zero externai electromagnetic 
fields. This is to prevent inductive coupling to other 
parts of the bridge circuit. For this purpose the trans- 
former core is made in toroidal or ring form and the 
windings, both primary and secondary, are uniformly 
distributed about its circumference. The wound 
toroid is also completely enclosed in a sheet iron case. 

The winding which is connected to the bridge has an 
electrostatic shield completely surrounding it for the 
purpose of concentrating all capacitance currents at 
one point. Around this localizing shield there is a 
second or ground shield. These two shields are made of 
sheet copper approximately No. 30 gage (0.010 in.) 
in thickness. The inner winding terminal leads are 
brought out through a small brass tube leading into a 
terminal chamber which is an extension of the local- 
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Fig. 


izing shield. Since the admittance between the 

localizing and ground shields forms a major part of 
one of the balanced admittances shunting the impedance 
arms, it is desirable that the capacitance component 
be of low value and essential that it be constant. The 
conductance component should be negligibly small. 
To attain this end, the shields are separated at definite 
distances by means of hard rubber rings turned to fit 
the outer corners of the inner shield and the correspond- 
ing inner corners of the enclosing shield. These rings | 
are made of the smallest cross-section consistent with 
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mechanical strength requirements so as to introduce 
the minimum amount of solid material into the space 
between the shields. This minimizes the capacitance 
and conductance values. These shields must not, of 
course, be allowed to act as short-circuited secon- 
daries on the transformer which would be the case if 
they linked conductively with the windings. Each 
is therefore made in two parts similar to toroidal 
channels which upon assembly have their overlapping 
inner circumferences insulated from each other by 
means of thin mica laminations. Further details of the 
construction will be evident from a study of Fig. 14. 

The windings are, of course, proportioned so as to 
connect with a reasonable degree of efficiency the asso- 
ciated impedances. For best results two sets of trans- 
formers are used to cover the complete frequency 
range, one from 500 to 5000 cycles and the other from 
5000 to 50,000 cycles. 

Balancing Condensers and Impedance Arm Balance. 
It has been brought out previously that two adjustable 
capacitances are required, one to effect the proper 
adjustment of the bridge capacitances to ground and 
the other to balance the residual capacitances shunting 
one of the impedance arms. Such capacitances are 


| 


Eva Web 


Fig. 14—SuHIELDED TRANSFORMER 


provided in the form of adjustable air condensers, each 
having a maximum value of about 500 micro-micro- 
farads. The construction used is such as to give a high 
degree of stability of capacitanee combined with low 
conductance characteristics. The arrangement of these 
condensers in relation to the other apparatus is shown 
in Fig. 3. 

The effect on the accuracy of the bridge of the 
degree of balance of the impedance arms obtained by 
means of the balancing condenser C;, is determined as 
follows: 

Capacitance Shunting the Impedance Arms. The 
equations giving the equivalent series inductance L’ 
and resistance R’ of a reactance of inductance L and 
resistance R. paralleled by a capacitance C are as 
follows: 


L—-CR- CL 


ee (l— w CL)? + w C? R? 


R 
(= aiOnLy - a? CR 


When the bridge is balanced the equivalent series values 


R’ = 
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of each component of the two impedance arms must be 
equal respectively to each other. If, however, the two 
arms have different shunting capacitances, it is evident 
that this equality will be obtained only by making the 
values of the two inductive branches of the parallel 
circuit somewhat different from each other. This 
difference represents the error introduced by the capaci- 
tance unbalance. When the values of the shunting 
capacitances are small, these errors, for the purpose of 
indicating their order, are sufficiently closely given by 
the expressions, 

A Ly = (7) 


(8) 


a? Ly ce is Cs) 
and 
A Rye = 2. a? Late. — Ce) 

where 
C,, and C, are the capacitances shunting the unknown 
and standard impedance arms, respectively. Reduced 
to percentages, these expressions become 

A Ly (%) = 100 w? Ly (Cx — Cs) 
and 

A Ry (%) = 200 w? Ly (Cx — Cs) 
and may also be written 


AL, (%) = 100 (9) 


Cy 


and 


1 
A Re %)- = 200 C (C7—.C,) (10) 
where C, is the value of capacitance that would be 
required for resonance with inductance L, at the test 


frequency. 


These errors are thus proportional to the ratio of the 
capacitance unbalance to the resonating capacitance of 
the inductance under test. Ordinarily, values of the 
latter factor do not go below about 500 micro-micro- 
farads so that in the worst case a difference in capaci- 
tance of 0.1 micro-microfarad corresponds to errors of 
0.02 per cent and 0.04 per cent in inductance and resis- . 
tance respectively. 


Shields and Wiring. The shields have sufficient 
rigidity and are supported so as to maintain a definite 
and constant space relation to the part shielded and to 
the other shields. They are also of sufficiently high 
conductivity to maintain a common definite electrical 
potential at all points with respect to the part shielded. 


The supports of shields or of bridge elements within 
the shields are as nearly as possible of constant specific 
inductive capacity, have low dissipative and leakage 
losses and are restricted to the minimum in number and 
size consistent with meeting the required rigidity of 
support. 


Interconnecting conductors are shielded within brass 
tubes of approximately 1%-in. diameter, the conductor 
which is of No. 10 gage copper being supported at the 
axis of the tube by means of glass beads fitting snugly 
within the tubes and having holes through which the 
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conductor passes. These beads are located longitudi- 
nally on the conductor by means of a small lump of 
solder placed on each side. 

Standards. The impedance standards consist of 
adjustable self-inductance elements used in series with 
an adjustable non-inductive resistance. Each self- 
inductance element consists of a series of inductance 
coils and a low range inductometer of the Brooks type,® 
arranged in three-decade formation and connected to 
dial switches by means of which any series combination 
of the coils can be selected. The inductometer is 


= 60 
> MICROHENRYS: 


Fig. DIAGRAM OF SHIELDED INDUCTANCE 


STANDARD 
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always in circuit and permits of balancing inductance 
values that fall between consecutive steps on the dials. 
Fig. 15 shows, schematically, the connections used for 
these standards and also the way in which they are 
shielded. It will be noted that the parts comprising 
each decade have a shield enclosing them and also all 
preceding decades of higher value. This makes a 
rather complicated mechanical arrangement but results 
in very important advantages from the standpoint of 
electrical performance. Due to the individual decade 
shields, each decade has effective values that are 
entirely independent of the settings of either of the 
other decades. Hence, once each individual setting of 
-each dial has been calibrated, the value for the standard 
as a whole for any possible combination is obtained by 
simple addition of the separate dial, values. This saves 
an immense amount of work in calibrating and also 
simplifies the reading of the standard. Without these 
shields the inter-coil and coil-to-ground admittances, at 
the higher frequencies, are sufficiently large to make 
the effective impedance of each decade setting depend 
to an appreciable extent upon the settings of the other 
decades. Under such conditions a calibration of every 
combination would be required, and as this calibration 
would vary with frequency, a correction would be needed 
' for each frequency value used. 
gH. B. Brooks and F. C. Weaver: A Variable Self and 


Mutual Inductor, Scientific Paper of the Bureau of Standards, 
No. 290. 
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In a standard of inductance to be used at high fre- 
quencies, it is, of course, always desirable in order to 
minimize capacitance effects to have the inductance 
coils as small as possible. In the case of a completely 
shielded decade standard this is even more important 
on account of the capacitances added by the inter- 
nesting shields. On the other hand, the coil resistances 
should be quite small in comparison with their reac- 
tances, a requirement which tends to increase the coil 
dimensions. Inaddition tothe above, such coils should 
be highly stable in their inductance and effective 
resistance values with respect to the residual effects of 
direct and alternating currents and of temperature and 
humidity changes. Their values should also be of a 
satisfactory degree of constancy with respect to fre- 
quency and value of the testing current. 

To meet these varied requirements the coils used in 
this bridge depart from the air core type ordinarily 
employed, in that they have a magnetic core of high 
stability and efficiency. Thus the desired inductance 
is obtained with a much smaller number of turns in the 
winding, giving a satisfactorily low resistance even 
in a coil only a fraction of the size of the equivalent air 
core coil. An adaptation of the new magnetic material, 
permalloy, has made this type of inductance standard 
possible.’ Their cores consist of finely laminated, 
high specific resistance permalloy punchings, carefully 
annealed and assembled to form a toroidal structure 
whose effective permeability is about forty. On this 
is wound a sectionalized winding of insulated stranded 
conductor, the individual strands also being insulated 


Fic. 16—Coin anp Dian Swircne ASSEMBLY OF TYPICAL 


INDUCTANCE STANDARD DECADE 


from each other. The wound coils, after adjustment 
to the value desired, are sealed with moisture-proof 
compounds in phenol fiber cases. Fig. 16 shows an 
assembly of the four coils and switch which comprise 
one decade of the standard. In Table III are given 
data for typical coils illustrating their performance 
in respect to the above points. 

The adjustable, non-inductive resistance isa commer- 
cial dial resistance box to which a shield has been added. 
It has five dials providing a range of 1000 ohms in steps 
of 0.01 ohm. Its shield is grounded in use, the resis- 
tance itself being connected usually between the C 


9. H.D. Arnold and G. W. Elmen, Franklin Institute Journal, 
195, 1923. 
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TABLE II 
DATA ON COILS FOR INDUCTANCE STANDARDS 


Frequency range 


500 ~— 5,000 ~ 5,000 ~— 50,000 ~ 
Over-all Dimensions ; 
Diameter Of CaASereeeeeienne lente eel Tr 6 1/2 in. 3 1/2 in. 
Tene th of, casGann emer nee erent 4 in. 3 1/8 in. 
Inductance Characteristics 
INOminalivalweiregeepeieare erste pieroustate else Kelloyerstslamans 0.100 henry 0.010 henry 
Change with frequency..........-..+..--s- + 0.5% (500 ~ — 5,000 ~) + 2.5% (5,000 ~ — 50,000 ~) 


Change with current..........-+-.-++sseees 
Temperature coefficient..........-+.+++++-- 
Residual magnetization effect of one ampere 
CLERC Sera ciate vehcicle er hs sreloheUa eranciaiioceko el ciere gle lone 

Resistance Characteristics 
At an alternating current (effective value) of 


2.0 milliamperes... ...cccscescssecees 


LOO mMallia MPLS srele overs oe: casloneleyere  esielin'« 


Temperature coefficient............-+-+ 


+ 0.01% per milliampere 
— 0.013% per deg. fahr. 


Less than 0.01% 


3,000 ~— 8.5 i 


1,000 ~— 5.2 ohms 
5,000 ~ — 13.0 * 


3,000 ~— 9.1 @ 
5,000 ~ — 13.9 ie 
— 0.017% per deg. fahr. at 3,000 ~ 


| 100089 5-D ane 


+ 0.007% per milliampere 
— 0.005% per deg. fahr. 


Less than 0.01% 
10,000 ~ — 3.6 ohms 


30,000 ~ — 13.6 2 
50,000 ~ — 34.0 . 


10,000 ~— 3.7 - 
30,000 ~ — 13.9 o 
50,000 ~ — 34.7 a 
— < 0.01% per deg. fahr. at 30,000 ~ 


corner of the bridge and the inductance standard but 
in the case of an unknown impedance having a lower 
resistance than the standard from the C corner to the 
coil under test. 


PERFORMANCE 


As was stated earlier, the operation of the bridge in- 
volves an initial balancing of its capacitances. It is then 
ready for impedance testing which is done by suitably 
connecting the unknown and standard impedances to 
the proper terminals and adjusting the latter until a 
balance of the bridge is obtained. The corresponding 
constants of the two impedance arms are then taken 
as being equal. Those of the standards being known, 
by calibration, it follows that those of the impedance 
under test can be simply derived. The degree of pre- 
cision obtained depends upon two major factors, the 
accuracy of the calibration of the standards and the 
accuracy of the bridge comparison. The matter of 
calibration is beyond thescope of this paper and it will be 
assumed that a suitable calibration of the standards is 
available. ; 

Due to the construction used, the factors determining 
the accuracy of the bridge comparison of impedances 
are reduced to the following: 

1. The resistance balance of arms A B and A D. 
2. The effective shunt capacitance balance of these 

arms. 


3. The direct capacitance balance of arms BC and 
C.D, 


4. The direct conductance balance of arms BC and 


Crp: 

5. The series inductance balance of the interior 
wiring to the impedance terminals of arms BCandC D. 

As was explained in the foregoing, two switches 
are provided for independently reversing the ratio 
arms (A Band A D) and also the outside connected 
impedances. These, therefore, afford a very conve- 
nient means of checking the above balances of the bridge 


network. By a suitable choice of the test condition 
under which the reversals are made, afairly good approx- 
imation of the effect of the separate items can be made. 
The following series of tests indicates how this was done 
on one of these bridges. 

The junction point C was first grounded. Then, 
with a telephone receiver as the detector and with a 
test current having a frequency of 1600 cycles, the set- 
ting of the condenser C, was varied until a balance was 
obtained. The arms Z, and Z, were both open-cir- 
cuited in this test; hence the capacitances shunting 
these arms alone determined the balance point. This 
balance was very sharp, indicating that the shunting 
conductances were either very small or else accidentally 
well balanced. Leaving the condenser set at its balance 
point, there was then connected into one of the im- 
pedance arms a toroidal self inductance standard 
having a nominal inductance of 0.200 henry and an 
effective resistance of about 50 ohms. In the other 
arm there was connected a similar standard of the same 
nominal but of slightly lower actual value in series 
with a small adjustable inductance and adjustable 
resistance, each of sufficient range to effect a balance 
of the corresponding constants. The extension in- 
ductance was graduated in steps of one microhenry 
and the resistance in steps of 0.001 ohm. Balances 
for the four-combination settings of the reversing 
switches, S, and S,, were then made, only the extension 


elements being varied in getting these balances. Read- 
ings as given in Table IV were obtained. 
TABLE IV 
Switch Position 
Extension Extension 
Sr Sz Inductance Resistance 
Right Right 124 + 2 microhenrys 4.00 + 0.01 ohm 
Left Right 120 es « 4.00 “ “4 & 
Right Left MD ae “ 3.85 e ¢ 
Left Left 1235 a3 Sie © * 
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Consideration of these figures led to the following 
conclusions: 


1. The change in inductance balance due to re- 
versal of the ratio arms is not more than eight parts in 
200,000 or 0.004 per cent. It has been shown pre- 
viously that the phase-angle balance of the ratio arms 
is not critical with respect to inductance readings. 
Hence, the change in inductance may be considered 
to be closely indicative of the resistance unbalance 
of the ratio arms. From the above data it is seen that 
this does not exceed 0.01 per cent. 


2. ‘The change in resistance due to reversal of the 
ratio arms being within the limits of observational 
error, the phase angles of the coils themselves are, 
as nearly as can be determined by this test, exactly 
balanced. 


3. Since the change of inductance balance due to 
reversal of the impedance arms is no more than that due 
to the ratio arm reversal, the capacitance balance of 
the impedance arms is apparently satisfactory. It 
should be noted, however, that this balance is not 
critical under these test conditions. (See eq. 9). 


4, Since the resistance balance was appreciably 
affected by reversal of the impedance arms, it appeared 
that there was an unbalancing factor present which, 
if affecting the ratio arms, was not reversed with them 
but which if present in the impedance arms was re- 
versed. The latter might have been an unbalance 
of the impedance arm shunt conductances but it was 
assumed that this unbalance was quite small. On 
the other hand, as discussed under “‘Checking of Bal- 
ances’, there are two small inter-shield capacitances 

_ shunting the ratio arms which are not reversed by the 
ratio arm switch and it seemed likely that an unbalance 
of these capacitances was causing the change in re- 
sistance reading. This proved to be the case, as 
adjustment of the balance of these capacitances for 
which, as previously noted, provision had been made, 
resulted in identical resistance readings being obtained 
for both positions of the impedance arm switch. After 
this adjustment had been made the previous tests were 
repeated, resulting in readings as given in Table V. 


TABLE III 

Switch Position 
a Extension Extension 

SR SZ Inductance Resistance 
Right Right 124 +2microhenrys | 3.938 + 0.01 ohm 
Left Right SAL D  Ue fe 3.93 ° ; ¢ 
Right Left be “ Best od . 
Left Left 126) SS ¢ 3:93 “ ee 


As a further check on the performance of this unit, 
two inductances, each of about 0.01 henry inductance, 
were compared at two frequencies, 25,000 and 50,000 
cycles. ‘Table VI gives the readings obtained in these 
tests. 

At the 25,000-cycle frequency the maximum differ- 
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PATTI 
TABLE IV 
Switch Position 
Frequency Extension Extension 
cycles SR Sz inductance resistance 
Right | Right | 123 +1 microhenrys 5.1 + 0.1 Ohms 
25,000 Left Right || (22) 2 aie a 
Right Left 129 « « “« “ “ «“ “ 
Left Left 128 “ “ “ “ “ “ “ 
Right | Right Sey Fe 242 
50,000 Left Right 360: Soe 24.2 “ 
Right | Left Saee 23°85 
Left Left Dike ete 23.8% 


ence in inductance from the probable correct balance 
does not exceed + 5 microhenrys or 0.05 per cent. 
The resistance balances check to within 0.1 ohm. At 
50,000 cycles, the inductance change due to ratio arm 
reversal is still within + 0.01 per cent while the resis- 
tance change is within 0.1 ohm which would be just 
under one per cent for a coil of this reactance and a 
reactance to resistance ratio of 300. This is a critical 
test of the ratio arm phase-angle balance. Hence it 
may be concluded that over the entire frequency range 
the ratio coils meet all balance requirements. The 
changes in inductance occurring at the higher frequen- 
cies when the impedance arms were reversed indicated 
that the residual capacitance unbalance of these arms 
was too large. Readjustment of the balancing con- 
denser reduced the changes to less than 0.02 per cent. 
The difference in resistance balance at the 50,000-cycle 
frequency indicates that the conductances shunting the 
impedance arms are not negligible at this frequency. 
For more accurate results these conductances would 
require balancing. This would be quite practicable by 
means of a variable high resistance shunt. 

In making each series of tests outlined above, the 
testing potential applied to the bridge was varied by 
means of a resistance potentiometer from the lowest 
value at which a balance could be made to the maximum 
of the supply oscillator. This was to check the com- 
pleteness of the shielding and to detect the presence 
of any coupling with the supply circuit. In no case 
was there any discernible change in balance produced. 


CONCLUSION 

A system of electrostatic shielding for a direct 
reading bridge for the measurement of inductive im- 
pedances at frequencies up to 50,000 cycles has been 
described. 

The general considerations defining the balances of 
the various capacitances which this shielding controls 
have been discussed and specific requirements derived 
for a typical range of impedances. The physical 
construction of a bridge designed to meet these re- 
quirements has been described and test data given 
illustrating its performance. This has shown it to 
be capable of comparing impedances over the above 
frequency range with a precision which approximates 
that ordinarily found in routine direct-current resis- 
tance measurements. 


Radio Broadcast Coverage of City Areas 


BY LLOYD ESPENSCHIED' 


Member, A. I. EH. E. 


Synopsis.—1. Radio broadcasting involves a.system of elec- 
trical distribution in which dependent relations exist between the 
transmitting station, the transmitting medium and the receiving 
station. 

2. The attenuation and fading which attend the spreading out 
of broadcast waves are considered. The attenuation of overland 
transmission is shown to be, on the whole, very high and to vary 
over a wide range depending upon the terrain which is traversed. 
The distance at which the fading of signals occurs ts found to be 
that at which the normal directly transmitted waves have become 
greatly attenuated and to depend upon the terrain traversed. 

3. A field strength contour map is given of the measured dis- 
tribution of waves broadcast by station WEAF over the New York 
metropolitan area. A rough correlation is given between measured 
field strengths and the serviceability of the reception in yielding 
high grade reproduction. The range of a station as estimated in 
terms of year-round reliability is found to be relatively small. It 


becomes clear that the present radio broadcasting art is upon too 
low a power level and that higher powered svations are required tf 
reliuble year-round reception vs to be had at distances as short even as 
30 to 50 miles from the transmitting station. 

4. The question of the preferred location of a transmitung 
station with respect to a city area ts considered. It is shown that un 
antenna located upon a tall building may radiate poorly at certain 
wavelengths and well at others. Surveys are presented of the dis- 
tribution effected by an experimental transmitting statin located in 
each of several suburban points. The locations ure compared 
upon the basis of the “coverage” of receiving sets which they effect. 

5. Finally, there is considered the relation which exists im 
respect to interference between a plurality of broadcast transmitting 
stations operating in the same service area. The importance of 
high selectivity in receiving sets is emphasized and there 1s given 
the measured selectivity characteristics for samples of a number of 
receiving sets. 


T is well recognized that the elements which com- 
| ae an electrical transmission system are required to 

function not simply as individual pieces of apparatus, 
but as integral parts of a whole. In the case of radio 
broadcasting, the absence of a common control of the 
two ends makes this over-all ‘‘systems” aspect less 
apparent than it is for wire systems.’ Neverthe- 
less a definite systems correlation is required between 
the broadcast transmitting station and each of the re- 
ceivers served, as will be evident from the following: 


1. The transmitter should put into the transmitting 
medium, without distortion and with the power called 
for by that medium, all of the wave-band components 
required and no others. 


2. The transmitting medium should be capable of 
delivering to the receiver an undistorted wave band, 
reliably and stably, and with sufficient strength to 
enable the received waves to stand well above the level 
of the ever present interfering waves. 


3. Finally, the receiving set should pass with the 
necessary volume all of the wave components required 
to reproduce the program signal and should sharply 
exclude all others. 


The rapid apparatus development borne in by the 
vacuum tube has brought the art to the point where it 
is now physically possible to meet quite fully the 
terminal requirements. The apparatus development, 
in fact, has outstripped our knowledge of the trans- 


1. Dept. of Dev. and Research, Am. Tel. and Tel. Co., New 
Viole Neny 2 3 

2. Some other examples of such a ‘‘systems’’ relationship 
are given in ‘‘Application to Radio of Wire Transmission Engi- 
neering,” published in the Proceedings of the Institute of Radio 
Engineers, October, 1922. 
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mitting medium itself, and we are now in the position of . 
possessing apparatus possibilities without knowing very 
definitely the limitations and requirements placed upon 
their use by the intermediate link. Only within 
the last few years have methods become available for 
measuring radio transmission and thereby placing it 
upon a quantitative basis. 

Such measuring means have been applied to the 
study of radio broadcast transmission from certain 
stations in New York City and in Washington, D. C. 
The earlier results of this measurement work have 
already been published. It is the purpose of the 
present paper to present results of a systematic study . 
which has been made of the coverage which can be 
effected of the radio broadcast listeners of the New 
York metropolitan area and in so doing to portray 
something of the general systems requirements of 
radio broadcasting. 


THe CHARACTER OF RADIO BROADCAST TRANSMISSION 


The ideal law for broadcast distribution would be one 
whereby the transmitted waves are propagated at 
constant strength over the zone to be served and then 
fall abruptly to zero at the outer boundary. All 
receivers within the area would be treated to signals 
of equal strength and no interference would be caused 
in territories beyond. 

The kind of law which nature has actually given us 
involves a rapid decadence in the strength of the waves 
as they are propagated over the service area, and then, 
instead of a sharp cutoff, a persistance to great dis- 
tances at field strengths which, although often too low to 
be generally useful, is sufficient to cause interference 
in other service areas. 

This situation is illustrated in Fig. 1. The upper 
curve shows the relation between intensity and dis- 
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tance; the lower portion, the interpretation of this 
curve in terms of areas of reception. The attenuation 
traced by the heavy line of the curve is that of the 
component of the radiation which is propagated 
directly along the earth’s surface. It is this radiation 
which is ordinarily utilized for reliable broadcast 
reception. The shaded portions near the outer ends of 
this curve are intended to indicate the appearance of 
variations in the signal intensity which occur at the 
greater distances, particularly at night, and which are 
known as “‘fading.”’ 

The evidence of recent researches, particularly those 
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Fic. 1—TuHe ATTENUATION oF Broapcast WAVES IN REFER- 
ENCE TO THE AREAS SERVED 


made at short wavelengths, indicates that these 
fading variations are due to radiant energy which has 
left the earth’s surface at the radio transmitter and has 
been reflected or refracted back to the earth’s surface 
from a conducting stratum in the upper atmosphere. 
At broadcast frequencies the reflected wave component 
is observed at night but has not been noticed during the 
day. At locations close to the transmitting ‘station 
the effect of the reflected component is negligible as 
compared with the strength of the directly transmitted 
waves. At increasing distances the directly transmitted 
waves die away to very low values and the indirectly 
transmitted waves begin to show up and appear to 
become controlling at the longer distances. The 
fluctuations themselves appear to be due in part, if not 
entirely, to variations in the reflected waves themselves, 
resulting perhaps from fluctuations in the conditions of 
the upper atmosphere. 

Thus, it seems clear that radio transmission involves 
wave components of two types: one which delivers 
directly to the receiving area immediately surrounding 
a broadcast station, a field capable of giving a reliable 
high grade reception; and another transmitted through 
the higher altitudes which permits distant reception 
but not with the reliability and freedom from inter- 
ference required of high grade reproduction. 
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The effects which are actually realized in practise 
are indicated in a more quantitative manner by the 
curves of Fig. 2 which are plotted from some measure- 
ments made upon WEAF in New York and WCAP 
in Washington, D. C. They were made at loca- 
tions in the New York and the Washington areas 
and at the intermediate points indicated on the curves. 
The measurements at each of these points are for one 
day only. They consisted in obtaining continuous 
graphic records of signal intensity during twenty-min- 
ute intervals out of each hour, one interval for each 
of the two stations. The period of time covered for 
each set of measurements was that of from one hour 
before sundown to about three hours after sundown. 
The time of year was the latter part of May, 1926. 
The curves are plotted from an analysis of the records 
in terms of mean field strength. The range of varia- 
tion due to fading is indicated by the shaded portions 
of the curves. The day and night fields were found 
to be roughly the same except for WEAF where there is 
a material drop in the daytime signal between Balti- 
more and Washington, shown in the WEAF curve. 

Fading was observed to commence somewhere be- 
tween 50 and 100 mi. from the stations and the range of 
the fluctuations was found to increase up to the maxi- 
mum distance observed. That the field of WEAF was 
found to be practically as strong at Baltimore as at 
Philadelphia is surprising. The data regarding this 
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point are too meager, however, to enable any very def- 
inite conclusions to be drawn. The curves are useful 
principally in enabling the transition to be followed, 
in a more quantitative way than is done in Fig. 1, 
from field strengths capable of giving reliable reception, 
such, for example, as 10,000 u v/m. (microvolts per 
meter), to those which characterize the unreliable 
“distance” reception and are of the order of 100 u v/m. 

A fact which is of importance to our understanding 
of these wave phenomena is that. ‘fading,’ which 
ordinarily is noticed at distances of the order of 100 
mi., may under some conditions become prominent at 
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distances as short as 20 mi. from the transmitting 
station. Such short-distance fading has been experi- 
enced in receiving WEAF in certain parts of West- 
chester County, New York.* It appears to be a case 
where unusually high attenuation, caused by the tall 
building area of Manhattan Island, has so greatly 
weakened the directly transmitted wave as to enable 
the effect of the indirect wave component to become 
pronounced at night. 

In general, the attenuation suffered by the normal 
surface-transmitted waves varies over wide limits, 
depending upon the terrain which is traversed. This 
is disclosed by the curves of Fig. 3, which show the drop 
in field strength with distance, for a 5-kw. station, for 
each of the following conditions: 

a. No absorption, the inverse distance curve 

(a = 0), 
b. Sea water, for which the absorption is relatively 
small (a = 0.0015), 
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Fig. 3—Errect or THE TERRAIN IN REDUCING THE FIELD 
Srreneroh or A Broapcast TRANSMITTING STATION 


(5 kilowatts in antenna, frequency 610 kilocycles, wavelength 492 
meters) 


ce. Open country and suburban areas (a = 0.02 to 
0.03) as measured in the vicinity of New York 
and Washington, D. C., 
d. Congested urban areas (a = 0.04 to 0.08) as 
~ measured for Manhattan Island. 

The factor a will be recognized to be the absorption 
factor of the familiar Austen-Cohen empirical formula, 

which may be expressed as: 


om ad 
= 0.009 picts 
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radiated power in watts 
distance in kilometers 
wavelength in kilometers 
absorption factor 

= in volts per meter 
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3. See “Some Studies in Radio Broadcast Transmission,” 
by Ralph Bown, D. K. Martin and R. K. Potter; Proceedings, 
I. R. E., Feb. 1926. 
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The first term represents the decrease in strength due 
merely to the spreading out of the waves; the second 
term, the decrease due to the absorption of the wave 
energy by the imperfect conductivity of the earth’s 
surface. 

The curves given in Fig. 3 are derived from a con- 
siderable amount of data taken in the course of field 
strength surveys of the New York City and Washing- 
ton, D. C. areas. The results of some of the earlier of 
these surveys have already been published.’ 


ActuAL DISTRIBUTION IN NEW YORK COLTY. 


Fig. 4 presents the results of a detailed survey of 
the field distribution effected over the New York 
metropolitan area by Station WEAF located at 463 
West Street. The measurements upon which the plot 
is based were taken in the daytime during the summer 
of 1925. Measurements were taken at approximately 
one-mile intervals along each of a series of circular 
paths concentric with the station, the radii of which 
increased in steps of approximately five mi. The 
distribution was studied in even greater detail close 
to the station and in locations giving evidence of 
rapid change in field strength. Ferries were utilized 
to extend the measurements over bodies of water. 
Manhattan Island was circumscribed on water by mea- 
surements made upon a sight-seeing boat. The land 
measurements were made in all cases outside of build- 
ings at ground level. In the built-up sections of the 
city they were taken in the middle of streets and street 
intersections, and in so far as possible in open places. 
The plot is based upon over 1000 measurements. 
While these measurements were taken over a consider- 
able period of time, check measurements proved con- 
ditions to have remained quite stable and showed, 
in fact, little variation from measurements made the 
previous year. The type of measuring apparatus 
employed, together with certain of the results obtained 
in earlier surveys, has already been described.° 

This plot is actually a simplification of a more 
detailed one. The number of contour lines has been 
limited to those of round figures for the sake of clarity. 
The line marked 10,000, for example, traces the loca- 
tions at which that field strength was observed and 
beyond which lower values obtained. 

This survey shows strikingly that the terrain over 
a city like New York is anything but uniform elec- 
trically; that the variations in the attenuation which 
the waves experience in different directions and from 
one area to another distort the distribution pattern 
from that which we might imagine from the familiar 
stone in the pool analogy. It is apparent that this 


4. “Distribution of Radio Waves from Broadeasting Stations 
over City Districts,” by Ralph Bown and G. D. Gillett, published 
a ve Proceedings of the Institute of Radio Engineers, August, 

fi. See previous reference; also ‘‘Portable Receiving Sets for 
Measuring Field Strengths at Broadcasting Frequencies,’ by 
Axel G. Jensen; Proceedings, I. R. E., June, 1926. 


ee 


a 


Nov. 1926 


simple analogy will have to be amended by conceiving 
the pool to be beset by various encumbrances causing 


_ high attenuations and reflections, and, in fact, also 


by the presence of surface ripples to represent the waves 
foreign to broadcasting which cause interference. Sight 
should not be lost, however, of the fact that the contour 
lines of Fig. 4 represent a two-dimensional section of a 
three-dimensional phenomenon. One should picture 
the contours as the intersections of the earth’s surface 
with three-dimensional surfaces. 

The fact previously referred to that the waves trans- 
mitted into Westchester County experience high at- 
tenuation is shown by the shape of the contour lines. 
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missions to slip in and out of phase rapidly. The use of 
a master oscillator control for insuring stability of 
frequency greatly improved matters, but evidence 
still remains of what might be called the normal night 
time fading. 

Another interesting effect which stands out in this 
map is the high attenuation of the wave-front trans- 
mitted over Long Island as compared with that which 
pursues the path of Long Island Sound and that of the 
ocean front to the south. The field over the eastern 
half of the island is contributed to by the water-trans- 
mitted waves from either side, giving rise to inter- 
ference patterns similar to those in Westchester County. 
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Fig. 4—Fretp Srrencra Contour Map or DIsTRIBUTION OVER THE New Yorx Merropouiran AREA, 
Errectep sy Station WEAF 


(5 kilowatts in antenna, frequency 610 kilocycles, wavelength 492 meters) | 


The irregularity of the lines appears to be due to a 
splitting of the directly transmitted wave by the high 
building area and the filling in from the sides of wave 
energy transmitted along the two sides of the peninsula. 
Although the conditions in Westchester are quite 
stable during the daytime, they become unstable at 
night, due, apparently, to the addition of the indirectly 
transmitted component reflected from above. »An 
experimental study of this interference situation dis- 
closed the fact that the bad quality obtaining at night 
in certain parts of Westchester was due largely to a 
rapid frequency modulation of the broadcast trans- 
mitter. The frequency fluctuation of the transmitted 


band apparently caused the direct and indirect trans- 


= 
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A question which naturally arises is that of how 
strong a field, as measured in this way, is required for 
satisfactory reception. It is too early in the art to 
answer this question very definitely, for it depends first 
upon the standard of reception which is assumed, with 
respect to quality of reproduction and freedom from 
interference; and second, upon the level of the inter- 
ference. The interference, both static and man-made, 
varies widely with time and with location. It is 
therefore obviously impossible to give anything more 
than a very general interpretation of the absolute merit 
of field strength values. Observations made by a 
number of engineers over a period of several years in the 
New York City area, having in'mind a high standard of 
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quality and of freedom from interference, indicate the 
following :° 

1. Field strengths of the order of 50,000 or 100,000 
uv/m. appear to be about as strong as one should 
ordinarily desire. Fields much stronger than this 
impose a handicap upon those wishing to receive some 
other station. 

2 Fields between 50,000 and 10,000 uw v/m. repre- 
sent a very desirable operating level, one which is ordi- 
narily free from interference and which may be expected 
to give reliable year-round reception, except for oc- 
casional interference from nearby thunder storms. 

3. From 10,000 to 1000 uv/m. the results may be 
said to run from good to fair and even poor at times. 

4, Below 1000 wv/m. reception becomes distinctly 
unreliable and is generally poor in summer. 

5. Fields as low as 100 p v/m. appear to be practi- 
cally out of the picture as far as reliable, high quality 
entertainment is concerned. Such fields, however, may 
be of some value for the dissemination of useful infor- 
mation such as market reports, where the value 
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Fig. 5—Suowine THE INcrEAsE IN RapiaTED Power ReE- 
QUIRED TO INCREASE THE RANGE AT WHICH A FIELD OF 10,000 
Hy/M 1s DELIVERED 


Curve A without absorption and Curve B with absorption 


of the material is not dependent upon high quality 
reproduction. 

It is seen from the preceding three figures that a 
5-kw. station may be expected to deliver a field of 
10,000 microvolts some 10 to 20 mi. away and a 1000- 
microvolt field not more than 50 mi. From this it will 
be evident that the reliable high quality program range 
of a 5-kw. station is measured in tens of miles rather 
than hundreds. ~ 


HIGHER POWER TRANSMITTING STATIONS REQUiRED 


Rough though this interpretation of field strengths 
is, it indicates clearly the need which exists for the 
employment of higher transmitting powers. The 
range goes up with the increase of power disappointingly 
slowly. Even were no absorption present in the trans- 
mitting medium, the range in respect to overcoming 
interference would increase only as the square root 
of the increase in power. This is shown in the curve A 


6. See also the paper by A. N. Goldsmith, ‘‘Reduction of 
Interference in Broadcast Reception,’ Proceedings, I. R. E., 
October, 1926. : 
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of Fig. 5. It shows that a station which actually 


; v 
radiates five kw. of power,would deliver a 10,000 u cer 


field at about 40 mi., a 20-kw. station the same field at 
distance 80 mi. Actually, with absorption present, the 
distances are less. This is shown by the curve B 
which gives the corresponding relations for the absorp- 
tion observed for suburban and country terrain. To 
extend the 10,000-microvolt field from some 15m: 
out to 30 mi. would necessitate an increase in the radi- 
ated power from about five to 100 kw. 

It is apparent from these relations that radio broad- 
casting is today underpowered; that the common 
(.5-kw. station is entirely too small to serve large areas 
adequately, and that the more general use of powers of 
the order of five kw. and even 50 kw. is decidedly in 
order. Such increases in power will be required if the 
broadcasting art is to be advanced to meet the higher 
standards of the future. The fact should be recognized 
that no greater interference between stations will be 
caused by the higher power levels, providing the in- 
crease in power is general among all stations. The 
interference difficulty arises in particular cases where 
one station suddenly makes a large increase and the 
others remain at their previous low power levels. 

Mention should perhaps be made that the effect of 
raising the transmitter power in increasing the level of 
the detected signal is greater than would be inferred from 
the discussion above. This is because of the square- 
law action of the detector. In other words, the detector 
output reflects the increase in power of the carrier as 
well as the side band. In overcoming interference it is 
only the increase in side-band power which counts. 

The ideal broadcast system from the transmission 
standpoint would be one in which the carrier is not 
transmitted from the sending station but is automati- 
cally supplied in the receiving sets themselves. This 
would save power, would reduce interference between 
stations and would reduce fading. It will be recalled 
that this system is being used to great advantage in 
the transatlantic radio telephone development. The 
practicability of employing it in broadcasting will 
depend upon receiving set development,—upon the 
economy with which carrier-generating receiving sets 
can be made and the ease with which the carrier 
frequency can be set and maintained with the necessary 
accuracy. 


TRANSMITTING STATION ON TALL BUILDING 


The location which naturally suggests itself for a 
broadcast station intended to serve a city is that of its 
center. Such a location might be expected to deliver 
the greatest strength of field to the greatest numbers 
because of the coincidence between high field strengths 
and high density of population. The other possibility, 
of course, is that of placing the station outside of the 
city, with the object of obtaining a better “‘get-away’’ 
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condition, of covering a larger area and of laying down 
a more uniform, if less strong, field over the city itself. 
Instances of both of these types of locations readily 
come to mind. WEAF is a good example of a sta- 
tion located near the center of a large city. The 
results of a study which has been made upon the effect 
of moving the station to other possible locations are 
given below. 

Before coming to this, however, there is another im- 
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Fic. 6—TuHE SELECTIVE RADIATION CHARACTERISTIC OF TRANS- 
MITTING ANTENNAS ON TALL BUILDINGS 


portant factor to present and that is the effect of placing 
the transmitting station upon a tall building. In locat- 
ing a station near the center of a large city it is natural 
to select a tall building for the station site. This has 
been done for a number of stations in various 
cities. The operation of WEAF, when known as 
WBAY, was first attempted from the top of the 24- 
story long-distance telephone building located at 24 
Walker Street, New York City. It was found that 
with the limited wavelength range then open to broad- 
casting, radiation from the station was relatively poor. 
Measurements of the field strength delivered to a 
field laboratory located at Cliffwood, N. J. (on Jower 
New York Bay), were made which gave the results 
shown in Fig. 6. The radiation was found to be sharply 
selective with respect to frequency, and to drop to a very 
low value at 400 meters. This happened to have been 
the wavelength assigned to the station at the time. 
When it became possible to shift the station to a 
longer wavelength, radiation was greatly improved, 
as indicated by the curve. The study made on this 
station was the first to disclose the fact that it is possible 
to have the building too high for the efficient radiation 
of certain frequencies. 

As a result of this work it was HELE to predict 
the probable occurrence of a similar effect in the case of 
a station which the City of New York desired to 
establish on the Municipal Building. Temporary 
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antennas were erected and radiation from them 
measured at Cliffwood, N. J., using a transmitting 
oscillator of 100 watts. The results of these measure- 
ments are given in Fig. 6. The radiation was found 
to be a minimum in the vicinity of 360 meters, which 
was very nearly the wavelength which at that time 
was to have been assigned to this station. The 
establishment of the station at this location obviously 
could not be recommended until at a subsequent time 
when a longer wavelength was made available. The 
station is now operating on 526 meters, which is seen 
to be fairly well up on the radiation curve. 


In both of these cases experiments were made with a 
number of different antenna arrangements and with 
different methods for driving the antenna and effecting 
the ground connection. None of the modifications, 
however, materially shifted the frequency of minimum. 
radiation. This minimum occurs when approximately 
one quarter of the wavelength equals the height of 
the building. Measurements made upon buildings of 
lower heights have shown that for the usual broadcast 
wavelengths heights of the order of 200 ft. are entirely 
satisfactory. The antenna of WEAF (which 
has been located for the past several years on the 
building of the Bell Telephone Laboratories, 463 West 
Street, New York) and that of WCAP, in 
Washington, are on buildings which put them at about 
this height above the street. They both have normal 
radiation characteristics. 


DISTRIBUTION FROM SUBURBAN LOCATIONS 


In order to determine the distribution over New 
York City which might be effected from locations out- 


7—TRANSPORTABLE FretD TRANSMITTING STATION 


Fia. 
side of Manhattan Island, experimental transmitting 
stations were established at each of several suburban 
locations. Use was made of an automobile truck 
equipped with a 144-kw. broadcast transmitter and 
provided with a transportable mast. The experi- 


mental transmitter as set up at Secaucus, N. J., 
is shown in Fig. 7. Measurements of the field strength 
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delivered from each of the locations chosen were made 
over practicaily the entire metropolitan area. Theresults 
of these tests are given in Fig. %, in comparison with 
those of transmission from the normal location of 
WEAF at West Street and from the earlier location 
at 24 Waiker Street. The measured field strengths 
have been aajusted to correspond to the 5-kw. trans- 
mitter of the West Street station. 

The smaller irregularities in the West Street curve as 
compared with the others are due to the greater detail 
with which these measurements were made. The 
curves should be compared merely with respect to their 
major contour characteristics. The inner contour line 
is for 50,000 u v/m. and the outer line for 10,000 pu v/m. 
Actually, the measurements were made in sufficient 
detail to enable other contour lines to be drawn, but 
these have been omitted for the sake of simplicity. 

The radiation from Secaucus will be seen to deliver a 
strong field to Manhattan Island, the most densely 
populated section, and, in general, to encompass the 
rest of the city quite well within the 10,000-uv. line. 
The irregularity in Queens County evidently represents 
the shadow cast by the tall building area on Manhattan 
Island. 

The distribution effected from the College Point 
location appears to be generally good. It does not 
cover the New Jersey suburbs as strongly as might be 
desired. The shadow cast by the Manhattan Island 

-high buildings-les through Jersey City and lower 
Newark. 

The distribution from the West Orange site appears 
to be somewhat less favorable. It is not sufficiently 
close in to deliver with moderate power a very strong 
field to the center of the population, nor is it sufficiently 
far out to avoid subjecting a considerable population in 
the immediate vicinity of the station to an ‘excessive 
field were high power employed. The indent in the 
10,000-yv. line in northern Queens is the shadow of the 
Manhattan buildings. 

The distribution shown for the Walker Street 
location is seen to be generally similar to that of West 
Street. The curve presents a smoother appearance 
than the others because less data were taken in 
this one of the earlier surveys. The shadows cast to the 
north and to the south by the two areas of high buildings 
are prominent. Actually, a close examination of the 
contour lines reveals a noticeable angular displacement 
in the Westchester shadow as between Walker Street 
and West Street, Walker Street transmitting better up 
the Sound and West Street better up the Hudson. 
West Street turns out to be somewhat the better of the 
two. 

The last diagram of the series brings together the 
shadows as determined from the several transmitting 
sites and shows that they project back to a common 
general center which locates at approximately 88th 
Street and Broadway, which corresponds quite well 
with the center of the up-town tall building center. 
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RELATION BETWEEN WAVE DISTRIBUTION AND THE 
DISTRIBUTION OF LISTENERS 


The merit of a given distribution pattern obviously 
depends upon the relation which exists between it and 
the distribution of the receiving sets themselves. In 
order to study this relation more closely, the relative 
distribution of receiving sets was approximated by 
taking the distribution of residence and apartment 
house telephones in each of the central office districts 
of the metropolitan area, excluding the commercial 
telephones. It was assumed that the receiving set 
distribution is proportional to that of the telephones. 
For a given survey the field strength representative of 
each central office district is known. By assembling 
the figures for central office areas receiving like field 
strengths, and by doing this for the whole range of 
field strengths measured, an accumulative percentage 
curve may be derived which shows the percentage of 
the total number of receiving sets included within the 
contour lines of successively weaker fields. 

Curves of this kind for each of the several surveys 
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made are shown in Fig. 9. It will be seen that for field 
strengths of 10,000 wv/m. and better, the Secaucus 
and College Point transmitting sites include about 
80 per cent of the receivers; that the West Street and 
West Orange sites include around 70 per cent and 
Walker Street about 60 per cent. These curves are 
further analyzed in the chart to the right of the figure to 
show in each case the proportion of the listeners which 
may expect to receive 

a. less than 10,000  v/m. 

b. between 10,000 and 50,000 uw v/m. . 

ce. over 50,000 uw v/m. 

It is seen from this that a location to the east or west 
of Manhattan Island would give a material im- 
provement in uniformity of distribution as 
compared with a location on Manhattan Island. Had 
it been possible to include a station on Manhattan 
Island located farther north than is either West Street 
or Walker Street and included within the area of high 
steel buildings, it is probable that the corresponding 
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curves for such a location would show the poorest 
distribution of the series. 

The survey work described above did not go so far as 
to include a study of the distribution effected from a 
location well outside of the suburbs. The philosophy 
of such a location is, of course, that of attempting to 
encompass within the range of the station a wide- 
spread area and of so including the city within the area 
as to effect a more uniform distribution over it than is 
possible when transmitting from a location within the 
city. A theoretical study was made of the distribution 
to be effected from one such location in the general 
vicinity of Boonton, N. J., using attenuations 
obtained in the other surveys. Such a location would 
be somewhat similar to that of WJZ at Bound Brook, 
although the distance from Boonton to New York is 
less. The figures derived upon the basis of a 50-kw. 
broadcasting station are as follows: 


Percentage of Receiving 


Field Strength Sets in Metropolitan Area 
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BuILDING IN SHIELDING Rapio Receprion WITHIN IT 


These figures show a good concentration in the most 
desirable field strength values. They should be dis- 
counted somewhat because they are based upon sym- 
metrical distribution and do not include the effect of 


irregularities, which an actual survey probably would 
reveal. 
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RECEIVING IN APARTMENT HOUSES 


The surveys described above disclose the field 
strength distribution as measured generally in the 
streets and open places. It does not disclose the details 
of field distribution in the immediate vicinity of a 
receiver. Perhaps the most difficult situation is that 
of the large apartment house, particularly where it is 
desired to receive by means of an indoor antenna. 


aa 


Fig. 11—Tur Errecr or Steen Structure Apartment House 
BurtpIng In SHIELDING Rapio RecErrion WITHIN IT 


Two effects are encountered: First, the reduction in 
signal strength by virtue of the shielding effect of the 
building; and second, the existence of a relatively 
high noise level caused mainly by radio-frequency 
interference from electrical systems within the building. 

The results of a few observations upon signal strength 
reduction within two buildings are presented in Figs. 10 
and 11. Fig. 10, for a non-steel building, shows the 
field to be roughly halved. In the case of the steel 
structure building depicted in Fig. 11, the interior field 
is found to be reduced to as lowas a few per cent 
of that outside the building. For outside rooms, the 
field strength near the window was found to be about 
eight times that further in the room. Such severe 
shielding effects obviously call for picking up the wave 
energy outside the building and conducting it to the 
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receiving sets by wire circuits, preferably by shielded 
circuits, in order to protect against local interference. 


MULTI-STATION OPERATION 


The discussion given above has been directed chiefly 
to the relations which might be called internal to a 
single-channel radio broadcast system. Actually, of 
course, broadcasting involves the use of the common 
transmitting medium for a number of channels. This 
brings with it the problem of frequency selectivity and 
raises the question of the capabilities of the various types 
of radio receiving circuits. 

In order to throw some light upon this important 
factor, measurements have been made upon a sample or 
two of each of a number of different types of radio 
receiving circuits. The measurements were made in the 
laboratory’, simulating as closely as possible the con- 
ditions under which the receiving sets would be used. 
The curves of Fig. 12 show the reduction which is to be 
expected in the detected audio-frequency current, 
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Fig. 12—Recervinc Set SELECTIVITY CHARACTERISTICS AS 
MeEASURED FROM SAMPLES OF RecEIvERS Havina DIFFERENT 
Typrs OF SELECTIVE CIRCUITS 


were the receiving set tuned to a transmitting station on 
900 kc., and the transmitting station then shifted in 
frequency by the amounts given along the abscissa. 
In this curve the reduction in current is indicated 
both as a ratio and in TU, which is a convenient 
way of indicating power ratios. The relation 
between TU’s and current ratio with a given 
impedance is indicated in the figure. Thus, for a 
carrier transmitted 40 ke. off from the one to which the set 
is tuned, the single-circuit, non-regenerative type of 
receiver showed a cutoff of only 20 TU, corresponding 


7. The method consists in establishing a small laboratory 
transmitter and modulating it with a single-frequency tone. 
The receiving set is tuned to the modulated carrier signal as in 
practise. The gain or sensitivity of the receiver and its coupling 
with the transmitter are adjusted to produce normal load upon 
the detector tube. With the receiving set left at this adjustment 
the frequency of the radio transmitter is shifted each side of the 
original single frequency in 10-ke. steps throughout a range of 
50 to 100 ke. For each of the offside frequencies the reduction 


caused in the detector output current is measured, this being 


an indication of the receiving set selectivity. 
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toanaudio-frequency current reduction to0.1 that of the 
value at resonance. The curves will be seen to group 
themselves more or less into three classes in the order 
of their selectivity merit as follows: 

1. The single-tuned circuit (non-regenerative and 
regenerative), and the combination of two tuned cir- 
cuits coupled together. 

2. Cireuits employing radio-frequency amplifica- 
tion with tuned circuits between stages. 

3. The double-detection of superheterodyne type 

of circuit. 
The curve for the double-detection type of circuit 
shows a “‘come-back’’ which represents the familiar 
double-tuning effect. (Incidentally, the admittance of 
this particular set, which was not a commercial set, needs 
to be reduced by the use of more selectivity at the radio 
frequency.) 

For comparison purposes there has been added to the 
figure the curve marked “‘ideal selectivity characteris- 
tic,’ in accordance with which the receiving set would 
pass without attenuation all frequencies up to 5000 or 
10,000 cycles and would cut off abruptly all frequencies 
without this band. Attention is first called to the fact 
that the various circuits attenuate within the desired 
transmission band of five or ten kilocycles. This 
means the higher frequency components of the side 
band will be reduced by the amounts indicated (after 
detection) with corresponding distortions of the repro- 
duction. The distortion will be seen to be greater for 
the more highly selective sets. This follows from the 
nature of sharply tuned circuits. Selective circuits, 
capable of approximating the filter type of characteris- 
tic, are to be desired. 

In comparing these selectivity characteristics, it 
is necessary to have in mind the amount of differentia- 
tion between the desired and the undesired signal which 
is necessary for the avoidance of interference. Each of 
the signals may be considered as fluctuating during the 
rendition of the program over a considerable range of 
volume which centers about’ some average value. 
The amount of differentiation required between the 
average values obviously depends upon the range of the 


- fluctuations involved and upon the standard which is 


assumed with respect to freedom from interference. 
Experience with loud speaker reproduction indicates 
that ordinarily a level of the average of the undesired 
signal 40 TU lower than that of the desired signal, 
while not giving noticeable interference at times when 
the desired signal is strong, does permit the undesired 
signal to “show through” during times when the pro- 
gram rendition is weak. Reducing the undesired signal 
to 60 TU below the desired signal prevents this inter- 
ference for the volume ranges which are now commonly 
transmitted. If the future art brings with it the 
requirement of following greater swings of volume, a 
further reduction in the undesired signal may be neces- 


‘sary. The value of 60 TU has been dotted in across 


the chart of Fig. 12, in order to show readily the fre- 
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quency separation at which the different selective 
circuits give this attenuation of the undesired signal. 
This is upon the basis that the field strengths of the two 
signals are equal. Inequalities in field strength require 
that the 60-TU value be increased or decreased by the 
amount of the inequality as measured in TU. 

The frequency interval which has been recommended 
by the National Radio Conferences for stations in the 
same zone is 50 ke. It is evident from the curves that 
sets equipped with the simpler types of tuned circuits 
will be subject to some interference between stations 
thus separated even if the receiver is so favorably 
situated as to receive equal field strengths from the 
desired and undesired stations. The selectivity of the 
other types of receiving circuits is seen to be sufficient 
to avoid interference under these conditions and allow 
some margin for overcoming inequalities between the 
fields. Such inequality becomes great where the 
attempt is made to receive distant stations through 
the effect of local stations. Assume, for example, 
that the listener receives 50,000 microvolts from a local 
station and 500 microvolts from a distant station to 
which he desires to listen. There exists a 100 to 1 or 
80 TU disadvantage to be overcome. When added to 
the 60 TU needed for cros-stalk clearance, the total 
selectivity requirement, as measured in terms of 
detected audio current, becomes 140 TU, or a current 
reduction of the order of 10,000,000 to 1. The need 
for a high degree of selectivity is therefore apparent. 
The impracticability of receiving distant stations re- 
moved in frequency from local stations by any such 
narrow margin as 10 ke. is also obvious. 

The effect of receiving set selectivity in increasing 
the area over which a station may be received without 
interference from a second station is illustrated in 
Fig. 13. The two stations are assumed to be of equal 
powers so that they deliver equal field strengths to 
receiving stations along a line midway between them. 
Receiving sets so located are required to have an amount 
of selectivity called for by the cros-stalk margin itself, 
say 60 TU. On the desired-station side of this line the 
selectivity may be less; this is the region where poorly 
selective receivers can be employed. On the undesired- 
station side of the center line the selectivity require- 
ments are greater. The non-interference area is 
pushed up closer and closer to the undesired station as 
the receiving set selectivity is improved, as is indicated 
by areas A and B of the figure. For example, assume 
that the selectivity of the receiving set is such as to give 
a 100-TU cutoff of an undesired station, offset by 50 
kilocycles. Sixty TU of this would be required were 
the two signals of equal strength, so that 40 TU 
measures the difference by which the undesired signal 
may be greater than the desired one. The increased 
area of reception made possible by this additional 
40 ITU is indicated by that portion of the lower figure 
which is to the right of the center line and outside of the 
area A. Within the area A interference would be 
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suffered. This interference area may be diminished 
by the use of still greater selectivity. The addition of 
another 20 TU of selectivity (again as measured in 
terms of detected audio-frequency current) would re- 
duce the interference area to that within the small 
area at B. ‘The extent to which the selectivity require- 
ment of the receiving set is determined by its location, 
therefore, is apparent. The conditions which obtain 
in multi-station areas, such as New York City and 
Chicago, obviously call for a general use of high selec- 
tivity sets. 

In locating a new transmitting station it should be 
possible from a knowledge of the relative field strengths 
of other stations in the vicinity to predict approxi- 
mately what the interference area will be for the differ- 
ent types of receiving sets. In this connection there 
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should be recognized the advantage from the interfer- 
ence standpoint which exists in grouping together the 
broadcast transmitting stations as far as possible in 
one location, and in equalizing their powers. Such 
grouping and equalizing would enable the receivers to 
obtain substantially equal fields from all of the stations 
and would minimize the selectivity which they are 
required to possess. While it is impracticable to 
accomplish this result completely, it is hoped that a 
better understanding of the interference problem as 
here outlined and of the mutual advantage to be gained 
in reducing interference will lead naturally to a better 
coordination of radio broadcast stations. 
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Discussion 


S. J. Zammataro: The statement was made that it is 
possible for the ratio of energy in the broadeasting of a sym- 
phony orchestra corresponding to the fortissimo and pianissimo 
parts to beone million toone. Is that provision made in the broad- 
casting station to control that ratio, and if so, to what extent is 
it controlled? 

J.B. Taylor: This paper shows in a quantitative way what 
I think many observers must have appreciated in a qualitative 
way. Most radio fans give the impression that it is perfectly 
easy at any time to pick out almost any station they want, but 
I think it is also the experience of those not operating their own 
sets that when they ask someone else to pick out a particular 
station at a particular time, for one reason or another, it doesn’t 
come. 

This paper shows that the millions of potential listeners who 
we should like to think are keeping their ears glued to the re- 
ceivers or sitting in front of the loud speaker enthralled at what 
is being put out, are a good deal of a myth; that while the audi- 
ences are large, tremendously large, compared with what can be 
placed in an auditorium, they are not, as a rule, in these large 
figures which are claimed. And this ought to lead to a reappraisal 
of the extent to which the broadcast message is going and to 
better engineering judgment in the placing of broadcasting 
stations, not only in locating one with respect to others, but also 
reappraisal of the economical size of stations. There shouldn’t 
be a disproportion between the amount of money and energy put 
into the plant and the amount of program-making energy and 
artistry which fit into this plant. 

If f may attempt to express an opinion on the question raised, 
“to what extent does the control of the symphony program follow 
or fail to follow thé proper intensity of the music?’’ I should say 
that if the intensity of the music ranges from one million to one, 
(and I have no reason for suggesting anything else), and, as inti- 
mated in the paper, the attempt is to keep up with the music or 
ahead of it, or a little behind it, to the extent of ten thousand to 
one, perhaps that is the best we can do, but in a typical program 
perhaps from a good symphony orchestra with a chain of stations, 
how many operators or supervisors have it within their power to 
effect this change of intensity? Anywhere, you may be at the 
mercy of any number from one to six or sevenor ten, not, perhaps, 
counting yourself as the last man in line or the man running the 
set to which you are listening, and how many of these people 
have the proper musical judgment to do this? In other words, 
the musical composer, the conductor, and the skilled musicians 
are doing their best to give you music with graded intensity, and 
another lot of men, skilled'and trained but perhaps not skilled and 
trained in music, are doing their best toiron it out toa dead level. 

G. T. Croker: I should like to ask if there is a relation 
between field intensity and distance? 


_K. B. Lyman: Mr. Taylor pointed out that the control 
that was exercised on a broadcasting program is under the 


influence of a number of men. I believe that is not exactly the 
proper situation. The control is left more or less constant and 
the difference in energy levels between the maximum volume and 
the minimum volume is more a function of the ability of the loud 
speaker to reproduce it and of the noise levels introduced along 
the line, and that is of the order of ten thousand. If we 
can assume a reference level, a loud speaker will give 20 to 30 
T U above that level, whereas the noise level will be perhaps 
20 to 30 T U lower. The noise level will be lower than that, but 
the sum of noise might come up that far; so, actually, you would 
get a transmission in your radio system from a tone of about like 
a whisper to something somewhat louder than the speaking 
voice, without particular distortion.: 

R: W. King: Such a formula as Mr. Croker has in mind 
is, I believe, given in the paper (first column third page). 

K. Sreenirasan (communicated after adjournment): The 
paper is of considerable interest to me, specially from one or two 
points. The survey that has been carried out cannot but be of 
great value in the choice of location for broadeast stations in places 
other than New York aswell. Therapid growth of large cities with 
the enormous increase in the use of reinforced conerete buildings, 
reaching up to several hundred feet, creates a problem of radio 
broadeast distribution of considerable complexity. 

The measurements of the author within such buildings 
forcibly impress on the mind the very pronounced shielding 
effect of steel structure buildings. The figures, 83,900 yv./m. on 
the roof with 858 wv./m. on the ground floor, and 52,900 wo./m. 
on the road with 858 yv./m. inside the building at the same 
ievelas the road, arestriking. _ 

‘he author lays considerable stress on the necessity for 
increased power in the existing broadeast stations. On the 
other hand, there are some people who prefer a large number of 
low power stations to cater to local needs. Economic considera- 
tions favor a smaller number of high power stations. The 
disadvantages of such an arrangement are sufficiently clear. 
A field strength of 50,000 yv./m., not to speak of any higher 
values, is so large that a receiver situated fairly close to the 
station and wishing to hear other stations would experience 
considerable trouble due to jamming, though the set may be 
highly selective. Secondly, as the author remarks, the field 
intensity increases relatively slowly with radiated power; the 
necessity arises, therefore, not:so much for an increase of powerin 
the station, as for another station of probably the same or less 
power. A value of 10,000 ywo./m. is about the right value for 
good quality reception without very expensive receiving ap- 
paratus. From this point of view, a few stations of 5 to 15 kw. 
seem to be better for a given area than one or two of 50 or 100 kw., 
taking the service range to be about 25 to 30 mi. 

I am much struck with the field strength curve for WEAF. 
The intensity seems to remain practically constant after the 
first 80 mi. right away up to 240 mi. from the transmitter. 
T wish the author would give us the percentage departure from 
the theoretical values and carry on a fuller investigation into the 
curious departure from the normal decay curve. 

With regard to the remarks of the author regarding selectivity 
of receivers, it seems as though reception will not improve by 
using highly selective receiving circuits. Taking the band of 


‘voice frequencies on either side of the radio frequency wave ir 


to be about 10 ke., then, for good quality reception, the receiver 
should exhibit comparative flatness over the range f, — 10,000 
cycles to fr + 10,000 cycles per second. Sharp cut off is not 
only desirable but essential below jf, — 10,000 and above 
f, + 10,000. High selectivity within this band will necessarily 
mean disproportionate reproduction of the various received 
radio wave components; and this does not mean good quality 
reception. On the other hand, a fairly wide separation of the 
radio frequencies of various stations and the use of a moderate 
number of medium power stations will perhaps be a better 
solution. AY, 


Can the Thermal Capacity of Electric Machines 


Be Made a Simple and Practical Element of Rating? 
BY A. E. KENNELLY* 


PREFACE 


HE subject of this paper has been suggested to the 
A Wes S. Committee, by the Council of the I. E. C., 

as suitable for a report at this 1926 meeting, and 
has been assigned to the writer for preparation. The 
writer does not claim any authorization from the U. S. 
National Committee to present its views officially on 
the subject. He merely submits the paper as expressing 
personal opinions, aided, however, by the records and 
reports of a certain group of engineers who have given 
special attention to the thermal constants of electric 
machines, and who are mentioned in the following text. 


BRIEF ANSWER AND PURPORT OF THE PAPER 


It is believed that the thermal constants of electric 
machines in the variable regime (especially their binary 
time constants) can, in many cases, be used in a very 
simple way for practical operating purposes. It is not, 
however, recommended that such thermal constants 
should be introduced into the rating of machines at the 
present time. It is, nevertheless, recommended that 
these thermal constants should be regarded as useful 
subsidiary information concerning machines, until such 
time as engineers may have become more generally 
familiar with their application and use. All machines 
do not seem equally subject to their useful application. 
Attention should be called to the practical service that 
the purchasing and operating engineer may derive from 
the thermal constants of machines. It seems likely 
that, at some future time, after the matter has been 
more thoroughly investigated by designers, manu- 
facturers, testers, and operators of electric machinery, 
these thermal constants, including thermal capacity, 
may be found sufficiently important and reliable to be 
promoted from the present category of useful subsidiary 
information, to the category of rating constants of 
machines. 


It should be pointed out that but little of the technical 
material in this paper is new. It is mainly ccllected 
here for convenience of reference. 

Thermal Constants of Electric Machines may be 
divided for convenience into two classes, namely, 

1. Steady-regime constants, . 

2. Variable-regime constants. 

Class 1 may be considered to contain the following, 
for any machine or element of the same (such as field, 


armature, internal or external part of winding, stator 
rotor, commutator, bearing, etc.) 


*Honorary Secretary of the U. S. National Committee, I.E.C. 


A report presented before the International Electrotechnical 
Convention at its U. S. Meeting in April, 1926. 


a. Hottest-spot maximum safe temperature. 

b. Maximum accessible measurable temperature. 

ce. Ambient temperature, 0.. ; 

d. Instantaneous temperature rise of machine or 
element @. 

e. Instantaneous temperature, 0 + 6.. 

f. Ultimate temperature rise under continuous 
rated load, @. 

All of the above constants enter either directly or 
indirectly into the continuous rating of a machine from 
the thermal standpoint, and need no discussion here. 

Class 2 may be considered to contain the following 
thermal constants for any machine or element: 

A Ultimate temperature rise characteristic 6 — P, 
under different sustained percentages of rated load. 

B. Time constant or constants of machine or element 
7 hours or minutes 

C Thermal capacity of machine or element k watt- 
hours per deg. cent. temperature rise above stationary 
ambient. 

D Specific thermal capacity of material in a machine 
or element—watt-hours per kg. and deg. cent. 

E Dissipation constant of machine or element s watts 
per deg. cent. temperature rise. 

The variable-regime thermal constants (A) to (EF) 
are the main subjects of discussion in this report. 


UTILITY OF VARIABLE-REGIME THERMAL CONSTANTS 


Characteristic A. The most important of the class 2 
here considered is probably A, the ultimate temperature 
rise characteristic @— P. This is a characteristic 
curve connecting the ultimate temperature rise of the 
machine, presumably at its max. accessible temperature 
location, for different percentages of rated load. When 
drawn on logarithm paper, such a curve usually ap- 
proximates to a straight line over a moderate percentage 
range of load. Thus, in Fig: 1, the particular machine 
supposed to be there designated develops an ultimate 
temperature rise of 40 deg. cent., in a specified element, 
at continuous rated load. It also develops 50 deg. 
cent. rise at 1.15 times rated load, and 76 deg. cent. at 
1.5 times rated load, if the straight line characteristic 
AOC is adhered to over that range. This straight 
line rises 1.6 units of ordinates in one unit of abscissa 
length; so that this straight line represents a tempera- 
ture rise increasing as the 1.6th power of the load, over 
the range it may be taken to cover. 


An operating engineer, knowing the continuous 
rating of the machine, can ascertain with the aid of such 
a characteristic the temperature rise of the element 
considered, over a certain range of steady loads, from, — 
say, 0.50 to 1.5 times rated load. The maker of the 
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machine may not have made ultimate temperature rise 
measurements at different steady loads; and therefore 
may not be prepared to give this 6 — P characteristic. 
He will in many cases, however, have secured such a 
series of three or four different ultimate temperature 
rises, at different percentages of rated load, on some 
similar machine of the same dimensions and speed. 
The purchasing engineer may be able to obtain this 
auxiliary information from the maker, and so construct 
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a @— P characteristic which is likely to be fairly re- 
liable. The operating engineer may subsequently be 
able to check this characteristic from the observed 


_ behavior of the machine under some particular steady 


load or loads in service. | 

Time Constants B. It is well known* that when a 
machine passes from one steady load to another, at 
constant ambient temperature, the temperature rise of 
any element will change, in the simplest case, with time, 
according to asimple exponential curve or time-constant 
curve. Owing to complexity of thermal relations among 
the different elements of a machine, the temperature 
rise may depart materially from a simple exponential 
curve; but in many cases it conforms to such a curve 
sufficiently closely for practical purposes. 

Two principal varieties of thermal time-constant 
present themselves: . 

1. The exponential time constant 7, fundamental in 
the theory of such curves, but awkward to use. 

2. The binary time constant rT», suitable for practical 
use. ; ts ee 
In any exponential curve, the exponential time- 
constant r- is that interval of time during which the 
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temperature rise comes within 1/e, or 1/2.718, or 36.8 
per cent, of the ultimate rise. In a period of 2 Te, the 
rise will come within 1/e?, or about 13 per cent, and in 
37 within 1/e, or about 5 per cent, of the ultimate rise. 
The binary time constant 7, is that interval of time 
during which the temperature rise comes within 
1/2, or 50 per cent, of the ultimate rise. In a period of 
2 72, the rise will come within 1/22, or 25 per cent, and in 
3 T2 within 1/2°, or 12.5 per cent, of the ultimate rise. 
Fig. 2, which is drawn on arith-log paper, shows the 
attainments and deficiencies at any number up to four 
exponential or binary time constants. These lines are 
straight. Thus after four exponential time constants, 
the attainment is about 0.982, or 98.2 per cent, while 
the deficiency is 0.018, or 1.8 per cent. Similarly, 
after the lapse of four binary time constants, the 
attainment is 0.9375 or 93.75 per cent and the de- 
ificency !/:., or 0.0625 or 6.25 per cent. The two 
time constants are always connected by the relation 
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Fig. 2—ATTAINMENTS AND DEFICIENCIES IN TERMS OF THE 
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so that if the exponential time constant is known, the 
binary constant is always approximately 70 per cent 
of it. 

The binary time constant 7. of a modern rotary 
dynamo machine ordinarily lies between 10 minutes 
and 40 minutes, and does not vary greatly with the 
size or rating of the machine. If we take a mean 
value of, say, 25 minutes, and assume that the tempera- 
ture rise of the machine element considered follow as 
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time-constant curve, then when the load is suddenly 
changed from one steady value to another, the charac- 
teristic © — P curve enables the corresponding change 
in ultimate temperature rise to be predicted. Suppose 
that the change will be ultimately 30 deg. cent. Then 
in T:, or 25 minutes, the rise will be 15 deg. cent., in 
272, or 50 minutes, it will be 154 7.5 = 22.5 deg. 
cent., in 3 72, or 75 minutes, it will be 22.5 + 3.75 
= 26.25 deg. cent., and so on. After 672, or 150 
minutes, the change will be for practical purposes 
complete. 

An operating engineer may be able to utilize the time 
constant of a machine in an emergency. He may want 
to carry a temporary overload without overheating his 
machine. He knows that he can carry such an over- 
load during a period of one time constant, without 
attaining more than half the temperature rise due 
ultimately to that load, provided that the element of 
the machine considered has this margin of temperature 
below the danger point, and that the curve of heating is 
exponential; also that no other element will rise more 
quickly. 

Although rotary machines have binary time constants 
usually well below one hour, some transformers and 
particularly, air-cooled, oil-immersed transformers, have 
time constants of three or four hours. The period 
during which a temporary overload can be maintained 
with due precautions, in an emergency, is thus corre- 
spondingly increased with such transformers. 

When the temperature rise of a machine or element is 
exponential, it becomes easy to predict the course of the 
changing temperature when the 6 — P characteristic 
and the binary time constant are given, if the load is 
changed abruptly from one long continued steady value 
to another. If the load is changed in a less simple way, 
so that one thermal transient is started before the 
preceding transient or transients have been substan- 
tially terminated, the predetermination of the corre- 
sponding temperature becomes more complex. As is 
well known to designers of traction motors, the re- 
sultant curve of 6 against time is obtainable from the 
superposition of a plurality of single exponential 
curves. 

Significance of the constants C, D and E. These 
variable-regime thermal constants are not at present 
of much use by themselves. They may, however, be 
useful conjointly, in arriving at an estimate of the time 
constant B. If the time constant can be predetermined 
with satisfactory precision, a 0 — ¢ test of temperature 
rise against time becomes unnecessary, provided that 
it is known that the curve is exponential, and that the 
ultimate rise is known from the 6 — P characteristic. 
The relations between B, C and E are given by the 
familiar formula: 

te =k/s hours (2) 
or : 
T2 = 0.6938 k/s- hours (3) 
The value of k, or the C constant, may be computed 
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theoretically from the weights of the different parts ofa 
machine and their specific heats. In practise, certain 
empirical constants may have to be used, as in Ap- 
pendix I. Consequently, a time constant that has been 
observed, is at present more reliable and satisfactory 
than a time constant that has been computed; although 
designers, guided by experience, place confidence in 
their predetermined time constants. 

E. The dissipation constant s is defined by the 
formula 

p= 0's watts (4) 

where p is the power lost in the machine or element 
during the steady thermal state, after the ultimate rise 
9 has been substantially attained. Knowing the power 
losses, and the ultimate temperature rise corresponding 
thereto, the constant s can thus be evaluated. 


TESTS FOR THE EXPONENTIAL QUALITY OF @-—t 
TEMPERATURE RISE CURVES 

The time-constant of a machine can only be utilized 

to the degree of precision within which the tempera- 

ture rise curve is exponential, according to the formula: 


Bea pee aks 


Q = € eel 2 Poa” (5) 


where ee is the deficiency, 0/9 being the attain- 
ment. A temperature rise curve @—t having been 
obtained by observation, it is always possible to deter- 
mine, from inspection, whether the curve is in satis- 
factory agreement with (5); 7. e., whether it admits of 
time-constant application. It is first necessary that 
the ambient temperature during the test shall have been 
kept constant, or that the curve be first corrected 
accordingly, if it has slightly varied*. The ultimate 
temperature rise, 0, for the curve must also be forth- 
coming, either by noting that the test has been main- 
tained for a time sufficient to develop substantially 
this ultimate rise, or by extrapolating from the curve 
as in Appendix II, or from preceding temperature-rise 
tests as recorded in a 0 — P characteristic. 

The time during which the temperature rise 6 
changes from 0 to 6/2 deg. cent. is measured along the 
time axis of the curve. This should be the binary 
time constant 7... In another such time constant, the 
further temperature rise should be 6/4 degrees. In the 
third such time constant, the further rise should be 
6/8, and so on. If these relations hold satisfactorily, 
the curve may be regarded as exponential, from an 
engineering standpoint. Strictly speaking, the theoret- 
ical requirements for exponential temperature rise are so 
severe, that they can probably never be fully complied 
with in any machine. Nevertheless, it is surprising 
how many machines develop satisfactory time-constant 
curves in their tests, although the time constant of one. 
element, such as the field-winding, may be markedly 
~ *Bibliography 17. 
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different from that of some other element, say the 
armature winding in the slots. 

A second test, but much more severe, of the exponen- 
tial quality of a 6 — tt curve, is to plot the deficiency 
(6 — 8@)/© on inverted arith-log paper. Thus Fig. 9 
gives a 0 — ¢ curve for a certain 2000-kv-a. air-coo'ed 
transformer, the curve being drawn exponentially to 
fit the observations, according to the formula 
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(50.5 — 0) /50.5 = € 27 = 2 258 


a i Ss) 
T T TITTITI TTT TT i: > 
099 TMS cot 
HEEDIOVONOGERAOAONETNOORVOOTODIGR 153 ri S 
=I | HH WET HTT HH itl 
= L LI nn LS? 
S 0.98 | TOT as 10 NY ny 
a Co MMs STR) 0.02 ~ 
w | TTT TT & off] cea i= 
=x CO Beat rs tan PH 
| i } { ai =x 
Th! NN 
fs 0.97 BESSEEEBIE HH, 8 HHH 0.03 & 
E SE STaS PoE SETEETerertestensseet ony see S 
=  O.96G¢ EAH eo 
Sy Be Ee te HH SOO 8 
& =< 0.95 EHH ots See 0.05 Wt > 
f PaO eet 
& = 0.94 BESS se, Cee 0.06E 8 
= fhe Sa : 2 
8 & a 0082 = 
3 aste ce 
se 097 io, oF 01 o° 
=s | Rest ti i¢ ic) 
& ' Lit] Sh) 2-8 
= TTT SU] Sy 
as ESS aes 
ax Ce HHH Os 
ee ge l] | IT iL © 
=< 08 2TH ae 
a CHR TO 7 | AHH 2 
me His oot Th S 
iS 0.7 FE lS | S 
i) - Ti tlagi T | 
S es Peet = 
=~ 7 
x 95 a 
= 0.4 z 
x ed = M 
B03 Jick 
; Ss 
0.2 ; = 
0 Ti0EY 


Ol 52 4 6 8 10,5 ..12 14 


HOURS, DURATION OF LOAD 
HEURES; DUREE DE LA CHARGE 


Fig. 3—TEMPERATURE-ELEVATION CuRVE OF 2000 Ky-a. 


Transformer (Fig. 9), drawn on inverted arith-log paper. Z Straight 
line, computed exponential rise. Small circles, observed attainments and 
deficiencies of temperature elevation. 


It will be seen that the hourly observations conform: to 
this curve satisfactorily. Fig. 3 gives the corresponding 
plot of the same observations on arith-log paper. The 
exponential curve is now a straight line; but the ob- 
servations appear to depart from it much more widely, 
especially in the upper parts. 

In cases where the temperature rise curve departs so 
far from an exponential law as not to admit of time- 
constant reckoning, it may sometimes be dealt with ina 


_ relatively simple manner by the use of two independent 


time-constants. Messrs. V.M. Montsinger* and W.H. 
Cooney+ have shown that when, as in many modern 
air-cooled, oil-immersed transformers, the windings are 
thermally separated from the core, but the oil is ther- 
mally common to both, the temperature rise of the wind- 


*Bibliography 18, pages 649-651, also 7a. 
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KENNELLY: THERMAL CAPACITY OF ELECTRIC MACHINES 


1293 


ings above the top layer of oil follows satisfactorily one 
exponential curve of, say, 314 minutes binary time 
constant; whereas the top layer of oil in the transformer 
follows satisfactorily another exponential curve of, say, 
31% hours binary time constant. 

Prof. Karapetoff has recently given a theory of the 
temperature rise of a body containing two thermal 
elements in partial mutual communication.t The solu- 
tion leads to two independent time constants, associated 
with two final temperature rises, two thermal capaci- 
ties ki, k, and dissipations s,, s2. By means of appro- 
priate tests, these time-constants may be evaluated. 
Practical results with the method are not yet forth- 
coming. 


EXPERIMENTAL DATA: CONCERNING HEATING CURVES: 
OF MACHINES 


Figs. 4 and 5 are taken from curves published by 
Mr. C. M. Laffoon§ on large turbo alternators, using 
imbedded temperature detectors in the armature 
winding. Fig. 4 shows the temperature rise of a 
35-megavolt-ampere machine (85 my-a.), under steady 
load, with the detectors in contact with the copper 
armature conductor and within the insulating cover. 
The curve is drawn exponentially to fit the observations ~ 
and an ultimate rise of 24 deg. cent. The binary time 
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Imbedded temperature detectors in contact with the copper winding. 
Curve computed exponentially to fit the small-circle observations. (OC. M. 


Laffoon, Bibliography 18, Fig. 2.) 


constant is 20 minutes. The agreement of the observa- 
tions with the curve is, in general, satisfactory. Fig. 5 
shows similar results reported on a25.9-mv-a. alternator 
armature using two different positions of imbedded 
detector; namely, one in contact, as before, with the 
copper winding, and the other between adjacent coils 
in the slots; so that an insulating cover separated the 


{Bibliography 23. ; 
§Bibliography 18, page 651, Figs. 2 and 3. 
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detector from the copper. In the upper curve, the 
agreement with observations is, in general, satisfactory, 
but there is a wide departure of the observed tempera- 
ture rises from the exponential lower curve, during the 
first hour. This departure is attributable to the effects 
of the interposed layer of insulation between detector 
and copper. The time constant 72 of the upper curve 
is 26 minutes, and for the lower curve 38 minutes. 

Fig. 6 gives three temperature rise curves reported by 
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Exponential curves to fit experimental data. Imbedded temperature 
detectors. Upper curve for detectors in contact with copper winding. 
Lower curve for detectors between coils, but outside insulation. (C. M. 
Laffoon, Bibliography 18, Fig. 3.) 


Mr. G. E. Luke* for a 35-h. p., d-c. railway motor. The 
temperature rises were obtained with imbedded thermo- 
couples, and in the case of the armature, through slip 
rings. The observations conform well with the com- 


puted exponential curves. The binary time constant of. 
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Temperature by imbedded thermocouples (armature by slip rings). 
Curves are exponential to fit observations (G. E. Luke, Bibliography 18, 
Fig. 9.) : 


the armature copper was 0.7 hour, that of the field cop- 
per, 1.3 hours, and of the field surface 1.4 hours. This 


shows that the location of the hottest-spot temperature © 


in a machine during a temporary overload, may depend 
upon the time constants of the different elements. 
In additional temperature rise tests reported by Mr. 
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Luke, the agreement between the test observations and 
exponential curves was satisfactory in certain cases but 
unsatisfactory in others, depending upon the relative 
mutual dependence of the thermal elements in the 
structure of the machine. 

Fig. 7 gives four temperature rise curves reported by 
M. Q. E. Shirley taken in a series of special thermal 
tests ona 1100-kv-a., 3000-volt, three-phase synchronous 
motor. This machine was operated as a synchronous 
condenser, at substantially zero power factor, starting 
at ambient temperature, under steady excitation. The 
ambient temperature remained practically uniform 
throughout. The top curve represents the rotor field- 
winding temperature, from volt-ampere measurements. 
Until after the first hour, the observations conform 
satisfactorily well with the exponential curve of T. = 34 
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minutes. The maximum rise of this field winding 
exceeds the usual values on account of the over- 
excitation for zero power factor. The two R. T. D. 
curves refer to imbedded resistance temperature detec- 
tors. The upper of these curves refers to detectors 
between stator armature coils in the slots, and the 
lower to detectors placed between stator armature 
coils and stator core. Both of these curves are in 
satisfactory agreement with the observations. The 
former has a time constant of 19.5 minutes, and the 
latter 25 minutes. The stator core curve, derived 
from thermometer readings, is not in good agreement 
with the observations. 

Air-cooled, Oul-immersed Transformers. Figs. 9, 10 
and 11 give temperature rise curves reported by Mr. 
W.H. Cooney} from observations on large single-phase 
transformers tested under conditions of constant load. 
In these cases the time constant was predetermined by 


{Bibliography 19, Figs. 6, 8 and 10. 
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varies with the load on the transformer. 
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the method outlined in Appendix |. The curves are 
exponential with these respective time constants, and 
conform satisfactorily to the measured temperature 
rises. They refer to top-oil temperature rise above 
ambient air. The dissipation constant s in these 
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cases, appears not to have been constant over the tem- 
perature range. Fig. 8 gives the relation observed be- 


tween temperature rise and relative watts loss, as 


drawn on log paper, for an exponent of 0.8. As a 
consequence of this variation in s, the time constant 
Thus 1 in Fig. 9 
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the first part of the curve, for 100 per cent load, during 
19 hours, has rt, = 3.14 hours, the ultimate temperature 
rise being 44.4 deg. cent. The second part of the curve, 
for 125 per cent load, during 11 hours, has tr, = 2.08 
hours, the ultimate additional temperature rise being 
15.1 deg. cent., or 59.5 deg. cent. above ambient. 

Fig. 10 gives a corresponding curve of temperature 
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rise in a 2-mv-a. air-cooled transformer, operated for 19 
hours under normal load conditions. The thermal 
capacity is given as 1700 watt-hours per deg. cent., and 
the dissipation constant 457 watts per deg. cent., so 


DEG. CENT. 
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\ 


that the exponential time constant T« is 3.72 hours, and 
the binary time constant 2.58. 

The curves in Fig. 11 refer to the case of a 12.5- 
mv-a. transformer, with a thermal capacity of 9233 
watt hours per deg. cent. 

In all of the cases represented in Figs. 9, 10and11 the 
time constants were computed from the dimensions 
The exponen- 
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tial curves were then drawn according to these ume 
constants so as to show the conformity or departure 
of the observed temperatures from the curves. 


CONCLUSIONS 


The cases presented in Figs. 4 to 11 indicate that 
various examples of different types of machines follow 
temperature rise exponential curves, under steady load, 
within limits of precision sufficient for many practical 
purposes. On the other hand, there are various 
machines which, either in whole or in certain elements, 
depart materially from such curves. It is, therefore, 
unsafe to assume that any or every machine, taken at 
random, will follow an exponential temperature rise 
curve, unless either a test or record of the machine 
will establish the fact. 

The binary time constant of a machine in association 
with its ultimate temperature rise characteristic curve, 
will enable the thermal behavior of the machine to be 
predicted in the variable regime, under change of steady 
load. 

It is desirable to study the temperature-rise curves of 
all classes of machines, in order to diffuse a general 
knowledge of their behavior in the variable regime, 
this being useful information for the operating engineer. 


Appendix I 
MONTSINGER-COONEY METHOD OF ESTIMATING 
THERMAL CAPACITY OF AIR-COOLED OIL-IMMERSED 
TRANSFORMERS 

Data for thermal capacity of transformer from top- 
oil to exterior ambient temperature. | 

Sp. heat of copper wire 0.0935 
Sp. heat of steel core 0.115 
Sp. heat of oil 0.47 red 
Spec. thermal capacity of copper wire 0.109 watt-hr./kg. 
and deg. cent. 
Spec. thermal capacity of steel core 0.134 watt-hr./kg. 
and deg. cent. 
Spec. thermal capacity of oil 0.462 watt-hr./liter per 
deg. cent. 

The ratio of mean oil temperature to top-oil tempera- 
ture varies with the form and size of the oil tanks, but 
an average value is 0.86. Applying this ratio, the 
mean specific thermal capacity of the tank oil is 
0.462 0.86 = 0.397, or in round numbers 0.4 watt- 
hr. /liter deg. cent. 

The weight of steel core in a transformer is commonly 
about 5.5 times that of the copper wire. Applying 
this ratio to the total metal in: the transformer, the 
average specific thermal capacity of that metal is 


0.109 x 1 + 0.184 X 5.5 


6.5 = 0.13 watt-hr. /kg. and 


deg. cent. 

Different parts of the oil tank attain different 
temperature elevations. Experience shows that a ratio 
of 2% may be applied to the weight of steel in the tank 
in estimating its specific thermal capacity. 
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The thermal capacity of the entire transformer from 
the top oil to the external ambient temperature is then 
k = 0.18 (kg. copper. + kg. core + 24 kg. tank) 

+ 0.4 (liters oil) watt-hr. per deg. cent. | 
Data for thermal capacity of winding with respect fo 
top oil: 

S +s’ 


aerate x kg. bare copper wire 


k= V.109 
watt-hr. /deg. cent. 
where S is the cross-section of the insulated wire and s’ 
is the cross-section of the bare wire. s 
This formula for k’ takes account of the specific heat of 
the insulation of the wire as well as that of the wire 
itself. 
EXAMPLE OF TIME-CONSTANT COMPUTATION 
Data for 100 per cent load and excitation. 
Top-oil steady temperature elevation, 40 deg. cent. 


oy ers cs sae 
50/——- 4 ie Pa Se eS 
ean 
S 40 ~<+Top Oil above Ambient Air (1) 
Sua — Partié supérieure deUVhuile par |_| 
a xz | rapport a Vair anibiant | 
Si |'T5°3,22 | 
a2 
gu 
a & 20 To-8.5 ie ahs 
2a ne Coil above Oil (2) 
= a Enroulement par rapport u Vhwile 
ie) 
10 | 
| | | 
0 
19) 4 8 12 16 20 24 


TIME HOURS FOR CURVE (1) 
MINUTES FOR CURVE (2) 
EN HEURES POUR LA COURBE (1) 
EEE) ee MINUTES POUR LA COURBE (2) 


Fig. 12—Computep TEMPERATURE ELEVATION TIMp CURVES 
FOR TRANSFORMER HaviNG THE CONSTANTS ANALYSED IN 
AppENDIx I 


Abscissas minutes for curve 2 coil rise above oil, and hours for curve 1 
top oil above air 


Winding steady temperature elevation, above top oil, 
15 deg. cent. 
Copper loss 9000 watts. 
Core loss 6000 watts. 
Weights, steel tank 2040 kg. 
Steel core 1900 kg. 
Copper 450 keg. 
Volume of oil, 3410 liters. 
Required the time constant for 125 per cent load.and 
excitation, starting from ambient temperature. 
Final copper loss (1.25)? «x 9000 = 14060 watts 
te ATONE ~ 6000 “ 
Total, neglecting changes in resistance, 20060 watts 


Oo for top oil. Relative losses 1.337 


15000 


From Fig. 1, oil rise = 1.26 x 40 deg. cent. = 50.4 deg. 
cent. 


k, = 0.18 (450 + 1900 + 2 x 2040/8) + 0.4 x 3410 


| 
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= 1850 watt-hr. /deg. cent. 
S. = 20060/50.4 = 398 watts/deg. cent. 


ee ky a 1850 
ae. ean oe +898 
T2 = 0698 X 4.65 = 3.22 hours. 
6 for copper above top oil 

15 x. (1.25)? = 23.5 deg. cent. 
ke’ = 454 X 0.109 = 49.5 watt-hr. /deg. cent. 
s’ = 14060/23.5 = 508.3 watts/deg. cent. 
k’ 49.5 


rE >= ; 


Ceo BOS8 


0.693 x 0.0826 = 0.057 hour = 3.5 min. 


The exponential curves for @) and @, are given in 
Fig. 12, as computed from the above data, together 
with their binary constants, to two different scales of 
time, as abscissas. 

The original data from which Appendix I has been 
prepared, will be found in Bibliography 18 and 19. 


= 4,65 hours. 


= 0.083 hour = 5.0 min. 


I 


T 2 


Appendix II 
FORMULA FOR DERIVING THE ULTIMATE TEMPERATURE 
RISE FROM AN INCOMPLETE TEMPERATURE RISE— 
TIME CURVE ASSUMED TO BE EXXPONENTIAL.* 


A, 


Bee (,/05 


deg. cent. 


where @, is the temperature rise at the end of t, hours, 


and 6. is the corresponding temperature rise at the end 
of t. = 2t, hours. It is assumed that 6 = 0 at the 
start, and that the ambient temperature remains 
constant throughout. 
Thus if 6. = 1.5 6,, it will follow that 6 

ty = T2 

FORMULA FOR COMPUTING THE BINARY TIME CON- 
STANT FROM TWO ORDINATES OF AN EXPONENTIAL 
TEMPERATURE RISE CURVE TAKEN AT Two SUC- 
CESSIVE EQUAL INTERVALS OF TIME FROM THE START. 


0.30108 ¢, 


Pg i ee 
log ( ery Te 8, ) 


where @, is the temperature rise after ¢; hours, and 4, 
the corresponding temperature rise after t, = 2 t hours. 
Thusif @, = 1.56; T2 =h 


List oF SYMBOLS EMPLOYED 


€. = "271828 Napierian base. 

@ temp. rise above ambient (the latter assumed as 
constant) (deg. cent.) 

6, temp. rise after time t,; (deg. cent.) 

6. temp. rise after time t, (deg. cent.) 

6, ambient temperature, (deg. cent.) 

® ultimate temp. rise above ambient, (deg. cent.) 

k thermal capacity of machine or element, (watt- 
hrs. per deg. cent.) 


= Pa (ek and 


hours 


*Bibliography 15. f 
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s dissipation constant of machine or element (watts 
per deg. cent. rise above ambient). 

P output of a machine (watts) 

p power dissipated steadily in machine or element 
(watts). 

t time elapsed from start of temp. rise test (hours or 
min.) 

Te exponential time constant (hours or min.) 

tT, binary time constant (hours or min.) 

T19 decimal time constant (hours or min.) 


Bibliography 
Without Pretensions as to Completeness 

(1) “Temperature Curves and the Rating of Electrical 
Machinery,’’ R. Goldschmidt, Jour. I. E. E., London, Mar. 1905, 
Vol. 34, pp. 601-691. 

(2) ‘Experimental Electrical Engineering,’ V. Karapetoff, 
1st Ed., 1919, p. 442. 

(3) “Heating of Induction Motors,”’ 
A. I. E-H., 1909. 

(4) “Heat Paths in Electrical Machinery,’’ H. D. Symonds and 
Miles Walker, Jour. I. E. E., London, 1912. 

(5) ‘The Heating and Cooling of Electrical Machinery,” 
P. Grice, Jour. I. HK. E., London, Nov. 1912, Vol. 51, 1913, 
pp. 840-851. . 

(6) “Temperature Distributions in Electrical Machinery,” 
B. G. Lamme, Trans. A. I. EH. E., 1916. 

(7) “Internal Temperatures of A-C. Generators,” 
Kelly, Trans. A. [. E. E., 1917. 

(7a) ‘Cooling of Oil-Immersed Transformer Windings after 
Shutdown,” V. M. Montsinger, Trans. A. I. H. E., June 1917. 

(8) ‘Determination of Efficiency of Turbo Alternator by 
Temperature Rise of Air Method,’ S. F. Barclay and S. P. 
Smith, Jour. I. E. H., London, 1919. 

(9) ‘Thermal Conductivities of Coil Wrappers,’’ T. S. Taylor, 
Elec. World, Feb. 14, 1920. 

(10) ‘Dissipation of Heat by Various Surfaces,’ T. S. Taylor, 
Jour. A. S. M. E., 1920. 

(11) ‘‘Longitudinal and Transverse Heat Flow in Slot-Wound 
Armature Coils,’ C. J. Fechheimer, Trans. A. I. EH. E., Feb. 
1921. 

(12) ‘Temperature Rise with Short-Time Loads,’ R. E. 
Hellmund, Elec. World, Mar. 26, 1921. 

(13) ‘“‘Heating of Railway Motors in Service and on Test-Floor 
Runs,” G. E. Luke, Trans. A. I. E. E., Feb. 1922. 

(13a) ‘Temperature Rise of Electric Machines on Intermittent 
Duty,” G. EH. Luke, Elec. World, May 27, 1922. 

(14) “Sur V Zehauttoment: d’un organe de machine decwiaus 
soumis A des pertes dans le fer constantes, et 4 des pertes par 
effet Joule,” P. Girault, Rev. Gen. de l’Electricité, Dec. 1922, 
July 1923, Aug. 1923. 

(15) “The Temperature Rise of Electrical Machinery,” T. R. 
Rowlando, The Electrical Review, London, Correspondence, Dalle 
4th July, 1924. 

(16) ‘‘Time Constants for Engineering Purposes in Simple 
Exponential Transient Phenomena,” A. E. Kennelly, Proc. 
Nat. Acad. Sciences, Nov. 1924. 

(17) ‘The Thermal Time Constants of Dynamo-Electrie 
Machines,” A. E. Kennelly, Jour. A. I. E. E., Feb. 1925, p. 142. 

(18) Discussion on same. Jour. A.I.E. E., June 1925, pp. 
649-656. 

(19) ‘Predetermination of Self-Cooled Oil-Immersed Trans- 
former Temperatures, before Conditions are Constant,” W. H. 
Cooney, Jour. A. I. E. E., May 7, 1925, Swampscott. 

(20) E. Hughes, Jour. I. E. E.; London, 1924, Vol. 62, p. 628. 

(21) M. L. Keller, Archiv. f. Elekt., 1924, Vol. 13, p. 292. 

(22) “‘Electrische Maschinen,” R. (Richter, Berlin, 1924, Vol. 1, 


pp. 350-365. 


A.” Gray, “TRANs: 


Ralph 


1298 


(23) ‘‘Parameters of Heating Curves of Electrical Machinery,” 
V. Karapetoff, Jour. A. I. E. E., Feb. 1926. 


Discussion 

James Burke: Dr. Kennelly’s paper may be considered from 
four standpoints, namely, the application of his proposed ‘‘Binary 
Time Constant” (B. T. C.) 

(a) To scientific research in investigation of heating phenomena 
in electrical machinery, 

(b) As an aid to testing and determination of test rating, 

(ec) As a factor of rating, in addition to the continuous full-load 
temperature rating, from which many short time ratings and 
duty cycle ratings may be determined, 

(d) As a means of comparing the capacities of machines for 
intermittent and short time load applications. 

The B. T. C. converts the mathematics of the exponential time 
constant into simple arithmetic, and permits expediting the slow 
and tedious procedure otherwise necessary. 

(a) The simple B. T. C., although approximating, may not be 
sufficient for exact analysis or calculations in research or design 
problems, as there is frequently involved the combination of 
interrelated masses having different time constants, as for ex- 
ample, in an oil-insulated transformer consisting of windings, 
core, oil, and case. The B. T. C. can be conveniently used as a 
starting point, however, and the departure therefrom may be 
calculated or détermined by test- 

In all instances which I have investigated, the departures 
from the simple B. T. C. are in the direction of greater resulting 
B. T. C. and thus the use of the B. T. C. would result in more 
conservative rating when time constants are involved. 

Under this heading would also come the investigation and 
determination of which classes of apparatus or parts thereof are 
subject to simple B. T.C. treatment, and possibly also the 
formulating of rules for introducing or correcting for departures 
therefrom. 

The I. BE. C. has established standards of temperature limits 
from the standpoint of safety of the insulation of windings, and 
while it is obvious that different parts of a machine may have 
different B. T. C., the part with which we are generally con- 
cerned in relation to intermittent or short time ratings, is the 
part with the shortest B. T. C.. 

For example, ina d-c. series motor having fields and armature 
with 50 deg. cent. temperature increase on continuous load, 
the B. T. C. of the armature will be generally shorter than that of 


48 


40 


‘TEMPERATURE INCREASE 
DEGREES CENTIGRADE 
DS) 
= 


160 200 240 280° 320 360 400 
TIME IN MINUTES 


Higa! 
the field windings, and the limit of increase above rated con- 
ge load for short time will be determined by the armature 
Further, in most cases, the B. T. C. of the armature end wind- 
ings is less than that of the windings in the slots, so that the 
B. T. C. of the end windings will be in such cases the deter- 
mining factor from the rating standpoint. 
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The winding or part of winding which has the shortest B. T. C. 
can be determined by calculation or test, and problems relating 
to rating concentrated thereon. 

(b) In testing machines, the continued operation until maxi- 
mum temperature is reached is frequently long and expensive. 
Dr. Kennelly has given in Appendix II: 

“Formula for deriving the ultimate temperature rise from an 
incomplete temperature rise—time curve assumed to be 
exponential.’” Also 

“Formula for computing the Binary Time Constant from 
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two ordinates of an exponential temperature rise curve taken 
at two successive equal intervals of time from the start.” 

A simple and quick method, which I found very useful, is 
illustrated in the following diagrams and curves. 

Fig. 1 shows a typical temperature increase curve. It will be ; 
noted that two points are indicated by small squares, giving 
temperature increase at 30 min. and 60 min. respectively, from 
the commencement of the test. The curve of temperature in- 
crease up to 400 min. or nearly seven hours is shown and it will be 
noted that the temperature is still slightly increasing towards an 
ultimate of 50 deg. increase. To draw this curve from the two 
observations shown would require considerable imagination, 
although it could be calculated from Dr. Kennelly’s formula. 
The simpler way is as follows: 

Fig. 2 which is drawn with ‘‘Degrees change per minute” 
instead of ‘‘Time in minutes” as in the Fig. 1, has plotted 
thereon the same two observations referred to in connection with 
Fig.1, and indicated by small squares. The dotted vertical 
lines passing through the small squares represent the increase in 
temperature during the first 30-min. period and the second 30- 
min. period. The small squares have been located at the middle 
of these vertical lines. A straight line drawn diagonally through 
these two squares indicates the various points which would be 
observed by the continuation of the test. This diagram, Fig. 2, 
shows in various positions towards the left of the small squares 
other dotted vertical lines showing succeeding half-hour periods, 
and it will be observed that they are all intersected by the 
diagonal line. 

In the same manner there has been shown in Fig. 2 a 
number of vertical full lines, which are readings at 15-min. 
periods and which give the same resulting diagonal line. For 
long periods between individual readings, in relation to the 
B. T. C., there is a slight correction from the exact intersection of 
the vertical lines of Fig. 2 which can be readily calculated. 

The complete curve of Fig. 1 has been plotted from the 


. diagonal line of Fig. 2, which diagonal line was drawn from 


the two observations indicated by the small squares taken at 
the end of the first and second thirty minutes of test. Of course, 
any other suitable periods would have done as well as the thirty 
minutes, and the periods do not have to be alike. Without 
the use of the B. T. C. the procedure for drawing Curve No. 1 
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from straight line Fig. 2 was to first plot a curve of re- 
ciprocals of the values of the straight line, Fig. 2, and then 
plot the integration of same. This is the manner in which the 
curve of Fig. 1 has actually been drawn. It is a slow and 
tedious process. 

Dr. Kennelly’s B. T. C. is easily found from the straight line 
Fig. 2 as follows: 

The exponential time constant is the height of the diagonal 
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line, which is the maximum temperature increase (namely 50 ih 
this instance) divided by the base, which is the maximum degrees 
change per minute (namely 1 in this instance), and which there- 
fore gives an E. T. C. of 50 (in this instance). Dr. Kennelly has 
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Fic. 4—35-H. P., D-c. Railway Motor (Dr. KENNELLY’S Fa. 6) 


| shown{that the B. T. C. is approximately 0.7 of the E. T. C. 


Therefore, in this instance the B. T. C. is 0.7 of 50, or 35 min. 
Thus we have 
Max. temperature increase X 0.7 

Max. degrees change per minute 


Having found the B. T. C. (in this instance 35 min.), we can 
apply it to the problem by dividing the diagonal line of Fig. 


B.T.C. = 
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2 into two equal parts. This is shown in Fig. 3 in which 
the diagonal line of Fig. 2 is divided into two equal parts 
by the radial dotted line. The length of the diagonal line 
to this radial dotted line correspondence to one B. T. C., in this 
instance is 35 min. The balance of the diagonal line is again 
divided into two equal parts, the lower of which corresponds to 
another B. T. C., in this instance 35 min. Correspondingly, the 
balance is again subdivided, establishing another B. T.C., 
(35 min.), and so on for as many B. T. C.’s as may be desired. 

If it is desired to plot a curve similar to that shown in’ Fig. 
1, it is easily done from Fig. 3 which gives the increase in 
temperature at the end of the first 35 min. and each. succeeding 
35 min. If intermediate points are desired they are easily deter- 
mined by the subdivision of the B. T. C. into fractional parts, as 
will be seen in another illustration in Diag. No.7. The curve will 
be, of course, identical with the curve of Fig. 1. 

A diagram of temperature increase in the form shown,in Fig. 
3 with the B. T. C. shown thereon, however, is much 
more useful in treating problems of rating than the conventional 
form shown in Fig. 1. 

This straight line form of Figs. 2 and 3 also permits 
forming the best conclusion from a number of observations which, 
as frequently happens, contain some inaccuracies. Knowing 
that the points of observation should result in a straight line, 
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Fig. 5—35-H. P. Armature Copper (From SHEET 4) 


they can be averaged better than when plotted in the curve 
form of Fig. 1. 

Also the B. T. GC. can be much more accurately determined 
from the straight line diagram than from other methods. 

Fig. 4 illustrates the foregoing in connection with Dr. Kennelly’s 
paper, Fig. 6—‘‘Temperature Rise Curves of a 35-H. P., D-C. 
Railway Motor.” 

The extreme left straight line on Fig. 4 is plotted from 
the observations on Dr. Kennelly’s curve, these being indicated 
by small crosses. As noted on the chart this straight line gives a 
B. T. C. of 88 min. for the field surface as compared with Dr. 
Kennelly’s figure of 84 min., showing very close agreement. 

The next diagonal line relates to the field copper, the black 
dots showing the actual observations taken from Dr. Kennelly’s 
curve. This diagonal line gives B. T. C. of 73 min. compared 
with Dr. Kennelly’s 78. 

-The extreme right dotted line refers to the armature copper 
and is plotted for the B. T. C. which Dr. Kennelly has concluded, 
namely 42 min. The observations from his curve are plotted in 
smallsquares. The diagonal line to the left of this dotted line is my 
conclusion from the same evidence, but introducing an additional 
feature of evidence, and results in a B. T. C. of 52 min. The 
additional feature of evidence is based on the calculation of the 
probable size conductor, from which figure and the amperes 
given in Dr. Kennelly’s chart, the current density was obtained, 
and from this figure the maximum change in degrees per minute 
at start was calculated. It will be seen that both curves pass 
through the two points of observation at the maximum of the 
temperature rise, also that mine favors the average of all the 
other observations with the exception of the first observation, 
namely, at 12-deg. temperature increase. The dotted line which 
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represents Dr. Kennelly’s conclusion places more reliance on this 
first observation. My experience has been that the first observa- 
tion is not as trustworthy as future ones as there are probable 
errors as to the exact time at which the load was applied, and the 
influence of partial load before adjusting to the correct full load. 

The two conclusions regarding armature copper, however: 
are much closer together than would be indicated by the ap- 
pearance of the two lines of Fig. 4 which exaggerate the 
appearance of the difference. This is shown in Fig. 5 in which 
both Dr. Kennelly’s 42-min. B. T. C. curve and my 52-min. 
curve are shown, together with the actual points of observation 
indicated by crosses. 

Fig. 6 shows the curve for a 25,000-ky-a. turbo generator 
for which the observations are given by Mr. C. M. Laffoon in the 
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discussion of a previous paper by Dr. Kennelly on this subject 
(Journat A. I. KE. E., June, 1925). The observations are shown 
in crosses and indicate a probable falling off of load during the 
middle of the test, resulting in a reduction of temperature for 
three readings instead of an increase. These three observations 
are eliminated in the observations from which the straight line 
diagram has been drawn. The full straight line shows my 
conclusions from the evidence, giving an 18-min. B. T. C., and 
the curve has been drawn accordingly. It will be noted that this 
curve is in close agreement with the observations indicated by 
the crosses. The dotted straight line is the result of the curve 
with which Mr. Laffoon joined the points of observation and 
which gave a 20-min. B. T. C. 


Tests made by Burke Electric Company in which special care 
has been taken for accurate observations during the early part of 
tests show much closer coincidence with the straight line but the 
instances given in the foregoing are sufficient for the present 
discussion. 


(c) Fig. 7 illustrates how the B, T. C. can be applied to 
intermittent and short time ratings. This diagram is drawn for a 
motor with a 40-deg. temperature increase under continuous full 
load and with a B. T. C. of 60 min. It will be noted that the 
diagonal line has been divided into intermediate B. T. C.’s, 
namely, 15 minutes or 4, 30 minutes or ¥, 45 minutes or 34 of 
the first B. T. C; also some subdivisions of the other B. T. C.’s 
and that the figures and radial lines have been carried out to 300 
min. or five B. T. C.’s of 60 min. each. : 


Tt will also be noticed that other diagonal lines have been 
drawn for various overload ratings, based on the extreme assump- 
‘tion that the heating will increase with the amperes square. 
Dr. Kennelly has shown in his Fig. 3 an exponent of 1.6, com- 
pared with the above conclusion of an exponent of 2, and it is 
probable that most cases will be between these limits, depending 
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upon the location of the copper in relation to other masses, such 
as armature or stator punchings. 

One application of this diagram Fig. 7 is shown in the instance 

of a 40-deg. rated motor, operated at 25 per cent overload after 
it has reached its full load temperature increase. Starting at the 
intersection of the full load diagonal line and the 40-deg. tem- 
perature increase, if we trace horizontally until we meet the 
25 per cent overload diagonal line, we find that this occurs at 
approximately 88 min. Following this diagonal line until we 
reach the 55-deg. cent. increase, which is the customary American 
guarantee under 25 per cent overload, we find that this occurs at 
the 180-min. line. Thus a machine with a B. T. C. of 60 min. 
and 40-deg. continuous rating can carry an overload of 25 per 
cent without exceeding 55-deg. cent. temperature, for a period of 
the difference between 180 min. and 88 min. or 92 min., which is 
approximately 114 hours. To carry this overload for the cus- 
tomary two hours would require either a greater Bit @, one 
machine with a lower full-load temperature increase. Other 
applications are obvious. 
(d) A motor without any B. T. C. would of course assume its 
maximum temperature instantaneously, and would therefore 
have no short time or intermittent overload capacity. The 
said overload capacity is the result of a motor having B. T. C. 
It is therefore obvious that in considering motors for service 
requiring short time or intermittent overload capacity, the 
B. T. C. becomes a factor of rating, of aS-great, or perhaps 
greater, importance than its continuous full-load rating. 

It is appreciated that in problems of short time rating, other 
limits such as mechanical safety factors, commutation, etc., 
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must be taken into consideration. Also it may not be advisable 
to take advantage of the entire B. T. C. of machines, at first, but 
to approach this utilization gradually, checking same by tests. 
There is, however, a minimum B. T. C. which exists in prac- 

tically all instances, and which is based on the following 
assumptions: 

A factor of specific heat to include spec. heat of insulation no 
less than 1.8, 

A factor of hot-spot divided by thermometer reading not less 
than 1.2. ° i 

Binary Time Constant will not be less than 


Temp. ine. guaranteed (Thermometer) 
Amperes per square mm. squared 


x 3.75 


With 50-deg. guarantee this becomes 


187 
Amperes per square mm. squared ~ 


Report of the Board of Directors 


FOR THE FISCAL YEAR ENDING APRIL 30, 1926 


The Board of Directors of the American Institute of Electrical Engineers presents herewith to the member- 
ship its Forty-second Annual Report, for the fiscal year ending April 30, 1926. A general balance sheet showing 
the condition of the Institute’s finances on April 30, 1926, together with other detailed financial statements, 


is included herein. 


The following is a brief summary of the principal activities of the Institute during the year; 


more detailed information has been published from month to month in the Institute JOURNAL. 


Directors’ Meetings.—The Board of Directors 


’ held seven meetings during the year, six in New York 


ard one at Saratoga Springs, N. Y. The Executive 
Committee acted upon various matters during intervals 
between Board Meetings. 

Information regarding the more important activities 
of the Institute which have been under consideration of 
the Board of Directors, the committees and the various 
officers, is published each month in the section of the 
JOURNAL devoted to “Institute Activities.” 

President’s Visits.—President Pupin has made nu- 
merous trips during his term of office, speaking before 
many meetings of the Institute, also various educational 
and civic organizations. Among the places visited 
were Chicago, Denver, Kansas City, Pittsburgh, 
Springfield, Ill., San Francisco, Saratoga Springs, 
Univ. of California, Univ. of Nevada, Univ. of Colorado 
and Johns Hopkins Univ. 

Other meetings that President Pupin is scheduled to 
attend in May and June will be held in Boston, Cleve- 
land, Ithaca, Niagara Falls, University of Delaware 
and White Sulphur Springs. 

Meetings.—The general conventionsof the Institute 
for the year were limited to three as follows: Annual, 
Pacific Coast and Midwinter Conventions. In accor- 
dance with the policy of decentralization adopted by the 
Board, Regional meetings were held in Swampscott, 
Massachusetts, District No. 1 and in Cleveland, Ohio, 
District No. 2. Three other Regional meetings are 
now scheduled. 

Annual Meeting.—The Annual Business Meeting 
was held at Institute headquarters, New York, on 
May 15, 1925. The Annual Report of the Board of 
Directors for the fiscal year ending April 30, 1925, was 
presented. The Tellers Committee made its report 
upon the election of officers for the administrative year 
beginning August 1, 1925. 

Following the business meeting the subject “Steam 
Railroad Electrification from the Executive Stand- 
point,” was presented through addresses by six execu- 
tives from the government, manufacturing and railroad 
fields. This part of the meeting was held under the 
auspices of the New York Section. Attendance was 


about 1000. 


Annual Convention:—The Forty-first Annual Con- 
vention was held at Saratoga Springs, New York, June 
22 to June 26, 1925. Five technical sessions were held 
at which twenty-eight papers were presented. In 


addition. there were two special sessions devoted to 
hydroelectric developments and to engineering educa- 
tion. The annual conference of the Sections Com- 
mittee was held on Monday, occupying both morning 
and afternoon sessions; forty-three Sections were repre- 
sented. An elaborate entertainment program was 
carried out, including golf and tennis tournaments, 
inspection trips, sightseeing and special features. 
Attendance was about 900 members and guests. 

Pacific Coast Convention.—The Fourteenth 
Pacific Coast Convention was held at Seattle, Wash- 
ington, September 15th to 19th, 1925. Seven technical 
sessions were held at which twenty-eight papers were 
presented. President Pupin addressed the convention 
from New York over the transcontinental telephone 
lines. Registration was 408. 

Midwinter Convention.—The Fourteenth Mid- 
winter Convention was held in New York, N. Y., 
February 8th to 11th, 1926. Thirty-five technical 
papers were presented at eight sessions. ‘Two lectures, 
numerous inspections trips and a smoker were also 
scheduled. Attendance was approximately 1500. 

Regional Meetings.—During the year two Regional 
Meetings or Conventions were held, the first at 
Swampscott, Massachusetts, District No. 1, May 7, 
8 and 9, 1925, at which twenty-one papers were pre- 
sented at four sessions, registration 370; the second 
at Cleveland, Ohio, District No. 2, March 18th and 19th, 
1926, with eight papers at five sessions; registration 
430. Three other districts are scheduled for similar 
meetings, as follows: Madison, Wisconsin, District 
No. 5, May 6th and 7th, 1926; Niagara Falls, DNee\ cs 
District No. 1, May 26th to 28th, 1926; and New York, 
N. Y., District No. 3, November 12, 1926. The active 
cooperation of the Meetings and Papers Committee 


with the Sections located in the various Districts, 
acting through District Committees under the super- 


vision of the Vice-Presidents of the Districts, hasmade 
all of these Regional Conventions extremely interesting 
and successful. . 

Student Conventions.—The steadily increasing 
number of Student Branches of the Institute has hereto- _ 
fore been the principal sign of the greater interest taken 
in Institute work by the students registered in electrical 
engineering in the colleges of the country. That this 


interest has been greatly augmented recently is indi- 


cated by the holding of Student Conventions in Sec- 
tions of the Institute, planned and carried out by the 
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students under the supervision of Section officers. 
The Philadelphia Section held its second annual 
Student Convention at Swarthmore College on March 
8, 1926; eight colleges participated. The New York 
Section held a similar convention on April 23, 1926; 
participated in by eight colleges in the New York 
District and the North Eastern District will hold a 
Student Convention in Boston on May 7, 1926. 


Abstracts of the reports of the chairman of many of 
the Institute committees and delegations are included 
herein under various headings. 


Meetings and Papers Committee.—The work of 
the Meetings and Papers Committee during the year 
has consisted principally in arranging the technical 
sessions of the national conventions and cooperating 
with the regional meeting committees. 

Three national conventions have been held—the 
Annual Convention, the Pacific Coast Convention and 
the Midwinter Convention. A Spring Convention 
was not held in 1926 as the Board of Directors wished 
to give more opportunity for holding regional meetings 
during the Spring. 

Two regional meetings were held during the year, 
respectively at Swampscott, Mass., and Cleveland, 
Ohio. The Committee also has cooperated in arrang- 
ing two regional meetings in May 1926, respectively 
at Madison, Wis., and Niagara Falls, N. Y. 

The regional meetings appear to be developing very 
successfully. The quality of papers is practically as 
high as that of the national convention papers. The 
subjects presented at each meeting can be confined to 
those of particular interest in the region where the 
meeting is held as evidenced by the Cleveland and 
Madison meetings, or a more elaborate program may 
be desired as exemplified in the Swampscott and Niagara 
Falls meetings. 

The committee has had the best cooperation from 
those with whom it has worked, including local 
convention committees, regional coordinating com- 
mittees, technical committees and various individuals. 
This cooperation has been of greatest help in up- 
holding the excellence of technical programs and making 
successful meetings. 

Publication Committee.—The policies adopted by 
the Directors during the past three or four years 
regarding the publications of the Institute have been 
adhered to by the present committee. Monthly 
meetings have been held by the Committee during the 
year to pass upon current publication problems as they 
arise and in numerous cases where quick decisions have 
been necessary matters have been settled by correspon- 
dence between the committee’s members. The general 
rules which were laid down in 1923 for the conduct of the 
JOURNAL, TRANSACTIONS and pamphlet copies are as 
follows: 

1. That all papers presented at Institute con- 
ventions be published in full in pamphlet form for 
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use at the conventions and for distribution to 
members on request. 

2. That papers exceeding about eight pages in 
length, or almost wholly mathematical, shall not 
be published in full in the JOURNAL, but that an 
abridged version to be furnished by the author, 
not exceeding 4000 words, be published in the 
JOURNAL with a statement that the complete paper 
will be furnished without charge in pamphlet 
form to any member upon request. 

3. That mathematical papers be written in two 
parts: (1) a readable and complete explanatory 
version of the subject without mathematics, which 
may be published in the JOURNAL, and (2) a mathe- 
matical appendix which will not necessarily be 
published in the JOURNAL. 

4. That the contents of the TRANSACTIONS be 
selected from the convention and other papers of 
the year, and that the papers which were abstracted 
in the JOURNAL be printed in full in the TRANS- 
ACTIONS, articles omitted from the TRANSACTIONS 
to be referred to in the index. _ 

These rulings have beern.adhered to during the last two 
years with the exception of abridgments; instead of 
being limited to about 4000 words they have been in the 
majority of cases permitted to include about eight 
pages. During this time the objections and complaints 
in regard to the JOURNAL have become exceedingly 
rare and the commendations on the JOURNAL have 
increased correspondingly so that the Committee feels 
that the present methods of publication more completely 
meet the requirements of the membership than ever 
before. It has been the Committee’s policy for the last 
few years to include in the JOURNAL, either fully or in 
part, all the papers which have been accepted for pub- 
lication during the current year. 

The date of publication of the Annual TRANSACTIONS 
will be considerably earlier this year than at any pre- 
vious time. The make-up for the Annual Volume has 
been sent to the printer, about 750 pages have already 
been made up and about 256 pages printed and sent 
to the bindery. ‘This is as fast as the facilities of our 
printing office permitted the work to be done. 

Sections and Branches.—The rapid growth of the 
Institute during the last few years has been due largely 
to the increased activity of the Sections. This pro- 
nounced and growing interest has been fostered by the 
policy of decentralization advocated by the Board of 
Directors. The Regional Conventions held in Geo- 
graphical Districts, (see listing under Regional Meet- 
ings), have resulted in a development and coordination 
of Section interests in those Districts. The considera- 
tion of Section problems by the Sections Committee 
Conference during the Annual Convention and by the 
Sections Committee, the Meetings and Papers Com- 
mittee and the national Membership Committee has 
been another factor tending to bind the Sections of the 
Institute into one body of mutual interests. During 


‘ discussed in the report of the work last year. 
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the past year two new Sections have been organized 
at Saskatchewan, Canada and Sharon, Pennsylvania. 

Student Branch activity has similarly rapidly in- 
creased during the last few years. In order to insure 
continuity in the work of Branches, the appointment of 


‘a Student Branch Counselor from among the electrical 


engineering faculty of the institution at which each 
Branch is located, was authorized, and practically all 
such Counselors have been appointed. Executive 
Committees of the Counselors have been formed in 
several Districts to coordinate and further Branch 
activities of the district. A number of Student Con- 
ventions have been held recently, under the supervision 
of Section and District Committees. New Branches 
were authorized during the past year at Ohio Univer- 
sity, Stevens Institute of Technology, Washington and 
Lee, Worcester Polytechnic Institute and University of 
Wyoming. 


For Fiscal Year Ending 


May 1 May 1 May 1 May 1 
1919 1921 1923 1926 
SECTION 
Number of Sections...... 34 42 46 51 
Number of Section meet- 
rence 6 ee 217 303 344 405 
Total Attendance........ 25,837 37,823 46,672 58,959 
BRANCHES 
Number of Branches..... 61 65 68 86 
Number of Branch meet 
Trefastl e(s) ol 9 See eho 4 156 443 503 714 
Attendance..... «5 -.-+- 6,441 21,629 26,893 35,270 


Standards.—The past year has marked the practical 
completion of the revision of the Institute standards 
which has been actively under way. during the past 
three years. The revised standards are published in 
the form of a number of sections, each section dealing 
with standards for a particular type of apparatus or a 
particular branch of the electrical industry. This 
arrangement has very large advantages which were 
At the 
present time, 21 of these sections have been completed, 
these sections covering the great bulk of the material 
previously covered in the Institute Standards and also 


some valuable new material as discussed in last year’s 


report. A number of the other sections are in active 
preparation. ; 

During the past year the Institute Standards were 
translated into Russian on the initiative of the Russian 
engineers. A translation of the revised standards into 
Spanish is now being carried out under the direction of 
the Standards Committee. It is thought that this 
translation will be of great value in the direction of 
closer relations with Latin America. | 

A very considerable part of the activities of the 
Standards Committee during the year has been directed 
toward the preparation of recommendations to the 
United States National Committee of the I. E. C. for 
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material to be presented at the April meeting of the 
I, E. C. in New York. Fifty representatives of the 
Institute were appointed as delegates or technical 
advisors to the Adyisory Committees of the I. E. C. 

During the past year the Standards Committee has 
devoted a greatly increased amount of time to the 
consideration of American Engineering Standards 
Committee work. 

The Institute has been appointed sole or joint sponsor 
for eight projects during the year, including six sections 
of the revised Institute standards. The Institute has 
also appointed representatives on additional Sectional 
Committees for which it is not a sponsor. During the 
year the American Engineering Standards Committee 
approved as American standard, the standards on 
Industrial Control Apparatus and the standards on 
Instrument Transformers. 

A very important step in the development of stand- 
ardizing work in the electrical field has been taken by 
the decision to appoint an Electrical Advisory Com- 
mittee for the American Engineering Standards Com- 
mittee. This has arisen from the joint study given 
throughout the year by a Joint Committee of the 
A. I. E. E. and of the Electrical Manufacturers’ Council 
to the mutual problems involved in electrical standard- 
izing work. This recommendation has been accepted 
by the American Engineering Standards Committee, 
who have invited the Institute and the other interested 
organizations to nominate representatives on this 
committee. 

An interesting step which was taken by the Institute 
during the year consisted of the appointment of a sub- 
committee of the Standards Committee on Nomen- 
clature. 
define established terms, but to consider the need of 
additional nomenclature to represent new concepts 
or to more clearly represent concepts not at present 
adequately expressed. 

The cooperation of the Standards Committee with 
Technical Committees of the Institute and with other 


‘technical organizations has continued to be very close 


throughout the year. An illustration is the acceptance 
of the Standards Committee of an invitation to become 
responsible for the Electrical Measurements Section 
of the Power Test Codes of the American Society of 
Mechanical Engineers. Material assistance has been 
received from the Electrical Machinery Committee 
of the Institute. 

U. S. National Committee of I. E. C.—The 
past year has been a very active one for the U. S. 
National Committee, inasmuch as a meeting of the 
Advisory Committees of the I. E. C. was held in The 
Hauge, April 16th to 28rd, 1925, and a plenary session 
of the I. E. C. was held in New York City, April 18-22, 
1926. Nine Advisory Committees met at The Hague, 
and thirteen countries were represented by delegates. 
Details relative to the work accomplished were outlined 
in the JOURNAL for June 1925. 


The function of this Committee is not to — 
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The meeting held in New York, April 13th to 22nd, 
was the first plenary meeting of the Commission ever 
held in the United States. Over one hundred dele- 
gates from sixteen nations attended, accompanied by 
about twenty ladies. A program of technical sessions, 
luncheons, dinners, inspection trips and entertainment 
features was carried out, the foreign delegates being the 
guests of the U. S. National Committee and of the 
manufacturing and utility interests. Following the 
last of the technical sessions, the delegates were taken 
on an extensive trip covering twelve days and visiting 
ten cities in this country and Canada. Details of the 
work accomplished at the Plenary meeting are outlined 
in the May 1926 JOURNAL. 


U. S. National Cominittee, International Com- 
mission on IIlumination.—The United States Com- 
mittee of the Commission is composed of representa- 
tives of various organizations interested in illumination, 
the Institute having three representatives on the 
committee. Following the plenary session in Geneva, 
July 1924, the general work of the committee has been 
proceeding. Measures are now being taken to prepare 
for the next session which is to be held in the United 
States in 1927. 


Committee on Safety Codes.—The Committee on 
Safety Codes of the American Institute of Electrical 
Engineers is made up of representatives of the Institute 
assigned to cooperate with various standardizing 
committees in matters relating to National Safety 
Codes. i 

During the past year the chief work of the committee 
has been in connection with the revisions of the National 
’ Blectrical Code. The Institute has been represented 
on the Electrical Committee of the National Fire 
Protection Association and has assisted in the revision 
of the Code through its representation on that com- 
mittee and on its various technical subcommittees. 


The Institute will be represented by regularly ap- 
pointed delegates at the annual meeting of the National 
Fire protection Association, to be held in Atlantic City 
in May, at which time the recommended changes in ne 
Code will be considered for adoption. 


Technical Committees.—Reports of Technical 
Committees embracing an outline of the year’s work 
and a summary of progress in the industry will be 
presented at the Annual Convention and printed in the 
JOURNAL. 


Membership.—The present status of the Institute 
membership in the various grades is indicated in the 
table below. The results of the Membership Com- 
mittee’s efforts this year, as carried on largely through 
the local membership committees of the various 
Sections of the Institute, have been very gratifying. 
The table contains in the division headed ‘“‘Additions’”’ 
_a statement of the number of new members elected to 
each grade of membership during the year. 
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Honorary | Fellow |Member Associate| Total 
Membership on 
April 30, 1925...... A 597 2,436 14,282 17,319 
Additions: - 
Transferred.....-.-- 33 178 
New Members Quali- 
(atte Woven eater oe ho 5 97 1,976 
Reinstated......-.- 8 45 
A 60) ti Prenat increta ot Or 4 635 2,719 16,303 
Deductions: 
Disdeecree cree ele 16 Zi 
Resigned......--.-: 2 36 333 
Transferred....-..- 18 193 
Droppedinn ss stecr- =r 1 26 800 
Membership, 
April 30, 1926...... 4 625 2,623 14,906 18,158 


Net increase in Membership during FHECV OAL sees ates at tara tetas 839 


Deaths.—The following deaths have occurred during 
the year. 

Fellows: Charles W. Burrows, Willard G. Carlton, 
Herbert W. Cheney, L. A. Herdt, Harrison P. Reed, 
James W. Thomas, Albert Winchester. 

Members: James A. Brett, Jean Canivet, Charles 
Chandler, H. H. Clark, Robert C. Cole, Arthur H. 
Fleet, J. L. Frazier, Albert C. Jewett, Harry B. Mar- 
shall, Norman C. Nelson, Harold W. Nichols, Charles 
T. Perry, J. R. Portnell, B. H. Ryder, Sir David 
Salomons, Howard A. Stofflet. 


Associates: Loyal R. Alden, George Y. Allen, Charles 
E. Anderson, J. Harvey Anderson, Robert H. Anderton, 
Ernest J. Bagall, Herbert M. Beechinor, Carl Bendeke, 
George A. Benney, Angus Black, Edgar I. Bowker, 
George I. Brown, Harry B. Bullen, Milan R. Bump, 
Carlos M. Carrillo, L. A. Cavalcanti, Alan C. Crago, 
D. Inglis Dawbarn, H. E. Driver, Eugen Eichel, Win- 
throp T. Endicott, Henry C. Forrest, Roger M. Free- 
man, Charles E. Fritts, Lionel K. Frizzell, Stephen J. 
Fuller, Charles C. Grandy, Earl Harlan, William C. 
Hawkins, Glenn L. Henningsen, H. F. Hill, Gustave 
O. Huebener, Frederick A. Huntress, J. C. B. Ingleby, 


’ Arthur W. Jones, Clifton D. Kennedy, Cecil W. King, 


August H. Kruesi, Edmund Land, Chester W. Lyman, 
Lawrence J. Marlowe, Amos S. McKee, Harry T. W. 
McLennan, W. &r. Meschenmoser, Otto C. Miller, 
Orville K. Morris, Rush B. Morrow, John Z. Murphy, 
A. D. Newmyer, Saitaro Oi, Robert A. Paine, Jr., 
Kenneth C. Peake, Gordon Philp, E. Hugh Pryce, 
David C. Rankin, Harry G. Reed, Harry W. Reilly, 
Leverett E. Rice, J. Paul Rosier, James H. Schrantz, 
John B. Socci, Alfred C. Thomas, Charles G. M. | 
Thomas, E. M. C. Tigerstedt, Allen A. Tirrill, C. Allen 
Vallejo, Arthur W. Wickstrand, William H. Wiley, 
J. P. Wintringham, George H. Wirth, Malcolm 
Woringer. 
Board of Examiners.—The Board of Examiners 
during the year held fourteen meetings, averaging 
about. three and one-quarter hours. It considered 
and referred to the Board of Directors a total of 
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4238 applications for admission or transfer to the 
higher grades. 


APPLICATIONS FOR ADMISSION 


Recommended for grade of Associate..... 2047 
Not TECOMMeNnded | kale. ol. ak eee ea ste. 17 2064 
Recommended for grade of Member...... 106 
Not recommended for admission to this 
ERG S Seat gs Rage es re a re 30-9136 
Recommended for grade of Fellow........ 4 
Not recommended for admission to this 
iat Cae hae suite l arht cels De 4 8 
Recommended for enrolment as Students. . 1750 
APPLICATIONS FOR TRANSFER 
Recommended for grade of Member....... 196 
Not recommended for transfer to this grade PA PANS) 
Recommended for grade of Fellow....... a 33 
Not recommended for transfer to this grade a8 13% 
RECONSIDERATIONS 
Previous action reaffirmed............... a 
PROPOSALS FOR TRANSFER 
Informally Recommended... .......- A jake Ce 
Total number of applications considered. . . 4238 


Professional Ethics.—During the year the Com- 
mittee on Code of Principles of Professional Conduct 
has considered matters coming within its scope and 
taken appropriate action thereon, including one case 
in which charges of unprofessional conduct were made 
against an Associate by a group of members, and after 
an investigation, under the provisions of the consti- 
tution, the Associate complained of was expelled from 
membership in the-Institute by the Board of Directors. 

Constitutional Amendments.—On May 15, 1925 
the constitutional amendments dealing with election 
procedure, qualifications for membership, admission, 
transfer, expulsion, dues, life membership, etc., were 
’ adopted, they having been previously accepted by the 
’ vote of the membership. The By-laws were simi- 
larly revised under date of June 25, 1925. 

Scholarships.—The governing bodies of Columbia 
University have placed at the disposal of the Institute 
three scholarships in electrical engineering. In con- 
~ sequence, the Institute is now authorized to award a 
scholarship each year so that there may be one man in 
each class holding a scholarship on the nomination of 
- the Institute; these scholarships will continue until 
further notice. Each scholarship pays $350 toward the 
annual tuition, and reappointment for completion of 
course is conditioned upon the maintenance of good 
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standing. The student applicant receiving the award 
in 1925 found it impossible to accept. 

Institute Prizes.—At the meeting of the Board 
of Directors of the Institute of April 16, 1921, recom- 
mendations were approved establishing two Institute 
prizes to be awarded yearly to authors of worthy papers. 
The prizes consists each of $100. in cash with suitable 
certificate. 

The First Paper Prize for 1924 was awarded to 
Murray F. Gardner, author of the paper entitled, 
“Corona Investigation on an Artificial Line.’’ Honor- 
able mention was given to H. C. Hamilton and R. W. 
Chadbourne for their paper, ‘The Prediction of Insu- 
lation Failures in Transmission Lines,” and to J. W. 
Dodge for “Power Supply for Central Station 
Auxiliaries” and to S. Aronoff for ‘‘Fault-Finding in 
Power Transmission Lines.’”’ The prizes were pre- 
sented at the Annual Convention, Saratoga Springs. 

The Transmission Prize for 1924 was awarded to 
R. D. Evans and R. C. Bergvall, for their paper en- 
titled, “Experimental Analysis of Stability and Power 
Limitations.” Honorable mention was given to C. F. 
Harding, for his paper, ‘“Corona Losses between Wires 
at Extra High Voltage,’’ and to F. W. Peek, Jr. for his 
paper, ‘‘Lightning and Other Transients on Trans- 
mission Lines.” 

A report of a special committee to consider future 
prizes, and regulations regarding them, was received 
and adopted by the Board, February 9, 1926. The 
committee suggested the yearly award of four National 
Prizes of $100. each and suitable certificate, as follows: 
1. Best Paper Prize; 2. First Paper Prize; 3. Best 
Regional Paper Prize; 4. Best Branch Paper Prize. 

The following Regional Prizes may also be awarded 
yearly in each of the ten Geographical Districts, each 
prize to consist of $25. and suitable certificate: 1. Best 
Paper Prize; 2. First Paper Prize; 3. Best Branch 
Paper Prize. For complete details and conditions of 
award see the March 1926 JOURNAL. 

Fdison Medal.—The Edison Medal for 1925 was 
awarded to Dr. Harris J. Ryan, Stanford University, 
California, ‘for his contributions to the science and the 


_ art of high-tension transmission of power.” The medal 


will be presented at the Pacific Coast Convention, 
Salt Lake City, Utah, in September. 

John Fritz Medal.—The John Fritz Medal Board 
of Award, which is composed of representatives of the 
national societies of Civil, Mining, Mechanical and 
Electrical Engineers, awarded the 22nd medal. to 
Edward Dean Adams of New York, “for achievement 
as an engineer, financier, scientist, whose vision, 
courage and industry made possible the birth at Niagara 
Falls, of hydroelectric power.” The medal was pre- 
sented at New York, at a meeting held on the evening 
of March 30th, 1926. 

Lamme Gold Medal.—The conditions governing the 


award of the Lamme Gold Medal are now being pre- 


pared by the Committee on Award of Institute Prizes. 
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A bequest was made by the late B. G. Lamme, to cover 
the cost of an annual award by the Institute of a gold 
medal, tov a member who has shown meritorious achieve- 
ment in the development of electrical apparatus. 

Commission of Washington Award.—The Wash- 
ington Award for 1925 was voted to Jonas Waldo Smith, 
Consulting Engineer for the Board of Water Supply, 
New York City, “for the rare combination of vision, 
technical skill, administrative ability and courageous 
leadership in engineering.” 

The award is made annually by a committee com- 
posed of nine representatives of the Western Society of 
Engineers and two each from the A. 8. C. E., the 
A. I. M. E., the A. S. M. E. and the A. I. E. E. The 
award of the medal was established in 1917 by Past- 
President J. W. Alvord of the Western Society “‘to be 
annually presented to an engineer whose work in some 
special instance, or whose services in general have been 
noteworthy for their merit in promoting the public 
good.” 

Employment Service.—The employment service 
which the Institute has maintained for many years is 
now conducted as a cooperative bureau in conjunction 
with a similar service maintained by the National 
Societies of Civil, Mining and Mechanical engineers 
under the title, ‘“Engineering Societies Employment 
Service.” In addition to the main office in the En- 
giieering Societies Building, New York, offices have 
been opened in Chicago in cooperation with the Western 
Society of Engineers and in San Francisco under similar 


arrangements with the California Section, American 


Chemical Society and Engineers Club of San Francisco. 
It is hoped to continue this development from year to 
year as conditions warrant. The Service is supported 
by the joint contributions of the societies and their 
individual members who are benefited. As in the past, 
it consists principally in acting as a medium for bringing 
together the employer and the employee. In addition 
to the publication of the “Employment Service Bulle- 
tin’? in the monthly JOURNALS, weekly subscription 
bulletins are issued for employers and those seeking 
positions. 


American Engineering Council.—-This organiza- . 


tion, of which the Institute is one of the constituent 
bodies, has had another active year. The annual 
meeting of the Council was held in Washington, D. C., 
in January 1926, and several meetings of the Adminis- 
trative Board have been held during the year. The 
Council sponsored a Conference on Public Works which 
was held in Washington and was attended by repre- 
sentatives of sixty-three engineering and allied technical 
organizations; it advocated a bill under which the 
Department of the Interior will become the Depart- 
ment of Public Works and Domain, and all subdivisions 
of the federal government of.an architectural, engineer- 
ing, and construction character will be transferred to the 
reorganized department; it endorsed a bill to increase 
the salaries of federal judges and instructed the Patents 
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Committee to support the bill; authorized its officers to 
endeavor to secure a new building for the Patent 
Office; is active in support of measures to insure a 
greater degree of street and highway safety; proposed a 
program of research which includes: waste in agricul- 
ture; waste of power in the realm of generation, trans- 
mission, and use of power obtained from coal, oil, and 
gas; reclamation of material wastes, including metals 
and forest products; the engineering approach to the 
problem of labor supply; training and employment of 
the partially incapacitated; industrial fatigue; and 
integration of industry. This program contemplates 
the expenditure of approximately $350,000 during the 
next five years, and on the basis of past experience and 
a known source of interest it is believed the necessary 
funds can be obtained. Briefly, the American Engi- 
neering Council continues to function as the instru- 
ment of the constituent engineering societies through 
which the engineering profession may contribute 
toward the solution of the social, economic, and polit- 
ical problems of the day. 

National Museum of Engineering and Industry. 
—The National Museum of Engineering and Industry, 
incorporated in 1924, and to be under the direction of 
the Smithsonian Institution, is ‘‘a Corporation to 
establish and maintain a permanent organization and 
home for commemorating the achievements and per- 
petuating the records of engineering and industrial 
progress.’’ Private individuals, corporations and asso- 
ciations have been invited to contribute objects deemed 
to have historic interest in depicting industrial evolu- 
tion. The Institute has named two representatives 
on the Board of Trustees. Similar action hasbeen taken 
by the national societies of Civil, Mining and Mechan- 
ical Engineers. 

Muscle Shoals Commission.—On March 27, 1925, 
President Coolidge named Past-President William 
McClellan as one member of the Commission of five 
to report upon the practical method of utilizing Muscle 
Shoals. 


Franklin Medal.—On May 20, 1925 Dr. Elihu 
Thomson, Past-President, was awarded the Franklin 
Medal and certificate of honorary membership in the 
Franklin Institute, “In recognition of his pioneer work 
in the field of electricity and electrical engineering, . 
and his numerous inventions in these fields.”’ 


United Engineering Society.—This Society per- 
forms for the national societies of Civil, Mining, Me- 
chanical and Electrical Engineers, certain specific acts 
which are governed by contracts; the primary function 
of the United Society being to hold in trust and to 
administer for these societies the Engineering Societies 
Building, in which the headquarters of the national 
societies are located. 

Extracts from the annual financial report of the 


United Engineering Society were published in the 
March 1926 JoURNAL. : 
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Engineering Societies Library.—The library of 
the Institute is combined with the libraries of the 
national societies of Civil, Mining and Mechanical 
Engineers, administered as the “Engineering Societies 
Library” under the direction of the Library Board of 
the United Engineering Society; this board is com- 
posed of representatives of each of the four societies 
referred to above. 

In order to place the facilities of the library at the 
disposal of persons residing at a distance from New 
York, a Library Service Bureau has been established, 
and a staff of expert searchers and translators is 
employed to cover almost any engineering topic, in 
the following manner: abstracting, translating, bib- 
liographing, statistical searches and reports, searches 
for patent purposes, copying, preparing reference cards, 
etc. A lending department is also maintained. 

A copy of the annual report of the Engineering So- 
cieties Library covering the calender year 1925, extracts 
from which were published in the April 1926 JOURNAL, 
may be obtained by applying to Institute headauarters. 

Engineering Foundation.—Engineering Founda- 
tion is a trust fund established in 1914 by Ambrose 
Swasey, of Cleveland, Ohio, by gifts to United Engi- 
neering Society as a nucleus of a large endowment 


“for the furtherance of research in science and in - 
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engineering, or tor the advancement in any other 
manner of the profession of engineering and. the good 
of mankind.” It is administered by the Engineering 
Foundation Board upon which the Institute and 
other national engineering societies are represented. 
The Board is a Department of United Engineering 
Society. 

The Foundation has made appropriations for various 
research projects and has cooperated in others. 

The annual report of the Foundation is available in 
printed form. 

Representatives.—The Institute has continued 
its representation upon various national committees 
and other local and national bodies with which it has 
been affiliated in past years, and has accepted sponsor- 
ship and appointed representatives upon a number 
of new Sectional Committees of American Engineering 
Standards Committee. A complete list of representa- 
tives is published frequently in the JOURNAL. 

Finance Committee.—During the year the com- 
mittee has held monthly meetings, has passed upon the 
expenditures of the Institute for various purposes, 
and otherwise performed the duties prescribed for it in 
the Constitution and By-laws. 

Haskins and Sells, certified public accountants, have 
audited the books, and their report follows: 


Respectfully submitted for the Board of Directors. 


New York, May 21, 1926 


HASKINS & SELLS 


CERTIFIED PUBLIC ACCOUNTANTS 
37 WEST 39TH STREET 


NEW YORK 


May 17, 1926. 


American Institute of Electrical Engineers, 
33 West 39th Street, 
New York. 


Dear Sirs: 

We have made a general audit of your accounts for 
the year ended April 30, 1926. We submit herewith, 
as showing the results of such service, our certificate 
and the following described exhibits and schedule: 

Exhibit ‘“‘A’—Balance Sheet, April 30, 1926. 

Schedule No. 1—Resérve Capital Fund—Securities. 

Exhibit ““B’—Summary of Income and Profit & 


Loss for the Year Ended April 30, 1926. 


Yours truly, 
HASKINS & SELLS 


F. L. HUTCHINSON, 


National Secretary. 


ATLANTA 
BALTIMORE 
BIRMINGHAM 
BOSTON 
BUFFALO 
CHICAGO 
CINCINNATI 
CLEVELAND 
DALLAS 
DENVER 
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KANSAS CITY 
LOS ANGELES 
MINNEAPOLIS 
NEWARK 

NEW ORLEANS 
NEW YORK 
PHILADELPHIA 


SALT LAKE CITY 
SAN DIEGO 

SAN FRANCISCO 
SEATTLE 

TULSA 
WATERTOWN 


PITTSBURGH BERLIN 
PORTLAND LONDON 
PROVIDENCE PARIS 


SAINT LOUIS . SHANGHAI 


CANADA ~ CUBA = MEXICO 


DELOITTE, PLENDER, HASKINS & SELLS 


AMERICAN INSTITUTE OF ELECTRICAL 


ENGINEERS 


CERTIFICATE OF AUDIT 


We have made a general audit of the accounts of the 
American Institute of Electrical Engineers for the year 
ended April 30, 1926, and 

We Heresy Certiry that the accompanying 
Balance Sheet properly exhibits the financial condition 
of the Institute at April 30, 1926, that the Summary 
of Income and Profit & Loss for the year ended that 
date is correct, and that the books of the Institute are 
in agreement therewith. 

HASKINS & SELLS 


New York, May 17, 1926. 


—~y 
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Exaisit A. BALANCE SHEBT, APRIL 30, 1926 
. ASSETS LIABILITIES 2 . 
Reat Estate: Current LIABILITIES 
One-fourth interest in United Engineering iAccoumts’ Payables. ssces n= = seri erie elas ele $11,297.89 ae 
Society’s Land, Building, and Building Equip- Dues Received in Advanceé........-.+-- esse eees _ 2,749.01. ‘ ss 
ment, 25 to 33 West 39th Street (Depreciation : Entrance Fees and Dues Advanced by Applicants : . : 
carried on books of United Engineering Society) $491,642.36 © for Membership.........-.--.-- ade eee ntran 506. 40 
EQUIPMENT: ’ Subscriptions for ‘Transactions’ received in “ 
Library—Volumes and Fixtures....... Me Sistate etree $40,545.59 I Gchig titel Pee eee ae Oe DOO OU Ds DCN Oat 60.75 
Works of Art, Paintings, etc........ SBeaatehe eae xtattets 3,001.35 ok ; r 
Office Furniture and Fixtures........ $17,315.34 ' Total Current Liabilities........../...+. $ 14,614.05 
Less Reserve for Depreciation (in- ; Funp Reserves (Not INcLUDING DEPRECIATION RESERVES): . 
including $6,000.00 funded)........ 12,020.64 5,294.70 Reserve Capital Fund.......:.-.6---+--0--sneee $82,698.70 
SSS SSS Lifes Membership i uiids yaeeyeietsie oe aerate tera 8,447.71 
Total Equipment... ..6.. 25.45 SreacaReve iy sheseiae 48,841.64 International Electrical Congress of St. Louis— : 
WorkING ASSETS: Library s Paid oct repietare stl erates ooo tel ot eae 3,868.94 
Sul TANSAGLIONS A uelonpsaniexeir aa Cmaceie ego oar $12,157.06 Mailloux Funi@.nu es SOR ea eae 1,023.89 
Wextanids COVER taper nett iirc «cues sonietveres rik ciereae 3,891.30 ~Midwinter Convention Fund..:..........-=--+-«. : 93.67 ’ 
Badges. ss Ast rea vee eee are Nik Se 1,952.47 Lamme Medal! Funds... ducer oe Nec AROS aed ater 5,158 ,67 
Total Working Assets............. Souter 18,000.83 ' Total Fund Reserves (Not iene Depae- ia 
CURRENT ASSETS: : ; Clation: Reserves) urenic tee ee esate 
Cashak Sceac ences Tareas teeta rime iesancl Gad ere eenoae eee Lo 0oos03 : Surp.Lus, Per Exhibit BS BORIS Ae 8) Al tho Ae s 
Accounts Receivable: . : ‘ilies 
Mempers—-HoruD tesserae ate cee ae ea ee 18,515.86 ; ; : 
Ad VGrtisers:y acta ava oie sailiareToustgis 5 thoes ammo tee 1,835.00 
Muscellaneouses date seis n tack custae oleh lus mote c 1,669.06 i 
Accrued Interest on Investments..............-. 1,020.80 Rates , 3 
Total Current Resetes tetra dh Bae ne ; 39,096.75 ~— ‘< ; (hdd J Sain 
Funps: : ee wn at} eee J 
Reserve Capital eee . * : ; ae . cite te * 
Securities—Schedule No. Elta & $82,380.63 i - : 


(CaS er nano vounsednon poe aces aes 318.07 $82,698.70 


Life Membership Fund: ; ; = ‘ 
ie CAS DLVAY. an sists teat atertte ace cise Rhstaceers $ 3,545.63 : ~~ 
Chicago, Burlington & oxiney Rail- : 

road Company 4% Bonds, 1958, 


Registered, par Value Te 00.. 4,868.75 : ss 4 eet lated 
Accrued Interest...........-. ie 33.33 . 8,447.71 | . & ae 


International Electrical Congress of 
youiSes Louis—Library fund 

Gash Haaewreens Pere Sn LS Oe 
_ New Toe City, 4% Corporate. 4 


: aay eae # oo , 
5 oF 78, ce = rf sure ay hes nore ify CARS Ny ; 


2 ‘i Serre, fee Save, 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


SUMMARY OF INCOME AND Prorit & Loss 
For THE YEAR ENDED APRIL 30, 1926 


Exuisit B. 


INCOME: 
TB YC AR Sree, eRe iene ie ne eee ea *$192,799.16 
CSREES a TLD OMe Ae aan no ee 10,366.00 
ETA OE WEA Sa en rapehy cts) cuetaits, Cita Eo aciuie a Wsia Snags 17,214.50 
pRranGrera ees. oes. meena (00 ch ctomia tit else anes 1,575.00 
ERTESII CN Dame walle t= SA, Reims Ri tae aa 68,605.80 
Nounnal QuisermtHoOns. ci cto~ <1 cos of csi myers cle 2 nex 7,840.39 
STR ransactious wouUbSCFIpbiONS. ...4. 6% c.s!sa ets oss 9,188.50 
BUISCOHAHEAMSE DATES a5 sens cle citie Oise s se ew ele dies ea a 13,299.19 
Badresisoldten ecient coe em he 0, LOO. 20 
TLR OS 8 eee ree Ce 4,012.87 1,092.33 
Interest on Securities in Reserve Capital Fund... 3,424.80 
Interest on Bank Balances......... Beate toe 1,491.61 
DOGS 2 ers te & 2 ee eee eee $326,897.28 
EXPENSES: 
Publications: 
Musreicteelel eye re cars ater see tao nsw lela eh s $100,242.95 
PTransactions 4... 2c. 28-2022 39,182.22 
BEEP Ol crs os s bras ery: o's ane Sedat 8,062.63 
PNR COIS <2 ar. als'y «sn dsints sera 5,218.01 $132,655.81 
Thsiindeo Viger s ee eee 16,837.66 
Administrative Expenses..........5----0-++--% 52,036.36 
RS PTIOS GO OEGINEEER. Co cis =e mp ocsie seein sie sees 3 30,060.76 
Membership Committee.........50..----0--0+5> 8,643.88 
Standards Committee. 55 .-- 2. eee nsec serene 5,358.23 
Pinance Committee... a0 2c cece cee ese ent ee ae 286.37 
Headquarters Committee........-..--0++5-+-+- 1,175.00 
CSBP @artestt a? ey chs 2 a0 OEE gC nee aa say 60.00 
Technical Committees......... 20.002 cee e eee ere 108.96 
Edison Medal Committee.......-...--4-2-+20e+ . 7.93 
Engineering Education Committee.......-.-.--- 95.53 
Geographical Districts: 
Traveling Expense: 
Executive Committees......... $ 961.34 
Waice-Presidents.. 2.520% 220% ees Qib 77 
Best Papér Prize... .--5- +2060 50.00 
First Paper Prize.....2..2...06-+ 25.00 5 Isom vat 
American Engineering Standards Committee..... 1,500.00 
International Electrotechnical Commission......- 517.50 
United States National Coinmittee of Inter- 
national Commission on Illumination........-. 300.00 
President’s Special Appropriation............--- 1,774.39 
Board of Directors—Mileage.......----++-+-4+> 1,798.14 
National Nominating Committee........--..--- 1,104.57 
Honorary Secretary......--+---eseeerece esses - 4,000.00 
John Fritz Medal Award......--+++-+esreereee 2.00 
First Paper Prize—1925.....-..---s++000: one: 100.00 
Transmission Prize, 1925.......+--+-+ererereee 100.00 
Engineering Societies Library—Maintenance....- 8,000.00 
United Engineering Society Assessment......---- , 4,860.00 
American Engineering Council......---.+++++++- 16,788.50 
Engineering Societies Employment Service......- 1,635.00 
International Annual Tables.......--+--+++++++° 100.00 
International Critical Tables...... Ste oe Ha 125.00 
“Transactions” Index.+......--8++sssseretrrtt 3,080.13 
Lal ici wine nEreteis cise visors 5's nn $294,363.83 
Net INCOME.....---+ Soin Dots 2A ae SOO Oe $32,533.45 


*Includes $86,590.00 allocated to: subscriptions for the JOURNAL. 


or 
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ToraL INcomE (Forwarp) 
Prorit & Loss CREDITs: 
Adjustment of Inventories: 
Mibrary, Volumes and Fixtures. ....«00+ 0 01-.+ ee 5.74 
SOR PAMISACUIGIS fans jecre chester succes ae Fie eaten cntre ee 89.25 94.99 


$326,897.28 


Gross SURPLUS FOR THE YEAR 
Prorit & Loss CHARGES: 


$ 32,628.44 


Uncollectable Dues Written Off................ $ 7,282.25 
Uncollectable Advertisers’ Accounts Written Off. 140.00 
Provision for Depreciation of Furniture and 
Fixtures... . = CERT Th GEE As acotredes Go nmin 798.97 
Loss on Sale of Office Furniture........<....%-- 73.80 
ARSE ae tei geRe kb ct racic cit. carte erdeu ani OG 8,295.02 
SURPLUS) FORS THD MBAR! Maricreie cia eieaeysieieksetens teres ce $ 24,333.42 
SURPLUS WA wel ye kO 2 o meteetereute a meratiaie teens cents $589,487 . 86 
Less Transferred to Capital Fund Reserve in 
Accordance with Resolution of Board of 
DIPSCHOLS mawdeeahare Oe eins hele tare Cece suctcraue 24,853.75 564,634.11 


Surp.Lus, APRIL 30, 1926 $588,967 . 53 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


RESERVE CAPITAL FUND—SECURITIES 
AprRIL 30, 1926 
ExuisiT A. 


ScHEDULE No. 1. 
Par Value Book Value 


The Detroit Edison Company Ist and Refunding, 6% 


Series ‘‘B"’, Gold Bonds, Due 1940, Registered..... $ 5,000.00 $ 5,178.13 


The New York Central Railroad Company 5%, 

Refunding and Improvement Mortgage, Series ‘‘C”’ 

Bonds, Due 2013,, Registered... ......-22:+20---- 6,000.00 5,742.50 
Chicago, Burlington & Quincy Railroad Company 5%, ‘ 

Ist and Refunding Mortgage, Series ‘‘A’’, Gold 

Bond, Due 1971, Registered. ...6.2.:.54.05-.00- 1,000.00 1,010.00 
Great Northern Railroad Company 5%%, General 

Mortgage, Series ““B’’, Gold Bonds, Due 1952, 

Repistered) tier: crcccerai sla cleh alel ofe-applagercurae t= micaeiaie Cherearinc 10,000.00 9,847.50 
Southern Railway Company 5%, 1st Consolidated 

Mortgage, Gold Bond, Due 1994, Registered..... 1,000.00 980.00 
The Western Electric Company 5% Bonds, Due 

April 1, 1944, Registered... ....0ceeee eee aciecces 10,000.00 9,818.75 
The American Telephone and Telegraph Company 5%, 

Gold‘ Debentures, Sinking Fund, Due 1960, 

Registered), «ilsatin ia oh ec 2) olevarriwltelnie a0 ee yece s Sovaruret Laie 15,000.00 14,625.00 
Pacific Gas and Electric Company 544%, First and ; 

Refunding Mortgage, Gold Bonds, Due 1952, 

Repistered a.minncs cou ale eerste ies Ut eM NA SEE oe) Soi 5,000.00 5,137.50 
Consolidated Gas Company of. New York 534%, Gold 

Debentures, Due 1945, Registered..........-.++++ 5,000.00 5,187.50 
Baltimore & Ohio Railroad Company 444%, Converti- 

ble Gold Bonds, Due 1933, Registered...........- 10,000.00 9,387.50 
St. Louis-San Francisco Railway Company 5%, Prior 

Lien Mortgage, Series ‘‘B’” Bonds, Due 1950, ; 

IRERISTETEC:, creche sista orerairteumifmy cba Vslstrictacene cusrete sm Pe 6,000.00 5,497.50 
American Smelting and Refining Company 5%, First 

Mortgage, 30-Year Gold Bonds, Due 1947, 

Registorediac cs salnsisetits ciystereieketeiptadins oreteuelersyetere 5,000.00 5,050.00 
Florida East Coast Railway Company 5%, First and ; 

Refunding Mortgage, Series ‘‘A’’, Gold Bonds, Due 

TOTS Registered: svar oe siee cm teenie epee sieve oe.) + soi 5,000.00 4,918.75 

Seballen ats eiererets Lisfelolonajeloustetebedsecrs iocstacsgarena s7ahste - $84,000.00 $82,380.63 


Note: An exchange of securities during the year ended April 30, 1926, 
resulted in a net reduction of $201.14 in the aggregate book value of the invest- 
ments of the Reserve Capital Fund, and represents the unamortized premium 
on Wilmington bonds less profit on Liberty Loan bonds disposed of. The reserve 
capital fund cash balance of $318.07, shown in the balance sheet, reflects the 
excess of proceeds from securities disposed of over cost of securities acquired. 


ee 
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Officers A. I. E. E. 1925-1926 


PRESIDENT 
(Term expires July 31, 1926) 
M: I. PUPIN 


JUNIOR PAST PRESIDENTS 
HARRIS J. RYAN FARLEY OSGOOD 


VICE-PRESIDENTS 


HAROLD B. SMITH (District No.1) P.M.DOWNING (District No. 8) 
EDWARD BENNETT (District No. 5) HERBERT S. SANDS (District No. 6) 
JOHN HARISBERGER(DistrictNo .9) W. E. MITCHELL (District No. 4) 

L. F. MOREHOUSE (District No.3) ARTHUR G. PIERCE (District No. 2) 
H. W. EALES (District No. 7) W.P.DOBSON (District No. 10) 


MANAGERS 
JOHN B. WHITEHEAD 
J. M. BRYANT 
E. B. MERRIAM 

W. M. McCONAHEY M. M. FOWLER 

W. K. VANDERPOEL H. A. KIDDER 

H. P. CHARLESWORTH BE. C. STONE 


NATIONAL TREASURER NATIONAL SECRETARY 
GEORGE A. HAMILTON F. L. HUTCHINSON 


HONORARY SECRETARY GENERAL COUNSEL 


RALPH W. POPE PARKER & AARON 
30 Broad Street, New York 


H. M. HOBART 
ERNEST LUNN 
G. L. KNIGHT 


PAST-PRESIDENTS—1884-1925 


+ NORVIN GREEN, 1884-5-6. 
*PRANKLIN L. POPE, 1886-7. 

+*T. COMMERFORD MARTIN, 1887-8. 
Epwarp WesToN, 1888-9. 

ELinu TuHomson, 1889-90. 
*WILLiAM A. ANTHONY. 1890-91. 

* ALEXANDER GRAHAM BELL, 1891-2 
FRANK JULIAN SPRAGUE, 1892-3. 
*EpDWIN J. Houston, 1893-4-5 
*Louis DUNCAN, 1895-6-7. 
*PRANCIS BACON CROCKER, 1897-8. 
A. E. KENNELLY, 1898-1900. 

Cari HeErineG, 1900-1. 

*CHARLES P. STEINMETZ, 1901-2. 
Cuar-Es F. Scott, 1902-3. 

Bion J. ARNOLD, 1903-4. 


*SAMUEL SHELDON, 1906-7. 
*Henry G. Stott, 1907-8. 
Louis A. Fercuson, 1908-9. 
Lewis B. STILLWELL, 1909-10. 
DuGa.p C. JACKSON, 1910-11. 
Gano Dunn, 1911-12. 

Ratpy D. MERSHON, 1912-13. 
C. O. MaiLttoux, 1913-14. 
Paut M. Lincoty, 1914-15. 
Joun J. Carty, 1915-16. 

H. W. Buck, 1916-17. 

E. W. Rice, Jr., 1917-18. 
Comrort A. ADAms, 1918-19. 
CALVERT TOWNLEY, 1919-20. 
A. W. BERRESFORD, 1920-21. 
Witiiam McCLELLan, 1921-22. 
Joun W. Lies, 1904-5. FRANK B. JEWETT, 1922-23. 
~*SCHUYLER SKAATS WHEELER, 1905-6. Harris J. Ryan, 1923-24. 


FarLey Oscoop, 1924-25. 
* Deceased. 


LOCAL HONORARY SECRETARIES 


T. J. Fleming, Calle B. Mitre 519, Buenos Aires, Argentina, S. A. 
Carroll M. Mauseau, Caixa Postal No. 571, Rio de Janeiro, Brazil, S. A. 
Charles le Maistre, 28 Victoria St., London, S. W. 1, England. 

A. S. Garfield, 45 Blvd. Beausejour, Paris 16 E, France. 

H. P. Gibbs, Tata Sons Ltd., 24 Bruce Road, Bombay—1, India. 

Guido Semenza, 39 Via Monte Napoleone, Milan, Italy. 

Eiji Aoyagi, Kyoto Imperial University, Kyoto, Japan. 

P. H. Powell, Canterbury College, Christchurch, New Zealand. 

Axel F. Enstrom, 24a Grefturegatan, Stockholm, Sweden. 

W. Elsdon-Dew, P. O. Box 4563, Johannesburg, Transvaal, Africa. 


A. IT. E. E. Committees 
GENERAL STANDING COMMITTEES 


EXECUTIVE COMMITTEE 


M.I. Pupin, Chairman, 1 W. 72nd St., New York 
Farley Osgood, Vice-Chairman 
H. P. Charlesworth, G. A. Hamilton, 


K 
H. W. Eales, meee 


(Grenlize 
W.K. Vanderpoel 
FINANCE COMMITTEE 


G.L. Knight, Chairman, Pearl & Willoughby Sts., Brooklyn, N. Y. 
L. F. Morehouse W. K. Vanderpoel. 


OFFICERS AND COMMITTEES 


MEETINGS AND PAPERS COMMITTEE 


Harold B. Smith. 


E. B. Meyer, Chairman, 80 Park Place, Newark, N. J- 

E. H. Hubert, Secretary, 33 W. 39th St., New York 

A. W. Berresford, H. W. Eales, C. E. Skinner 
E.E 


J. E. Macdonald, 
L. W. W. Morrow 
Chairman of Committee on Coordination of Institute Activities, ex-officio. 
Chairman of Technical committees, ex-officio. ‘ 


E. F. Creighton, 


PUBLICATION COMMITTEE 
L. F. Morehouse, Chairman, 195 Broadway, New York 
F. L. Hutchinson, Donald McNicol, J. H. Morecroft. 
E. B: Meyer, 
COMMITTEE ON COORDINATION OF INSTITUTE ACTIVITIES 
Farley Osgood, Chairman, 80 Park Place, Newark, N. J. 


F. L. Hutchinson, E. B. Meyer, W.I. Slichter, 
G. L. Knight, L. F. Morehouse, Harold B. Smith. 


BOARD OF EXAMINERS 


Erich Hausmann, Chairman, Polytechnic Institute of Brooklyn, Brooklyn, N. Y- 


H. W. Drake, Harold Goodwin, Jr., W.M. McConahey, 
E. H. Everit, F. V. Magalhaes, N. L. Pollard, 
F. M. Farmer, W. I. Slichter. 


SECTIONS COMMITTEE 


Harold B. Smith, Chairman, Worcester Polytechnic Institute, Worcester, Mass - 
H. H. Henline, W.B. Kouwenhoven, Herbert S. Sands. 

C. E. Magnusson, 
Chairman of Sections, ex-officio. 


COMMITTEE ON STUDENT BRANCHES 


©. E. Magnusson, Chairman, University of Washington, Seattle, Wash. 

C. Francis Harding, Charles F. Scott, W.H. Timbie. 
Harold B. Smith, 

Student Branch Counselors, ex-officio 


MEMBERSHIP COMMITTEE 


J. L. Woodress, Chairman, 1806 Pine Street, St. Louis, Mo. 

R. B. Bonney, E. E. Dorting, George E. Quinan, 
J. M. Bryant, R. B. Mateer, A. E. Soderholm, 
C. K. Chapin, S. H. Mortensen, J. F. Warwick. 

H. C. Don Carlos, L. S. O’Roark, 


Chairmen of Section membership committees, ex-officio. 


HEADQUARTERS COMMITTEE 


H. A. Kidder, Chairman, 600 W. 59th Street, New York 
F. L. Hutchinson, G. L. Knight. 


LAW COMMITTEE 


W.I. Slichter, Chairman,.Columbia University, New York 
H.H. Barnes, Jr., L. F. Morehouse, Charles A. Terry. 
R. F. Schuchardt, 


PUBLIC POLICY COMMITTEE 
Gano Dunn, Chairman, 43 Exchange Place, New York 


A.W. Berresford, F. B. Jewett, William McClellan, 
H. W. Buck, John W. Lieb, Harris J. Ryan. 
STANDARDS COMMITTEE 

Executive Committee . 
H.S. Osborne, Chairman, 195 Broadway, New York 
H.E. Farrer, Secretary, 33 W- 39th Street, New York 
W.A. Del Mar, A.M. MacCutcheon, L. T. Robinson, 
H. B. Gear, J. Franklin Meyer, ’ C.H. Sharp; 
©, R. Marte, F. D. Newbury, -C. E. Skinner, 
H. M. Hobart, Harold Pender, ~ R.H. Tapscott, 
G.L. Knight, F. L. Rhodes, H.R. Woodrow. 

Ex-Officio 


Chairman of Working Committees 
Chairman of A. I. E. E. delegations on other stdetaediies bodies. 


George Gibbs, 


——— 


Yate SS 


COMMITTEES AND REPRESENTATIVES 


EDISON MEDAL COMMITTEE 


Appointed by the President for term of five years. 
(Terms expire July 31, 1926) 

John H. Finney, C. S. Ruffner. 
(Terms expire July 31, 1927) 

F. A. Scheffler, W.R. Whitney. 
(Terms expire July 31, 1928) 

Robert A. Millikan, M. I. Pupin 
(Terms expire July 31, 1929) 

W. C. L. Belin, John W. Lieb. 

(Terms expire July 31, 1930) 

Samuel Insull, Ralph D. Mershon. 
Elected by the Board of Directors from its own membership for term of two years- 
(Terms expire July 31, 1926) 

Harris J. Ryan, Harold B. Smith. 

(Terms expire July 31, 1927) 
Farley Osgood, A. G. Pierce. 
Ex-Officio 
M. I. Pupin, President, ‘ George A. Hamilton, 
F. L. Hutchinson, National Secretary 


B. A. Behrend, 
Gano Dunn, Chairman, 
C. C. Chesney; 


N. A. Carle, 


L. F. Morehouse, 


W. P. Dobson, 


National Treasurer, 


COMMITTEE ON CODE OF PRINCIPLES OF PROFESSIONAL CONDUCT 


Jchn W. Lieb, Chairman, 124 E. 15th Street, New York 
C. A. Adams, G. Faccioli, 
A. H. Babcock, R. D. Mershon, 


L. F. Morehouse, 
C. E. Skinner. 


COMMITTEE ON AWARD OF INSTITUTE PRIZES 


E. B. Meyer, Chairman, 80 Park Place, Newark, N. J. 
L. F. Morehouse, Percy H. Thomas. 


COMMITTEE ON AWARD OF COLUMBIA UNIVERSITY SCHOLARSHIPS 


W. I. Slichter, Chairman, Columbia University, New York 
Francis Blossom, H. C. Carpenter. 


COMMITTEE ON SAFETY CODES 
Paul Spencer, Chairman, 1401 Arch St., Philadelphia, Pa. 


F. A. Barron, H. B. Gear, J. E. Moore, 
Philander Betts, P. J. Howe, R. W. E. Moore, 
W. J. Canada, L. C. Ilsley, George Quinan, 
R. N. Conwell, M. G. Lloyd, Joseph Sachs, 

J. V. B. Duer, Ernest Lunn, H.R. Sargent, 

J. C. Forsyth, Wills Maclachlan, W.H. Sawyer, 
R. C. Fryer, J- C. Martin, M. L. Sindeband, 
D. H. Gage, H. S. Warren. 


SPECIAL COMMITTEES 


INSTITUTE PRIZES—POLICIES AND PROCEDURE 


L. W. W. Morrow, Chairman, Electrical World, 10th Ave. & 36th St., New York 
H. P. Charlesworth, C. E. Magnusson, M.E. Skinner, 
H. A. Kidder, A. C. Stevens. 


LICENSING OF ENGINEERS 


Francis Blossom, Chairman, Sanderson & Porter, 52 William Street, New York 
H. W. Buck, Gano Dunn, E. W. Rice, Jr. 
L..E. Imlay, 


TECHNICAL ACTIVITIES 


A. G. Pierce, Chairman, 1239 Guardian Building, Cleveland, Ohio 
H. P. Charlesworth, H. M. Hobart, J. B. Whitehead. 
H. A. Kidder, 


TECHNICAL COMMITTEES 


COMMUNICATION 
H. P. Charlesworth, Chairman, 195 Broadway, New’ York 
F. L. Baer, D. H. Gage, Lieut. Comm. B. B.Ralston 
O. B. Blackwell, S. P. Grace, F. A. Raymond, 
L. W. Chubb, P. J. Howe, Chester W. Rice, 
Charles E. Davies, F. H. Kroger, J. K. Roosvelt, 
H. W. Drake, N. M. Lash, H. A. Shepard, 
Major P. W. Evans, Ray H. Manson, John F. Skirrow, 
R. D. Evans, R. D.Parker, E. B. Tuttle, 
E. H. Everit, H. S. Phelps, E. A. Wolff, 
L. F. Fuller, C. A. Wright. 


EDUCATION 


Harold Pender, Chairman, University of Pennsylvania, Philadelphia, Pa. 


C.A. Adams, C. E. Eveleth, Harold B. Smith, 
Bion J. Arnold, D:- C. Jackson, R. W. Sorensen, 
Edward Bennett, F. B. Jewett, J. B. Whitehead, 


W.R. Whitney, 
W. E. Wickenden. 


Gano Dunn, Farley Osgood, 


W. C:4. Eglin, 3 
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ELECTRICAL MACHINERY 


H. M. Hobart, Chairman, General Electric Co., Schenectady, N. Y. 
J. C. Parker, Vice-Chairman, Brooklyn, N. Y. 


C. A. Adams, L. L. Elden, P. M. Lincoln, 

H. C. Albrecht, G. Faccioli, A. M. MacCutcheon, 
B. F. Bailey, W. J. Foster, F. D. Newbury, 

B. L. Barns, Harold Goodwin, Jr., N. L. Pollard, 

B. A. Behrend, Jig wile Lakeulll, R. F. Schuchardt, 

A. C. Bunker, V. Karapetoff, C. EB. Skinner, 
James Burke, A. H. Kehoe, A. Still, 


Walter M. Dann, A. E. Kennelly, R. B. Williamson. 


ELECTROCHEMISTRY AND ELECTROMETALLURGY 


G. W. Vinal, Chairman, Bureau of Standards, Washington, D. C. 

Lawrence Addicks, F. A. J. FitzGerald, Carl G. Schluederberg 

Arthur N. Anderson, W.F. Hendry, Magnus Unger, 

T. C. Atchison, Walter E. Holland, J. B. Whitehead, 

Farley G. Clark, F. A. Lidbury, J. L. Woodbridge, 

Safford K. Colby, Wm. A. Moore, J. L. McK. Yardley. 
Charles H. Moritz, 


ELECTROPHYSICS 
J. H. Morecroft, Chairman, Columbia University, New York 
V. Bush; A. E. Kennelly, Harold Pender, 
R. E. Doherty, W. B. Kouwenhoven, Chester W. Rice, 
Herbert Bristol Dwight, R.A. Millikan, J. Slepian, 
Charles Fortescue, F. W. Peek, Jr. : Harold B. Smith, 
V. Karapetoff, J. B. Whitehead. 


INSTRUMENTS AND MEASUREMENTS 


A. E. Knowlton, Chairman, Dunham Laboratory, Yale University, 
New Haven, Conn. 

F. V. Magalhaes, Vice-Chairman 

H. B. Brooks, Secretary 

O. J. Bliss, 

Perry A. Borden, 

W. M. Bradshaw, 

J. R. Craighead; 

W. A. Del Mar, W. M. McConahey I. B. Smith, 

E. D. Doyle, W. J. Mowbrey, Roy Wilkins, 


APPLICATIONS TO IRON AND STEEL PRODUCTION 


F. B. Crosby, Chairman, Morgan Construction Co., 15 Belmont St., 
Worcester, Mass. 

A. C. Cummins, 

W. C. Kennedy, 


W. M. Goodwin, Jr., 
C. M. jJansky, Je-. 
W. B. Kouwenhoven, 
P. M. Lincoln, 


H. A. Perkins, 
L.-T. Robinson, 
Bryon W. St. Clair, 
G. A. Sawin, 


A. G. Pierce, 
A. G. Place, 
F. O. Schnure, 


PRODUCTION AND APPLICATION OF LIGHT 


Preston S. Millar, Chairman, Electrical Testing Laboratories, 
80th St. & East End Ave., New York 


G. E. Stoltz, 
J. D. Wright. 


W. T. Blackwell, F. F. Fowle, F. H. Murphy, 

J. M. Bryant, G. G: Hall; Charles F. Scott, 
W.T. Dempsey, H. H. Higbie, B. E. Shackelford, 
H-W. Eales, A. S. McAllister, Cc. J. Stahl, 

F. M. Feiker, G. S. Merrill; G. H. Stickney. 


APPLICATIONS TO MARINE WORK 
L. C. Brooks, Chairman, Bethlehem Shipbuilding Corp., Quincy, Mass. 
H. F. Harvey, Jr., Vice-Chairman 
J. S. Jones, Secretary . 
. Southgate, 


R. A. Beekman, M. A. Libbey, H.M 

J. F. Clinton, E. B. Merriam, W.E. Thau, 
C. S. Gillette, W. F. Meschenmoser C. P. Turner, 
William Hetherington, Jr. I. H. Osborne, A. E. Waller, 
H. L. Hibbard, Arthur Parker, J. L. Wilson, 
Edward C. Jones, G. A. Pierce, R. L. Witham. 


A. Kennedy, Jr. 


APPLICATIONS TO MINING WORK 
F. L. Stone, Chairman, General Electric Co., Schenectady, NeXt. 
W. C. Adams, G. M. Kennedy, Charles H. Matthews, 
M. C. Benedict, R. L. Kingsland, D. C. McKeehan, 


Graham Bright, A. B. Kiser, a W. F. Schwedes, 
H. W. Eales, Carl Lee, W. A. Thomas, 
La Gadlsley; W. H. Lesser, C. D. Woodward. 


John A. Malady, 


GENERAL POWER APPLICATIONS 


A. M. MacCutcheon, Chairman, Reliance Electric Engineering Co., 
1088 Ivanhoe Road, Cleveland, Ohio 


P. H. Adams, H. D. James, H. W. Rogers, 

D. H. Braymer, P. C. Jones, H. L. Smith, 

H. E. Bussey, J. C. Kositzky, W. H. Timbie, 

R. F. Chamberlain, A. C. Lanier, W. K. Vanderpoel, 
C. W. Drake, W. S. Maddocks, A. E. Waller, 

E. W. Henderson, N. L. Mortensen, W. C. Yates. 


POWER GENERATION 


Vern E. Alden, Chairman, Consolidated Gas & Electric Company, 
Baltimore, Md. 


H. A. Barre, P. Junkersfeld, jenGe Parker; 

E. T. J. Brandon, H. A. Kidder, M. M. Samuels, 
H. W. Eales, J. T. Lawson, F. A. Scheffler, 
Louis Elliott, W. H. Lawrence, R. F. Schuchardt, 
N. E. Funk, James Lyman, A. R. Smith, 


Nicholas Stahl, 
W. M. White. 


W. E. Mitchell, 
I. E. Moultrop, 


C. F. Hirshfeld, 
Francis Hodgkinson, 


POWER TRANSMISSION AND DISTRIBUTION 


P. H. Thomas, Chairman, 120 Broadway, New York 

P. H. Chase, Vice-Chairman, Philadelphia, Pa. 

R. N. Conwell, Vice-Chairman, Newark, N. J. 

F. M. Farmer, Secretary, 80th St. & East End Ave., New York 

C. G. Adsit, Herbert H. Dewey, Clifford R. Oliver, 
R. W. Atkinson, L. L. Elden, John C. Parker, 
A. O. Austin, R. D. Evans, F. W. Peek, Jr., 
F. G. Baum, C. L. Fortescue, G. G. Post, 

John A. Brundige, C.D. Gray, D. W. Roper, 

V. Bush, W.A. Hillebrand, C. E. Schwenger, 
George F. Chellis, J. P. Jollyman, A. E. Silver, 
Wallace S. Clark, A. H. Kehoe, M. L. Sindeband, 
Edith Clarke, CaAriakeratt, H. €. Sutton; 

W. H. Cole, A. H. Lawton, Philip Torchio, 
M. T. Crawford, W. E. Meyer, Theodore Varney, 


W.E. Mitchell, H. S. Warren, 


Raja C-. Wood: 


John C. Damon, 
W.A. Del Mar, 


PROTECTIVE DEVICES 
. Stone, Chairman, Duquesne Light Co., 435 Sixth Ave., Pittsburgh, Pa. 


E. © 

F. L. Hunt, Vice-Chairman, Greenfield, Mass. 

W. S. Edsall, George S. Humphrey W. 4H. Millan, 

H. Halperin, J. Allen Johnson, J. M. Oliver, 

F. C. Hanker. M. G. Lloyd, N. L. Pollard, 

S. E. M. Henderson, H. C. Louis, E. J. Rutan, 

R. A. Hentz, A. A. Meyer, E. R. Stauffacher, 

E. A. Hester, H. R. Summerhayes. 
RESEARCH 


John B. Whitehead, Chairman, Johns Hopkins University, Baltimore, Md. 
Edward Bennett, B. Gherardi, E. W.-Rice, Jr., 


V. Bush, V. Karapetoff, D. W. Roper, 
E. By Colpitts, ~ A. E. Kennelly, ©. Ei. Sharp, 
E. E. F. Creighton, M. G. Lloyd, C. E. Skinner, 


W. F. Davidson, 
W. A. Del Mar, 


F. W. Peek, Jr., 
Harold Pender, 


Harold B. Smith, 
R. W. Sorensen. 


A. 1. E. E. Representatives 
AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE 
COUNCIL 


A. E. Kennelly, John B. Taylor. 


AMERICAN BUREAU OF WELDING 
H. M. Hobart. 


AMERICAN COMMITTEE ON ELECTROLYSIS 


B. J. Arnold, N.A. Carle, F. N. Waterman. 


AMERICAN ENGINEERING COUNCIL ASSEMBLY 
Comfort A. Adams, 


H. M. Hobart, M. I. Pupin, 
C. G. Adsit, F. L. Hutchinson, BE. W. Rice, Jr., 
A. W. Berresford, D. C. Jackson, Charles F. Scott, 
H. W. Eales, William McClellan, C. E. Skinner, 
John H. Finney, L. F. Morehouse, Calvert Townley. 
M. M. Fowler, Farley Osgood, ; 


AMERICAN ENGINEERING STANDARDS COMMITTEE 
H. M. Hobart, Th S- Osborne, C. E. Skinner, 
L. T. Robinson (Alternate) 
AMERICAN MARINE STANDARDS 
COMMITTEE 


John F. Clinton, G. A. Pierce (Alternate) 


AMERICAN YEAR BOOK, ADVISORY BOARD 
Edward Caldwell 


SECTIONS AND BRANCHES 


APPARATUS MAKERS AND USERS, COMMITTEE OF 
NATIONAL RESEARCH COUNCIL 


C. E. Skinner 


BOARD OF TRUSTEES, UNITED ENGINEERING SOCIETY 
H. H. Barnes, Jr., Bancroft Gherardi, H.A. Lardner. 


CHARLES A. COFFIN FELLOWSHIP AND RESEARCH FUND 
COMMITTEE 


Farley Osgood 


ELIMINATION OF FATIGUE, COMMITTEE ON, SOCIETY OF 
INDUSTRIAL ENGINEERS 


C. Francis Harding 


ENGINEERING FOUNDATION BOARD 


Gano Dunn, L. B. Stillwell. 


JOHN FRITZ MEDAL BOARD OF AWARD 


Frank B. Jewett, 
William McClellan, 


Gano Dunn, Farley Osgood. 


JOINT COMMITTEE ON WELDED RAIL JOINTS 
D. D. Ewing, A. P. Way. 


JOINT CONFERENCE COMMITTEE OF FOUNDER SOCIETIES 


The Presidents and Secretaries, ex-officio. 


LIBRARY BOARD OF UNITED ENGINEERING SOCIETY 


Edward D. Adams, F. L. Hutchinson, Alfred W. Kiddle, 
BE. B. Craft, W. fs. Slichter. 


NATIONAL FIRE PROTECTION ASSOCIATION, ELECTRICAL 
COMMITTEE 


Paul Spencer. 


NATIONAL FIRE WASTE COUNCIL 


John H. Finney, Paul Spencer. 


NATIONAL MUSEUM OF ENGINEERING AND INDUSTRY 


Board of Trustees 


Gano Dunn F. B. Jewett 


NATIONAL RESEARCH COUNCIL, ENGINEERING DIVISION 


John B. Whitehead A. E. Kennelly, E. W. Rice, Jr. 
F. L. Hutchinson, ex-Officio, 


NATIONAL SAFETY COUNCIL, ELECTRICAL COMMITTEE OF 
A. S. S. E—ENGINEERING SECTION 


Paul Spencer 


THE NEWCOMEN SOCIETY 
EB. B- Crait 


SOCIETY FOR THE PROMOTION OF ENGINEERING EDUCATION 
BOARD OF INVESTIGATION AND COORDINATION 


Gano Dunn, Frank B. Jewett. 


U. S. NATIONAL COMMITTEE OF THE INTERNATIONAL 
ILLUMINATION COMMISSION 


A. E. Kennelly, C. O. Mailloux, Clayton H. Sharp. 


WASHINGTON AWARD, COMMISSION OF 


L. A. Ferguson, Charles F. Scott. 


U. S. NATIONAL COMMITTEE OF THE INTERNATIONAL 
ELECTROTECHNICAL COMMISSION 


C. A. Adams, A. E. Kennelly, - M. 1. Pupin, (ex-officio) 
L. W. Chubb, G. L. Knight (ex-officio) L.T. Robinson, 

W. <A. Del Mar, F. V. Magalhaes, D. W. Roper, 

Gano Dunn, C. O. Mailloux, Charles F. Scott, 

H. W. Fisher, A. S. McAllister, C. H. Sharp, 

B. Gherardi, A. H. Moore, C. E. Skinner, 

H. M. Hobart, F. D. Newbury, Elihu Thomson, 

D. C. Jackson, H. S. Osborne (ex-officio) R. B. Williamson. 


Farley Osgood, 


joe ee eid hla 


i el 


LIST OF SECTIONS 


SECTIONS AND BRANCHES 


Name Chairman Secretary 
NUS QUT eae, Bere, Gla Ra stad Bey PROG CO Re Ralph Higgins John Grotzinger 
JASE Ree eiace ooale Gtr REI Bloke ca ence W. E. Gathright W. F. Oliver 
Baltimore.................---....-.W-B.Kouwenhoven R. T. Greer 
URRY SS he ok cere ee eee J. W. Kidder W. H. Colburn 
Chicago. Spee OS soSm Ace Chowne agede Carl Lee B. E. Ward 
Cincinmatl somone ite esc e oc ...H. C. Blackwell E. S. Fields 
Cleveland erprer te ccicete iiss, os maxes Chester L. Dows J. F. Schnable 
Columbusances sae ole es ore) Ssreueye ous R. J. B. Feather W. T. Schumaker 
Connecticut ace es ce ee oe A. A. Packard A. E. Knowlton 
PER VeCLSCR Ed ceca cit as aed Cnraeeie V.L. Board R. B. Bonney 
Detroit-Ann Arbor..................G. B. McCabe Harold Cole 
Tie Ric. nee Eee - Riga setat sae). Skansen ee Canis 
MOMAWAV Ere comer tiie ieee ys ae Las Gases D. W. Merchant 
Indianapolis-Lafayette...............H. M. Anthony J. B. Bailey 
MCAS rat de eth Mats igen S eae terebetas oire's ‘J. G. Pertsch, Jr. Geo. F. Bason 
KReancas City ee aoc miat ate = oni: a Sar F. S. Dewey Henry Nixon 
ehie nh Valley mer <3 aris. sje ..W. H. Lesser G. W. Brooks 
Boss Angeles ee nyilac sccebs 2 = ..,R. A. Hopkins R. E. Cunningham 
Mavinrisee Poe senses eugene save BE. D. Dickinson F. S. Jones 
IE EELS OEE Date co a ire sym rele cates s ae .L. E. A. Kelso Leo J. Peters 
NEO SECOP ye. fe tical xs Beisel ose .... B. & Lopez H. Larralde 
Tt ITAITICE Gig fis ct at eras te = otal nae H. R. Huntley L. F. Seybold 
Minnesota... cws ce oe oe = = Tee Go Dewars J. E. Sumpter 
Pease eine oe ee oe oe P. M. McCullough C. W. Minard 
New YOLK. s- s ; oo He A, Kidder H. V. Bozell 
Niagara Frontier.........-.------ ..J- Allen Johnson A. W. Underhill, Jr. 
GhicIAn OM Be he tae = ie a ome E. R. Page C. C. Stewart 
PS) Soa) SoS ae eee L. W. Parsons I. F. MclIlhenny 
Philadelphia=.... = 22-2). ss - +s ...Nathan Shute R. H. Silbert 
Putts pure lice sae 420i cte === 24k G. S. Humphrey W. C. Goodwin 
PeECHIeN dec): boi Sseeas @ une tats es asl E. D. Eby C. H. Kline 
Portland Oreste. oe sees RE a SS ._L. W. Ross J. C. Henkle 
MroviGenCGe .. sees ws oh oe Mee eS ee W. P. Field F. N. Tompkins 
Rochester. bor catia coher ess _...,.A. E. Soderholm Earl C. Karker 
eee OE En ach diets xs. ois. s eeu = Fred D. Lyon Ralf T. Toensfeldt 
REMC HHGISEG meee see cas 55 > aero tite C. Powell A. G. Jones 
Saskatchewan. ....c +c wt se ee oe E. W. Bull W. P. Brattle 
Schenectady......--.--:--+-++--*:> W. Jj. Davis, Jr- W. E. Saupe 
omttles...coe be sad ela = ee E. A. Loew Cc. E. Mong 
Sharon 
Southern Virginia..........----+-+-: H. B. Hawkins E. W. Trafford 
Spokkanes....--caecr se yore es meres G. S. Covey Richard McKay 
Springfield, Mass.......--.--+-+-+++- R. P. King J. Frank Murray 
SveagHseiao.<2> > - ee oo ++ ase W. C. Pearce L..N. Street 
Chiat, |, ee Sea cape aaa teins Cae bo Stebbins Max Neuber 
ar eterie sas -ta ans te GE nin eins Fis L. B. Chubbuck W. L. Amos 
Richart oes ila See tiie ae esis Seas C. A. Keener J. T. Tykociner 
ITA ea alsa tine ome eta oe John Salberg D. L. Brundige 
WariGOi Ver secre: = oiciso ee o> -'ole eae A. Vilstrup C. W. Colvin 
Washington, D. C...-...------+++-++ A. F. E. Horn L. E. Reed 
NVOFCERLOE SEG ited ore Files seers ns oe E. T. Harrop Fred B. Crosby 
Total 50 


LIST OF BRANCHES 


Name and Location Chairman © 


Alabama Poly Inst., Auburn, Ala. C. W. McMullan 
Alabama, Univ. of, University, Ala. C. E. Rankin 
Arizona, Univ. of, Tucson, Ariz. C. A. Rollins 
Arkansas, Univ. of, Fayetteville, Ark. R. McFarland 
Armour Inst. of Tech., Chicago, Il. H. J. Prebensen 
Brooklyn Poly Inst., Brooklyn, N. ¥. J. C. Arnell 
Bucknell Univ., Lewisburg, Pa- T. J. Miers 
California Inst. of Tech., Pasadena W. A. Lewis. 
California, Univ. of, Berkeley, Calif. E. A. Fenander 
Carnegie Inst. of Tech., Pittsburgh, Pa. G. L. LeBaron 
Case School of Applied Science, Cleve- 


land, On C. A. Baldwin 
Catholic Univ. of America, Washing- 

ton, D. C. B. J. Kroeger 
Cincinnati, Univ. of, Cincinnati, O. F. Sanford 


Clarkson Coll. of Tech.,Potsdam, N.Y. W. R. MacGregor 
Clemson Agri. College, Clemson Col- 

lege, S.C. B. V. Martin 
Colorado State Agri. Coll., Ft. Colfins C. O. Nelson 
Colorado, Univ. of, Boulder, Colo. O. V. Miller 
Denver, Univ. of, Denver, Colo. Earl Reed 
Drexel Institute, Philadelphia, Pa. E. B. Middleton 


Secretary 


Jas. B. Davis 
Sewell St. John 
J. W. Cruse 

J. Demarke 

W. A. Dean 

J. H. Diercks 

C. A. Rosencrans 
A. E. Schueler 
C. F. Dalziel 

H. E. Ashworth 


A. B. Anderson 


J. E. O’Brien 
W. C. Osterbrock 
L. G. Carney 


W. H. Sudlow 
D. W. Asay 

L. E. Swedlund 
R. L. Kuhler 
W. N. Richards 
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LIST OF BRANCHES— Continued 


Name and Location Chairman 


Secretary 


Florida, Univ. of, Gainesville, Fla. O. B. Turbyfill 
Georgia School of Tech., Atlanta, Ga. 5. M. Thomas 
Idaho, University of, Moscow, Idaho R. C. Beam 
Towa State College, Ames, Iowa P. BE. Benner 
lowa, Univ. of, lowa City, lowa L. Diamond 
Kansas State College, Manhattan H. M. Porter 
Kansas, Univ. of, Lawrence, Kans. L. E. Allen 
Kentucky, Univ. of, Lexington, Ky. J. A. Weingartner 
Lafayette College, Easton, Pa. A. H. Gabert 
Lehigh Univ., S. Bethlehem, Pa. F. G. Kear 
Lewis Institute, Chicago, Ill. O. D. Westerberg 
Maine, Univ. of, Orono, Me. S. B. Coleman 
Marquette Univ., Milwaukee, Wis. C. H. Legler 
Massachusetts Inst. of Tech., Cam- 

bridge, Mass. Stuart John 
Michigan State Coll., East Lansing H.C. Roberts 
Michigan, Univ. of, Ann Arbor, Mich. M. H. Nelson 
Milwaukee, Engg. School of, Miul- 

waukee, Wis. S. A. Moore 
Minnesota, Univ. of, Minneapolis R. L. Christen 
Missouri, Univ. of, Columbia, Mo. M. P. Weinbach 
Missouri School of Mines and Metal- 

lurgy, Rolla, Mo. W. J. Maulder 
Montana State Coll., Bozeman, Mont. T. A. Van Noy 
Nebraska, Univ. of, Lincoln, Neb. R. Worrest 
Nevada, Univ. of, Reno, Nev. Lioyd Crosby 
New York, College of the City of, New 

York, Nia Yi 
New York Univ., New York, N. Y- 
North Carolina State College, Raleigh, 


J. Wilson 
W.R. Steeneck 


NG: F. P. Dickens 
North Carolina, Univ. of, Chapel Hill H. Klingenschmitt 
North Dakota, Univ. of, University V.L. Cox 
Northeastern Univ., Boston, Mass. F. W. Morley 


Notre Dame, Univ. of, Notre Dame,Ind.C. A. Rogge 


Ohio Northern Univ., Ada, Ohio H. N. Seslar 

Ohio State Univ., Columbus, O. L. W. Hendershott 
Oklahoma A. & M. Coll., Stillwater B. Wrigley 
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